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Introduction

Purpose and Scope

This book describes and provides the basis for the selection of the numerous methods and
procedures for:

1. Exploring the geologic environment and mapping surficial conditions, including
rock, soil, water, and geologic hazards; preparing subsurface sections; and
obtaining samples of the materials for identification, classification, and labora-
tory testing.

2. Measurement of material properties (basic, index, hydraulic, and mechanical) in
the field and laboratory.

3. Field instrumentation to measure and monitor movements, deformations, and
stresses occurring naturally or as a consequence of construction.

Although, in practice, analytical procedures and design criteria are often presented as part
of an investigation, they are not included within the scope of this book.

Significance

The investigation phase of any geotechnical study undertaken for development, construc-
tion, or any other engineering works is by far the most important phase. Not only must
conditions at the project site be thoroughly identified, but for many projects, the regional
geologic characteristics must also be determined. For all phases of investigation, there are
a large number of methods and devices to choose from, ranging from simple to complex,
and usually several are applicable for a given subject of study.

Geotechnical engineering analyses and evaluations are valid only when based on
properties truly representing all of the natural materials that may influence the works.
Properties of some materials are best measured in the laboratory, while others must be
field tested. In some cases, properties cannot be adequately defined by direct testing
and the result will be designs that are conservative and too costly, unconservative and
risky, or unconservative but based on contingency plans. To monitor ground conditions
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during construction, field instrumentation is an important element of many studies,
where subsurface conditions cannot be adequately defined by exploration and testing.
Instrumentation is used also to obtain design data and to monitor changing natural
conditions such as slope failures and fault movements.
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Exploration

1.1 Introduction

1.1.1  Objectives

The general objective of an exploration program is to identify all of the significant features
of the geologic environment that may impact on the proposed construction. Specific objec-
tives are to:

1. Define the lateral distribution and thickness of soil and rock strata within the
zone of influence of the proposed construction.

2. Define groundwater conditions considering seasonal changes and the effects of
construction or development extraction.

3. Identify geologic hazards, such as unstable slopes, faults, ground subsidence and
collapse, floodplains, regional seismicity, and lahars.

4. Procure samples of geologic materials for the identification, classification, and
measurement of engineering properties.

5. Perform in situ testing to measure the engineering properties of the geologic
materials (Chapter 2).

1.1.2 Methodology

Three general categories subdivide exploration methodology:

1. Surface mapping of geologic conditions (Section 1.2), which requires review of
reports and publications, interpretation of topographic and geographic maps,
remote-sensing imagery, and site reconnaissance

2. Subsurface sectioning (Section 1.3), for which data are obtained by geophysical
prospecting, test and core borings, and excavations and soundings

3. Sampling the geologic materials (Section 1.4) utilizing test and core borings and
excavations

A general summary of exploration methods and objectives is given in Table 1.1.

1.1.3 Scope

The scope of the investigation will depend upon the size of the proposed construction
area, i.e., a building footprint, or several to hundreds of acres, or square miles, and the
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experience of the investigator in the area. Do they have prior knowledge or is the area new
to them? This text basically assumes that prior knowledge is nil or limited.

1.2 Surface Mapping

1.2.1  General
Objectives
Data Base

For all sites it is important to determine the general geologic conditions and identify sig-
nificant development and construction constraints. For large study areas it is useful to pre-
pare a map illustrating the surficial and shallow geologic conditions.

Preliminary Site Evaluations

An overview of geologic conditions permits preliminary evaluations regarding the suit-
ability of the site for development. The first step is the identification of major geologic haz-
ards and “constraints” in the study area. Depending upon the construction or development
proposed, constraints could include shallow rock or water, or thick deposits of weak soils.
Taking into account the hazards and constraints, the optimum location for the proposed
construction is selected, and the planning of the site investigation then begins.

Methodology

A geologic reconnaissance study may advance through a number of steps as described
briefly in Figure 1.1, including;:

e Research of reference materials and collection of available data.

e Terrain analysis based on topographic maps and the interpretation of remotely
sensed imagery.

e Preparation of a preliminary engineering geology map (large land areas).

e Site reconnaissance to confirm initial data, and, for large areas, amplification of
the engineering geology map, after which it is prepared in final form.

e Preparation of a subsurface exploration program based on the anticipated
conditions.

1.2.2 Research Data

Basic Objectives

A large amount of information is often available in the literature for a given location. A
search should be made to gather as much data as possible before initiating any exploration
work, particularly when large sites are to be studied, or when the site is located in a region
not familiar to the design team. Information should be obtained on:

e Bedrock geology, including major structural features such as faults.

e Surficial geology in terms of soil types on a regional or, if possible, local basis.

e Climatic conditions, which influence soil development, groundwater occurrence
and fluctuations, erosion, flooding, slope failures, etc.

e Regional seismicity and earthquake history.
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. . Preliminary Site Final map
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and 1:10,000 for reconnainssance explorations
" Hazards, cuts, Check boundaries
quarries, etc. Geologic sections
Samples

In situ testing

FIGURE 1.1
The elements of the geologic land reconnaissance study.

e Geologic hazards, both regional and local, such as ground subsidence and col-
lapse, slope failures, floods, and lahars.

e Geologic constraints, both regional and local, such as expansive soils, weak soils,
shallow rock, groundwater, etc.

Information Sources

Geologic texts provide information on physiography, geomorphology, and geologic forma-
tion types and structures, although usually on a regional basis.

Federal and state agencies issue professional papers, bulletins, reports, and geologic maps,
as do some cities. Sources of geologic information include the U.S. Geological Survey
(USGS) and the U.S. State geological departments. Agencies for agriculture, mining, and
groundwater also issue reports, bulletins, and maps. Information on the USGS and State
Agencies can be found on the Internet.

Engineering soil surveys have been prepared for New Jersey (Rogers, 1950) and Rhode Island,
which are presented as reports and maps on a county basis. The maps illustrate shallow soil
and rock conditions and the soils are classified by origin in combination with AASHO
Designation M145-49. The prevailing or average drainage conditions are also shown.

Technical publications such as the journals of the American Society of Civil Engineers,
Institute of Civil Engineers (London), the Association of Engineering Geologists (USA),
the Canadian Geotechnical Journal, and the various international conferences on soil and
rock mechanics, engineering geology, and earthquakes, often contain geologic information
on a specific location.

Climatic data are obtained from the U.S. Weather Bureau or other meteorological agencies.

Geologic Maps

Geologic maps generally vary in scale from 1:2,500,000 (U.S. map) to various scales used by
state agencies, to USGS quadrangle maps at 1:24,000, and vary in the type of geologic infor-
mation provided. A guide to map scale conversions is given in Table 1.2. On a worldwide
basis the availability of geologic maps varies from excellent in modern, developed coun-
tries, to poor to nonexistent in other countries or areas.
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TABLE 1.2
Guide to Map Scales
Scale ft/in. in./1000 ft in./mile miles/in. m/in. acres/in.?
1:500 41.67 24.00 126.72 0.008 12.70 0.040
1:600 50.00 20.00 105.60 0.009 15.24 0.057
1:1000 83.33 12.00 63.36 0.016 25.40 0.159
1:1200 100.00 10.00 52.80 0.019 30.48 0.230
1:1500 125.00 8.00 42.24 0.024 38.10 0.359
1:2000 166.67 6.00 31.68 0.032 50.80 0.638
1:2400 200.00 5.00 26.40 0.038 60.96 0.918
1:2500 208.33 4.80 25.34 0.039 63.50 0.996
1:3000 250.00 4.00 21.12 0.047 76.20 1.435
1:4000 333.33 3.00 15.84 0.063 101.60 2.551
1:5000 416.67 2.40 12.67 0.079 127.00 3.986
1:6000 500.00 2.00 10.56 0.095 152.40 5.739
1:7920 660.00 1.515 8.00 0.125 201.17 10.000
1:8000 666.67 1.500 7.92 0.126 203.20 10.203
1:9600 800.00 1.250 6.60 0.152 243.84 14.692
1:10000 833.33 1.200 6.336 0.158 254.00 15.942
1:12000 1,000.00 1.000 5.280 0.189 304.80 22.957
1:15000 1,250.00 0.800 4.224 0.237 381.00 35.870
1:15840 1,320.00 0.758 4.000 0.250 402.34 40.000
1:19200 1,600.00 0.625 3.300 0.303 487.68 58.770
1:20000 1,666.67 0.600 3.168 0.316 508.00 63.769
1:21120 1,760.00 0.568 3.000 0.333 536.45 71.111
1:24000 2,000.00 0.500 2.40 0.379 609.60 91.827
1:25000 2,083.33 0.480 2.534 0.305 635.00 99.639
1:31680 2,640.00 0.379 2.000 0.500 804.67 160.000
1:48000 4,000.00 0.250 1.320 0.758 1,219.20 367.309
1:62500 5,208.33 0.192 1.014 0.986 1,587.50 622.744
1:63360 5,280.00 0.189 1.000 1.000 1,609.35 640.000
1:100000 8,333.33 0.120 0.634 1.578 2,540.00 1,594.225
1:125000 10,416.67 0.096 0.507 1.973 3,175.01 2,490.980
1:126720 10,560.00 0.095 0.500 2.000 3,218.69 2,560.000
1:250000 20,833.33 0.048 0.253 3.946 6,350.01 9,963.907
1:253440 21,120.00 0.047 0.250 4.000 6,437.39 10,244.202
1:500000 41,666.67 0.024 0.127 7.891 12,700.02 39,855.627
1:750000 62,500.00 0.016 0.084 11.837 19,050.04 89,675.161
1:1000000 83,333.33 0.012 0.063 15.783 25,400.05 159,422.507
Formula Scale 12.000 63.360 Scale ft/in. X (Scale)?
12 Scale Scale 63.360 0.3046 43,560 X 144

Bedrock geology maps (Figure 1.2) often provide only the geologic age; the rock types are
usually described in an accompanying text. There is a general correlation between geo-
logic age and rock type. The geologic time scale and the dominant rock types in North
America for the various time periods are given in Appendix A. The formations for a given
period are often similar in other continents. For the purpose of mapping, rocks are divided
into formations, series, systems, and groups. Formation is the basic unit; it has recogniza-
ble contacts to enable tracing in the field and is large enough to be shown on the map.
Series are coordinate with epochs, systems with periods, and the largest division, groups,
with eras.

Structural geology may be shown on special maps or included on bedrock geology maps
using symbols that identify faults, folding, bedding, jointing, foliation, and cleavage. The
maps often include geologic columns and sections.

Surficial geology maps depict shallow or surficial soil and rock types.
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Folios of the Geologic Atlas of the United States was produced by the USGS until 1945.
Detailed maps of bedrock geology, structural geology, and surficial geology for many
cities in the United States and other areas of major geologic importance were included.

Soil survey maps, produced by the Soil Conservation Service (SCS) of the U.S. Department of
Agriculture, are usually plotted as overlays on aerial photographs at relatively large scales.
Prepared on a county basis they show the soil cover to a depth of about 6 ft (2 m), based on
pedological soil classifications. They are often combined with symbology describing slopes,
shallow groundwater, and soil drainage conditions. Recent maps contain engineering-
oriented data prepared by the Bureau of Public Roads in conjunction with the SCS. However,
the shallow depth depicted limits their usefulness in many engineering studies.

Flood insurance maps identify 100- and 500-year-old floodplains adjacent to water bodies.
These are available from the Federal Emergency Management Agency (FEMA), the USGS,
and State Agencies.

Tectonic maps give regional lineations often indicative of faulting.

Earthquake data may be presented as intensity maps, isoseismal maps, various forms of
seismic risk maps, or as microzonation maps.

Other useful maps published by the Geological Society of America include the glacial map
of the United States and the loessial soils or wind-blown deposits of the United States.

Topographic Maps and Charts

Topographic maps, such as quadrangle sheets, show landforms, drainage patterns, stream
shapes, and surface water conditions, all indicators of geologic conditions. Because of their
availability and usefulness they should be procured as a first step in any study. They are
available from a number of sources and in a variety of scales as follows:

e USGS provides maps covering a quadrangle area bounded by lines of latitude
and longitude available in 7.5° series (1:24,000) (Figure 1.3), 15° series (1:62,500),
30° series (1:125,000), and 1° series (1:250,000) for most of the United States,
although many of the larger scales are out of print.

e Other countries use scales ranging from 1:10,000 to 1:1,000,000 but coverage is
often incomplete. 1:50,000 is a common scale available for many areas, even in
countries not fully developed.

Coastline charts, available from the National Ocean Service (NOAA-NOS), provide infor-
mation on water depths and near-shore topography.

Remotely Sensed Imagery

Remote-sensing platforms now include satellite-borne digital imagery and radar sys-
tems, airborne imagery including digital and radar imagery, and aerial photography. In
recent years, many new sources of remotely sensed imagery have been, and continue to
be, developed. The relationship between the various forms and the electromagnetic spec-
trum is given in Figure 1.4. Remotely sensed imagery is discussed in the following
section.

1.2.3 Remotely Sensed Imagery

Satellite Imagery (Digital Sensors)
Satellite-borne systems obtain images of the Earth’s entire surface every 16 days but
images are affected by cloud cover:

e LANDSAT (USA-NASA): Landsat satellites have been launched periodically
since the first satellite (ERTS) was launched in 1972. Landsat 7, launched in 1999,
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FIGURE 1.3

(a) Portion of USGS Hamburg NJ Quad Sheet, Scale 1” =2000" (1:24000). Area has been glaciated. Shown are
general bedrock types. Note relation to landform shown on inset as evidenced by topography. (b) 3-D diagram
of topography of Figure 1.3a. (Courtesy of USGS.)

includes a multispectral scanner (MSS) system and an enhanced thematic mapper
(ETM) system. The MSS system, with a spatial resolution of 79 m, has four chan-
nels that record reflected solar energy corresponding to green and red bands and
two near-infrared spectroscopy (NIR) spectral regions. A fifth channel, with a spa-
tial resolution of 240 m, records emitted energy in the thermal infrared region.
The ETM system, with a spatial resolution of 30 m, collects reflected energy in
three visible bands and three infrared bands. The system has one thermal infrared
channel with 60-m spatial resolution. Also included is a panchromatic (black and
white) channel with a spatial resolution of 15 m. Swath width is 185X185 km.
3-D stereo-projections can be prepared from sequentially obtained images.
(Examples of satellite images are given in Figure 1.5).

e SPOT (France): First launched in 1986, SPOT now includes a high-resolution
visible sensor and a multispectral sensor with a spatial resolution of 10 m.
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FIGURE 1.4
The electromagnetic spectrum illustrating atmospheric attenuation and general sensor categories. (From Way,
D.S. Terrain Analysis, 2nd ed., Dowden, Hutchinson & Ross, Stroudsburg, Pennsylvania, 1978.)

The panchromatic mode has a spatial resolution of 5 m. Swath width is 60 X 60 km.
SPOT is capable of acquiring stereocoptic (overlapping) imagery.

e IKONOS, Quick Bird (DigitalGlobe), and OrbView-3 (Orbimage) are recently
launched U.S. satellites that are reported to have a multispectral spatial resolu-
tion of 4 m and a panchromatic spatial resolution of 1 m. Swath width is of the
order of 8§ X8 km.

e Other countries including India, Russia, Japan, and China have also launched
satellites.

Satellite Imagery (Radar Sensors)

e SAR (synthetic aperture radar) images have been obtained by the European Space
Agency with satellites ERS-1 and ERS-2 since 1992. Since SAR is based on
reflected signals from radio waves, images can be obtained during day or night,
and through cloud cover.

e InSAR (interferometric SAR), is also known as DifSAR (differential synthetic aper-
ture radar interferometry). Using two different satellite passes and applying a
complex and computer-intensive process, an interferogram is created. Because
of precise, specific geometry, the sources combine to create bright and dark pat-
terns of interference or “fringes,” which can be converted to ground heights
with a precision reported down to 0.7cm possible. The images are color-
enhanced using filters to produce color-coded interferograms. They have been
used to record ground subsidence over large areas (Professional Surveyor,
1999).

Airborne Imagery (Digital Sensors)

o Airborne digital imagery is obtained from aircraft flying at less than 3000 m. Data pro-
curement is normally on a site-, time-, and weather-specific basis and sequential
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FIGURE 1.5
False-color satellite image of northern New Jersey (ERTS-1, 1972). (From EROS Data Center, 1972.)

missions are practical. One imaging system available is composed of a digital
camera, onboard GPS, and inertial measurement unit. The digital camera collects
imagery in three bands and can provide both true color and color infrared.
Images are obtained with resolutions of 0.3 to 1 m, and stereo-images are possible
(Professional Surveyor, 2002).

Airborne Imagery (Radar Sensors)

e SLAR (side-looking airborne radar, real-aperture system) has been in use for many
years. It penetrates cloud cover and to some degree vegetation, providing low-
resolution images normally at scales of 1:125,000 to 1:100,000, and occasionally
smaller (see Figure 1.6). Worldwide coverage, including the United States, is
spotty.

e LiDAR (light detection and ranging, or laser radar; GPS based): This airborne system
sends out pulses of laser energy to the ground surface that reflect the energy, pro-
viding a measure of the distance. The beams rebound to sensitive detectors in the
aircraft where the resulting data are analyzed with a computer program that
ignores trees and other ground cover. A topographic map or an orthophoto is
created without the use of ground control. Precision is reported to be as fine as
10 cm (DeLoach and Leonard, 2000; Gillbeaut, 2003).
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FIGURE 1.6

13

SLAR image of northern New Jersey. (Courtesy of USGS, 1984.)



14 Geotechnical Investigation Methods

Airborne Imagery (Aerial Photography)

o High-altitude stereo-aerial photographs provide the smallest scale images for stereo-
viewing, ranging in scale from 1:125,000 to 1:100,000, yielding substantial detail
on terrain features (Figure 1.7). Worldwide coverage, including the United States,
is spotty.

e Stereo pairs of aerial photographs provide the basis for detailed engineering geologic
mapping. They can be obtained in panchromatic, true color, or color infrared
(CIR). Single photos in true color and CIR are given in Figure 1.8. Detailed stud-
ies of large to small areas should be based on stereoscopic interpretation. Because
aerial photographs are the basis for modern topographic mapping they are avail-
able on a worldwide basis, at least at scales of 1:50,000.

Hyperspectral Imagery

Multispectral scanners discussed above obtain images over a small number of broad spectral
bands of the electromagnetic spectrum. They lack sufficient spectral resolution for precise
surface studies. Hyperspectral imaging (imagery spectrometry) has been developed in recent
years to acquire spectral data over hundreds of narrow, descrete, contiguous spectral bands.
Various systems include SIS, AIS, AVIRIS, HIRIS and HYDICE, and others. Some are carried
by satellite (HIRIS), while others, such as AVIRIS (Airborne Visible/Infrared Imaging
Spectrometer), are flown on aircraft platforms at heights of up to 100 km above sea level.

The main objective of AVIRIS is to identify, measure, and monitor constituents of the
Earth’s surface based on molecular absorption and particle scattering signatures. Some
applications include mineral identification for the mining industry for new sites and for
mine waste studies (Henderson III, 2000).

Sheet wash of
Bajadas

Fine-graine
valley soils |

FIGURE 1.7

NASA high-altitude stereo-pair of an area northwest of Tucson, Arizona (scale 1:125,000). Apparent are sheet
wash and sheet erosion of the “bajadas” alluvial fans of granular soils, valley fill of fine-grained soils, and
the “dry wash” of the Santa Cruz River, all typical depositional forms in valleys adjacent to mountains in
arid to semiarid climates. (Original image by NASA reproduction by US Geological Survey. EROS Data
Center.)
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(b)

FIGURE 1.8

Aerial photos of a bridge abutment illustrating the advantage of infrared over true color. On the left is
vegetation growing over shallow, poor-draining marine shales. On the right are relatively free-draining
granular glacial soils with sparce vegetation. (a) True color photo; (b) color infrared photo (CIR). (Courtesy
of Woodward—Clyde Consultants.)

Seaborne Imagery
e Side-scan sonar provides images of the seafloor or other water bodies, which often
have features indicative of significant geologic conditions. The images given as
Figure 1.9 were obtained for a landslide study where the failure surface passed
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(b)

FIGURE 1.9

Side-scan sonar images of a reservoir bottom. (a) Side-scan sonar mosaic of reservoir bottom, water
depth = 180 ft; (b) detailed side-scan sonar image. A portion of the mosaic in (a). (Courtesy of
Woodward—Clyde Consultants.)

into a reservoir. Figure 1.9a is a mosaic of a number of passes where water is 180
ft deep. Figure 1.9b is a portion of one image showing the escarpment or tension
crack along the reservoir margin. These images usually are obtained on a project-
based need.

1.2.4 Terrain Analysis
General

Significance

Terrain analysis is often the most important part of any geotechnical investigation.
Landforms (topographic expression) and other surface characteristics are strong indicators
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of geologic conditions. Characteristic terrain features reveal rock type and structural
forms, where the rock is relatively shallow and subject to weathering and erosion, or rep-
resent typical soil formations in terms of their origin and mode of deposition where
deposits are sufficiently thick.

Objectives

The delineation and mapping of the significant aspects of the geologic environment are
the objectives of terrain analysis. Information is provided on rock types and structures, soil
types and formations, groundwater conditions, and floodplains; and, on the locations of
such hazards as landslides and other slope failures, sinkholes, and other instances of
ground collapse and subsidence.

Methodology

Terrain analysis is based on the interpretation of features evident on topographic maps
and remotely sensed imagery. Imagery interpretation as applied to engineering geologic
mapping is summarized in Table 1.3, and as applied to environmental and natural
resource studies in Table 1.4. The elements of imagery interpretation are summarized in
Tables 1.5 and 1.6. Figures of USGS quadrangle sheets and stereo-pairs of aerial photos
included in this book are summarized in Appendix B.

Topographic maps, such as USGS quadrangle sheets, show landforms, drainage pat-
terns, stream shape, and surface water conditions, all indicators of geologic conditions.
Because of their availability and usefulness they should be procured as a first step in
almost any study.

There are many forms of remote-sensing imagery presenting the features evident on
the topographic maps. They are useful for environmental as well as geological studies.

TABLE 1.3
Uses of Remote Sensing for Engineering Geologic Mapping

Information Desired Applicable Imagery
Regional geologic mapping and delineation of major structural features Satellite and SLAR imagery
(a) Global coverage, moderate resolution (a) LANDSAT

(b) High resolution, but incomplete global coverage (b) SPOT, IKONOS, etc.

(c) Useful for areas of perennial cloud cover and heavy (c) SLAR

vegetation; low resolution

Detailed mapping of rock type, structure, soil formations, Stereo-pairs of aerial photos
drainage, groundwater, slope failures, sinkholes, etc. B&W, true color, CIR

(a) Moderately large areas (a) Scale 1:100,000

(b) Large areas, general mapping (b) Scale 1:60,000-1:40,000

(c) Small areas, detailed mapping (c) Scale 1:20,000-1:8,000

Improved definition of surface and groundwater conditions on Stereo-pairs of color infrared (CIR)

large- to local- area basis, such as land—water interface, seepage,
ground moisture (important for sinkhole and fault identification)

Seafloor and other underwater conditions (rock outcrops, soils, Side-scan sonar
sunken vessels, pipelines, etc.)

Notes: (1) Normal studies of large land areas, such as for highways, airports, industrial zones, new communi-
ties should be based on the interpretation of aerial photos of at least two scale ranges (1:60,000-1:40,000
and 1:20,000-1:8,000).

(2) Studies of areas where seismicity is of concern should always begin with interpretations of
ERTS/LAND-SAT imagery, then be supplemented by interpretation of normal study imagery scales.
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TABLE 1.4

Uses of Remote Sensing for Environmental and Natural Resource Studies

Information Desired Applicable Imagery
Regional environmental studies of air, water and vegetation Satellite imagery
quality, flooding
(a) On a changing or seasonal basis (a) LANDSAT
(b) High resolution but incomplete global coverage (b) SPOT, IKONOS, etc.
Surface and groundwater studies (large to local areas) CIR and Satellite (MSS) imagery
(a) General (a) CIR and MSS imagery
(b) Thermal gradients indicative of pollution or saltwater (b) Thermal IR scanner (ETM)
intrusion of surface water
(c) Subsurface seepage (c) Thermal scanner (ETM)

Vegetation: forestry and crop studies (large to local areas) identify types, CIR and Satellite (MSS) imagery
differentiate healthy from diseased vegetation

Mineral resource studies MSS and hyperspectral imagery
(a) Based on landform analysis
(b) Based on plant indicators

The selection of imagery depends upon availability, the study purpose, and the land area
involved. Stereoscopic examination and interpretation of aerial photographs is the basic
analytical method.

Remote-Sensing Imagery and Interpretation

Regional Geologic Studies

On a regional basis, landform is the most important element of interpretation for geotech-
nical studies. In general terms, landform reflects the relative resistance of geologic materi-
als to erosion. Some relationships among landform, rock type, and structure are apparent
on the portion of the physiographic diagram of northern New Jersey in Figure 1.10. The
geology of the area is shown in Figure 1.2. Landform is also evident in Figure 1.5, a false-
color satellite image, and in Figure 1.6, a SLAR image.

Millions of years ago the area illustrated in the figures was a peneplain. Modern phys-
iography is the result of differential erosion between strong and weak rocks. Much of the
area has been subject to glaciation, and the limit of glaciation (the terminal moraine) is given
on the Geologic Map. The ridges and uplands, apparent on the physiographic diagram and
the figures, are underlain by hard rocks resistant to erosion, such as the conglomerate of the
Delaware River Water Gap, the crystalline rocks of the Reading Prong (primarily gneiss),
and the basalt dikes of the Watchung Mountains. Also apparent is the scarp of the Ramapo
Fault, along the contact of the upland gneiss and the Triassic sandstones and shales. The
folded sedimentary rocks in the northwest portion of the figures include the conglomerate
ridge, but are mostly relatively soft shales, and soluble dolomites and limestones. The shales
and soluble rocks are much less resistant to erosion than the conglomerate, gneiss, and
basalt. They erode more quickly and, therefore, underlie the valleys. The Great Valley is
mostly underlain by the soluble rocks, i.e., dolomite and limestone. Farther to the northwest
are the essentially horizontal beds of sandstones and shales of the Pocono Mountains. Their
apparently irregular surface has been gouged by the glacier.

Satellite imagery is most important for terrain analysis where detailed geologic maps
are generally not available, such as in parts of Africa, Asia, and South America. Digital
sensors may not provide adequate coverage for areas with frequent cloud cover; radar,
which penetrates clouds, is an option.
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TABLE 1.5

Elements of Imagery Interpretation
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Imagery Feature Imagery Type

Interpretation

Topography Satellite images; SLAR:
stereo-pairs of aerial
photos and topographic
maps

Drainage patterns  Satellite images; SLAR:

and stream forms stereo-pairs of aerial
photos and topographic
maps
Gully Stereo-pairs of aerial
characteristics photos (large scale)
Photo tone B&W aerial photos
Vegetation B&W aerial photos
Land use B&W aerial photos
Color-enhanced Satellite images
(false-color) Red normally used for
imagery near infrared. Can be

presented in various
colors to enhance
specific features

Multispectral photos or
color IR

Thermal IR

® Rock masses as formed or subsequently
deformed have characteristic land
forms as do soil formations
classified by mode of deposition or occurrence, which in all
cases depend strongly on climate

® Slope inclinations and heights are related to material
types in terms of strength and structure

® Slope failures, sinkholes, erosion gullies, etc. have
characteristic forms

® Drainage patterns on a regional and
local bases reflect rock type and
variations, rock structure, and where
soil cover adequately thick, the soil type

® Stream form is also related to its geologic
environment

® Streams, lakes, and swamps are indicators of the ground
water table, which usually follows the surface at
depressed contours

Various soil types have characteristic
gulley shapes

Tone shows relative ground moisture and texture. Some
general relationships are

® White — concrete, or free-draining soils above the water
table

® Light gray — primarily coarse soils with some fines; acid
rocks

o Dull gray — slow-draining soils; basic rocks
Dark gray to black — poor draining soils,
organic soils groundwater near the surface

Vegetation varies with climate, geologic material,
and land use
Tree lines often delineate floodplain limits and
fault traces

Most significant are the locations of man-made fills, cut for
roadways, borrow pits, open-pit mines, and other man-
made features. Development is usually related to landform

Filtered through red: color significance
® Vegetation — the brighter the red the
healthier is the vegetation
® Water bodies — water absorbs sun’s
rays, clear water shows black. Silt
reflects sun’s rays, sedimentation shows light blue
® Urban areas — bluish-gray hues

Various filters are used to emphasize the
desired feature (vegetation type, water-body pollution,
thickness of snow field, etc.)

Various filters are used to emphasize a particular feature.
Can delineate water gradients to 1°F

Note: In all color-enhanced imagery, ground truth is required to identify the feature related to a specific

color.
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TABLE 1.6

Geotechnical Investigation Methods

Interpretation of Color Infrared Photos (CIR)

Color Interpretation
Red Healthy vegetation
Bright Pasture, winter wheat
Darker Evergreens: pine, conifers
Dark Cypress
Pink Damaged or stressed vegetation
Light Dead or unhealthy vegetation
Light blue green Dead or unhealthy vegetation
Bluish-gray Dormant vegetation
Dark green-black Wetlands
Greenish white Fallow fields

White

Gray

Blue
Light
Blue
Dark

Black

Bare fields, dry soil

Sandy beaches, gravel roads, snow
Bare fields, wet soil; urban areas
Water bodies; lakes, rivers; land fills
Heavy sediment load

Moderate sediment load

Very little sediment load

Clear water; or sediment

FIGURE 1.10

Physiographic diagram of northern New Jersey illustrating relationships between rock type, structure, and
landform. 1, horizontally bedded sedimentary rocks; 2, folded sedimentary rocks; 3, batholith of recambrian
gneiss; 4, graben formed by fault blocks; 5, scrap of the Ramapo fault; 6, basalt dikes and diabase sill; 7,
glacial lake beds. See also Geology Map (Figure 1.2), satellite image (Figure 1.5), and SLAR image (Figure
1.6). (Figure drawn by E.J. Raisz, courtesy of Geographical Press, a division of Hammond World Atlas Corp.

12643.)
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Environmental Studies

An important advantage of satellite imagery is the recording of changing conditions with
time for a given area, such as deforestation, detection of degradation of vegetation from
pollution or other causes, and the extent of river-basin flooding.

Some applications for water bodies as shown by color variations include: varying water
depths in shallow water, different concentrations of sediment at mouths of rivers, and
thermal gradients indicative of pollution or saltwater intrusion.

Aerial Photographs

Stereoscopic examination of stereo-pairs of aerial photographs is an extremely useful method
in the determination of geologic conditions. For large areas it is preferable to obtain photos at
two scale ranges 1:60,000 to 1:40,000 (Figure 1.11) and 1:20,000 to 1:8,000 (Figure 1.12), with
the smaller scales providing an overview and the larger scales providing details. A stereo-pair

FIGURE 1.11

Stereo-pair of serial photos (scale 1:40,000) shows landform developing in metamorphic rocks from subtropical
weathering. Severe erosion and a number of landslides are apparent, including the rotational slides shown on
the larger scales as in Figure 1.12.
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FIGURE 1.12

Stereo-pair of aerial photos (scale 1:8,000) of a portion of Figure 1.11 provides substantially more detailed
information on the soil conditions and their distribution. The spoon-shaped slide that occurred in residual soils
is clearly apparent. Its rounded forms, resulting from erosion, indicate that the slide is relatively old.

at a scale of 1:40,000 is given in Figure 1.11. It shows the landform developing in metamor-
phic rocks from subtropical weathering. Slump slide scars are observed on the photos. Figure
1.12 is a stereo-pair at a scale of 1:8,000 of a portion of the area in Figure 1.11. A geologist inter-
preting stereo-pairs with a stereoscope is shown in Figure 1.13.

The elements of imagery interpretation are summarized in Table 1.5. CIR (Figure 1.8)
depicts landscapes in colors very different from those in true color photos. Healthy
vegetation, for example, appears in shades ranging from bright pink to deep-reddish
brown. Table 1.6 lists different colors of some typical surface materials as shown in CIR
photographs.

Samples of stereo-pairs of aerial photographs included in this book are summarized in
Appendix B. Techniques of terrain analysis and air photo interpretation are described by
Way (1978), Lueder (1959), ASP (1960), Belcher (1948), and Avery and Berlin (1992), among
others.
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FIGURE 1.13
Stereoscopic interpretation of aerial photographs. Two types of stereo-viewers are shown.

Interpretive Features of Topographic Maps

Topographic maps, such as the USGS Quadrangle sheets, provide the simplest and least
costly data for terrain analysis. Scales of 1:50,000 to 1:250,000 show regional landforms and
drainage patterns and can indicate rock type and regional structural features such as folds
and lineations, the latter often representing faults. Older maps often show the locations of
mines. Scales of 1:10,000 to 1:24,000 provide more local detail on features such as slopes,
soil formations, and sinkholes.

Interpretation of geologic conditions is based primarily on landforms as disclosed by
contour lines and drainage patterns. A list of the USGS quad sheets included in this book
are given in Appendix B. They illustrate many relationships between landform and
geology.

The topographic map (Figure 1.3) illustrates the relationship between landforms as
disclosed by contour lines and geologic conditions. Landforms reflect the differential resist-
ance to erosion of the various rock types, as shown on the 3-D diagram inset in Figure 1.3.
The area has been glaciated and is underlain with hard granitic gneiss and relatively weak
shales, and soluble dolomite and limestone in the valleys. The closely spaced contours in
Figure 1.3 in the gneiss indicate the steep slopes characteristic of hard rock. The marshy
lands and the Wallkill River are indicative of the groundwater table in the valleys; the
marshy area in the gneiss uplands, high above the river, indicate a perched watertable con-
dition. Topographic maps are very useful in estimating groundwater conditions, although
seasonal variations must be considered.

The landforms evident in Figure 1.14, a copy of the USGS Quad of Wallingford,
Connecticut, are indicative of several geologic formations; the steep-sloped, irregularly
shaped form in the upper left is an area of very resistant granite gneiss at shallow depths.
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FIGURE 1.14
USGS quadrangle map, Wallington, Connecticut (scale 1:24, 000). Map provides detailed information on terrain
features. (Courtesy of USGS.)

The Quinnipiac River is in its middle stage or floodway zone, flowing over the remnants
of a glacial lake bed and depositing fine-grained soils during flood stages (recent allu-
vium). The very flat areas, generally between the railroad and the river extending
through the middle portion of the map to about Elev 50, constitute a sand and gravel ter-
race formation, which at one time was the valley floor. A gravel pit is noted in the terrace
formation, and areas of poor drainage (swamps and ponds) are apparent in the right-
hand portion of the map, along Pond Hill Road. These perched water conditions above
the valley floor result from the poor internal drainage of the underlying clayey
glacial till.

Engineering Geology Maps
General

Data obtained from terrain analysis can be plotted to prepare an engineering geology
map that provides information on geologic conditions over an entire study area.
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When interpreted with experience, significant knowledge regarding the engineering
characteristics of the formations and materials becomes available.
Preliminary map assessment permits conclusions regarding:

1. Abandonment of the site to avoid extremely hazardous conditions
2. Location of structures to avoid unfavorable conditions

3. General requirements for foundations and excavation

4. Formulation of the program of subsurface investigation

Map Preparation

Using a topographic map as a base map, select a scale convenient to the study area and
purpose. Plot the data obtained from terrain analysis including boundaries of the various
soil and rock types, major structural features, areas of shallow groundwater and rock, and
locations of hazards such as sinkholes and landslides. A suggested nomenclature for the
identification of various soil and rock formations is given in Table 1.7.

TABLE 1.7
Suggested Map Symbols for Engineering Geology Maps

Classification Symbol Modifiers Based on Coarseness or Occurrence

Residual soil R Rm — massive
Rs — saprolite
Rc — coarse-grained (granular)
Rf — fine-grained (clayey or cohesive)
Colluvial soil C Cr — originally residual soil
Cm — originally glacio-marine soils
Cl — originally glacio-lacustrine soils
T — talus
Alluvail soil A Ao — oxbow lake
At — terrace
Ar — recent alluvium; usually silt-sand mixtures with organic matter
Ac — coarse grained; sand and gravel mixtures
Am — medium grained; sand-silt mixtures
Af — fine grained; silt-clay mixtures

Eolian soil E El — loess

Ed — dunes
Glacial soils G Gm — moraine

Gt —till

Gs — stratified drift (outwash plains)

Gk — kane

Ge — esker

Gl — lakebed
Organic soils O Om — marsh

Os — swamp
Man-made fill F
High watertable Hg

Rock symbols

Igneous Sedimentary Metamorphic
gr — granite sg — conglomerate qz — quartzite
ry — rhyolite ss — sandstone ma — marble
sy — syenite si — siltstone hr — hornfeld
mo — monzonite sh — shale gn — gneiss
di — diorite Is — limestone sc — schist
ga — gabbro ak — arkose ph — phyllite

ba — basalt do — dolomite sl — slate
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Preparation is first on a preliminary basis; a final map is prepared after site reconnais-
sance and, preferably, after at least some subsurface investigation. To aid in reconnais-
sance, all significant cuts and other surface exposures should be noted on the map, as well
as areas of questionable conditions.

Assessment of Mapped Conditions

Soil formations: Soils may be geologically classified by their origin and mode of occurrence,
the engineering significance of which lies in the characteristic properties
common to the various classes. Therefore, if a soil formation is classed in terms of origin
and mode of occurrence, preliminary judgments can be made regarding their influence on
construction.

Rock formations: The various rock types have characteristic engineering properties and
structural features, either as originally formed or as deformed by tectonic or other geologic
activity. The identification of rock-mass features allows the formulation of preliminary
judgments regarding their influence on construction.

Three examples of engineering geology maps illustrate the approach:

1. A proposed new community in a region of glacial soils is illustrated in Figure
1.15. Conditions may be generally interpreted for engineering purposes solely on
the basis of the soil types, classified geologically as follows:

(a) Foundation conditions: RX, GT — good support all loads; GK — good support
moderate loads; GL, GT/GL-possible suitable support for light to moderate

Legend
Geologic Floodplain - Alluvial soils consisting of Glacial name terrace - Ice contact deposit i . i
IZ3 A interbedded and occasionally mixed fine to [ 8K consisting of silty sands and gravels deposited EmGL g‘,:fi'f?é"f';ﬁdb‘;ﬂzn 5:,‘3%‘2%22‘%1&;; a N
coarse grained granular and organic soils. along the contact between the ice margin and glacial lake.
Fluctuating shallow groundwater table generally the valley wall.
within 5 ft of surface. Glacial ground moraine overlying glacial lake
X . . Glacial ground moraine (ill) - Unstratified, EIGT/GL pegs - ‘% deposits overlying syiltsga\gnd clays which
I3 AT Alluvial terrace - Plains or benches of alluvial heterogeneous mantle of boulders, gravels, mark remants of the readvance of a glacier over . 5000t — &
solls at a higher elevation than the present river 3 GT sands and silts deposited directly by the glacial the deposits of a previous glacial period.
valley floor. Alluvial terraces were deposited at a ice.
time when the river carried a greater volume of CIRX  Shallow bedrock - Bedrock at or near the gvound_ S il
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FIGURE 1.15
Preliminary engineering geology map of Bromont, Quebec, Canada. Conditions may be generally interpreted
for engineering evaluations as described in the text. (Courtesy of Joseph S. Ward and Assoc.)
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loads; AF-probable poor support. Areas of GK, GL, GT/GL, and AR in par-
ticular require detailed investigation. (NOTE: Terms such as “moderate
loads” or “poor support” require definition in the report accompanying the
map.)

(b) Excavation conditions: RX areas will require blasting. High groundwater can
be expected in areas of AF and GL.

(c) Borrow materials: Coarse-grained granular soils are found in GK.

(d) Septic tanks: High groundwater, clayey soils, or shallow rock over much of
the area imposes substantial constraint to their use.

(e) Grounduwater for potable water supply: Most feasible locations for wells are at
the base of slopes in the GT and GK materials. Buried channel aquifers may
exist in the valley under the GL deposits.

An interstate highway planned for an area with potential slope stability prob-

lems is illustrated in Figure 1.16; slope failures in the area are shown on the

stereo-pair (Figure 1.17). The area is characteristic of many glaciated valleys in
the northeast United States, which were once the locations of glacial lakes.

A community to receive a new sanitary sewer system is illustrated in Figure 1.18a.

An aerial photo of the area is given in Figure 1.18b and stereo-pairs in Figure 1.19.

W / T NGeLh Bro
N | ( _——1//55 Scehool
i Fig. 217 7 {oif

X = = S

/ \ Prospect
) | \"!Fl, | B

)W
wington
:Hr—l_éﬂ \

.,

Wi o=
Bowningto
Wi Centef

Gl: ancient lakebed soils
:| rx: rock under thin Gm

Al: recent alluvium
M At-Gl: lacustrine terrace

FIGURE 1.16

General engineering geology map prepared for interstate highway through a valley with glacial lacustrine soils on
the slopes (Barton River Valley, Orleans, Vermont). The lower slopes in the At-GL material are subjected to active
movements (see stereo-pair, Figure 1.17); the upper slopes in overconsolidated GL soils (stiff to hard varved clays)

will tend to be unstable in cut. In many areas, the Al soils will be highly compressible under embankment fills.
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FIGURE 1.17
Stereo-pair of aerial photos showing old slide scars in glacial lakebed terrace soils (Barton River Valley,

Orleans, Vermont).

Db svese ran. e " 45 -
- "':"'-\ - "’l/ q,r
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Nav Ca

FIGURE 1.18 (A)
Preliminary engineering geology map. Sanitary sewer study, West Nyack, New York. Note: GT=glacial till;

Ss=Sandstone; GT/Ss <10’ GT over Ss; GT/Db <10’ GT over diabase; AL=recent alluvium (lakebed soils);
Z/AL=organic soils over alluvium. (Courtesy of Joseph S. Ward and Assoc.)
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FIGURE 1.18(B)
Aerial photo of West Nyack area. Soil cut at (B); rock cut at (A).

The conditions shown on the preliminary map were investigated with seismic
refraction surveys and a few test borings and pits. For sanitary sewer studies, the
major concerns are depth of rock and groundwater as they affect excavations, and
foundation problems caused by weak soils such as organics and lakebed soils. The
large cuts along the highways expose conditions and serve as very large test pits.
Arock cut in sandstones is indicated as A, and a soil cut in glacial till is indicated
as B on the stereo-pairs of Figure 1.19.

Other map forms prepared for engineering studies can include:

1. Geologic hazard, or risk maps, which delineate geologic conditions in terms of var-
ious degrees of hazard or risk such as terrain where soil liquefaction or slope
failures are of concern.

2. Geologic constraint maps form the basis for the preparation of land-use maps.

1.2.5 Site Reconnaissance

General

All sites should be visited by an experienced professional to collect firsthand information on
geology, terrain and exploration equipment access, existing structures and their condition,
existing utilities, and potentially hazardous conditions. Prior examination of aerial photos
will identify many of the points to be examined.
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Stereo-pair of B. Soil cut in glacial dll

Stereo-pair of A. Rock cut in sandstone

Photo #1

FIGURE 1.19

Stereo-pairs of aerial photos, West Nyack, New York. (A) Rock cut, sandstones; (B) soil cut, glacial till.
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Reconnaissance Checklist

1. Examine exposures of soils and rocks in cuts (highways, rail-roads, building
excavations, gravel pits, quarries, stream banks, and terraces), and on the sur-
face, and note effluent groundwater seepage.

2. Examine slopes for signs of instability (creep ridges, tilted and bent trees, tilted

poles, and slope seepage).

Examine existing structures and pavements for signs of distress.

Note evidence of flood levels along streams.

5. Contact local architects and engineers for information on foundations and local

soil conditions.

Contact local well drillers for information on groundwater conditions.

7. Contact local public officials for building code data and information on founda-
tions, soil conditions, and on-site utilities.

8. Note site conditions imposing constraints on access for exploration equipment.

9. Note present land use.

Ll

.0\

Revise Engineering Geology Map

The information gathered during site reconnaissance is used to revise the preliminary
engineering geology map where necessary.

1.2.6  Preparation of Subsurface Exploration Program

Prepare the subsurface exploration program, considering the necessity of:

Confirming the boundaries of the various geologic formations as mapped.
Obtaining data for the preparation of geologic sections.

Obtaining samples for identification, classification, and laboratory testing.
Obtaining in situ measurements of the engineering properties of the materials.

1.3 Subsurface Exploration

1.3.1  General

Objectives

¢ To confirm or supplement the engineering geology map showing shallow and
surficial distributions of the various formations.

¢ To determine the subsurface distribution of the geologic materials and ground-
water conditions.

¢ To obtain samples of the geologic materials for identification and laboratory test-
ing (Section 1.4).

¢ To obtain in situ measurements of engineering properties (Chapter 2).

Exploration Method Categories

General Categories

e Direct methods allow the examination of materials, usually with the recovery of
samples; examples are excavations and test borings.
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e Indirect methods provide a measure of material properties; examples are geo-
physical methods and the use of the cone penetrometer, which through correla-
tions allow an estimation of material type.

Specific Categories

¢ Geophysical methods provide indirect data (Section 1.3.2).

¢ Reconnaissance methods provide direct and indirect data (Section 1.3.3).
Continuous cone penetrometer (CPT) (Section 1.3.4).
Test and core borings provide direct data (Section 1.3.5).

Remote borehole sensing and logging provide direct and indirect data
(Section 1.3.6).

Method Selection

Basic Factors

Selection is based on consideration of the study objectives and phase, the size of the study
area, project type and design elements, geologic conditions, surface conditions and acces-
sibility, and the limitations of budget and time.

The various methods in terms of their applicability to general geologic conditions are
listed in Table 1.1.

Key Methods

Geophysical methods, particularly seismic refraction surveys, provide the quickest and often
the most economical method of obtaining general information over large land areas, or in
areas with difficult access, such as mountainous regions or large water bodies. They are
particularly useful in investigating shallow rock conditions.

Test pits and trenches are rapid and economical reconnaissance methods for obtaining
information on shallow soil, groundwater conditions, and depth and rippability of rock,
and for investigating landfills of miscellaneous materials.

Test borings are necessary in almost all investigations for the procurement of soil and
rock samples below depths reachable by test pits.

Other methods can be generally considered to provide information supplemental to that
obtained by key methods.

1.3.2  Geophysical methods

The more common geophysical methods are summarized in Table 1.8.

Seismic Methods: General

Theoretical Basis

Elastic waves, initiated by some energy source, travel through geologic media at character-
istic velocities and are refracted and reflected by material changes or travel directly
through the material, finally arriving at the surface where they are detected and recorded
by instruments (Figure 1.20). There are several types of elastic waves.

Compression or primary (P) waves are body waves that may propagate along the surface
and into the subsurface, returning to the surface by reflection and refraction, or that may
travel through the materials as direct waves. P waves have the highest velocities V,, and
arrive first at the recording instrument.

Shear (S) waves are also body waves propagating and traveling in a manner similar to P
waves. S waves travel at velocities V,, from approximately 0.58V, for well-consolidated
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materials to 0.45V, for poorly consolidated soils. They are not transmitted through water
or across air gaps.

Rayleigh (R) waves propagate only near the surface as a disturbance whose amplitude
attenuates rapidly with depth, traveling at a velocity approximately 0.9V,,. The recorded
velocity may be less because R waves travel near the surface where lower-velocity mate-
rial normally occurs, and usually consist of a trail of low-frequency waves spread out over
a long time interval.

Transmission Characteristics

In a given material, the arrival time of each wave at the recording instrument depends on
the travel distance between the energy source and the detector, which is in turn a function
of the depth of the stratum. In a sequence of strata with successively higher velocities,
there is a distance between the energy source and the detector at which the refracted wave
is transmitted through a higher velocity material and arrives at the detector before the
direct or reflected wave. Even though the direct and reflected waves travel shorter dis-
tances, they are transmitted at lower velocities.

For land explorations to depths of less than about 1000 ft (300 m), seismic refraction
techniques traditionally have been used rather than reflection because the direct and
refracted waves arrive first and tend to mask the reflected waves. Reflection seismology is
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normally used for deep exploration and for marine studies for profiling, but does not
directly yield velocity data as do refraction and direct techniques.

Seismic Exploration Technigues

Refraction techniques are used to measure compression (P) wave velocities in each geologic stra-
tum, which are indicative of type of material and location of the groundwater table, to esti-
mate the depths of various substrata, and to indicate the locations of faults and large caverns.
Direct techniques provide information on rock-mass characteristics, such as fracture den-
sity and degree of decomposition, and on dynamic soil and rock properties including Young's
modulus, Poisson’s ratio, shear modulus, and bulk modulus (Sections 2.5.3 and 2.5.5).
Reflection techniques have been used primarily in marine investigations. They provide a
pictorial record of the sea-bottom profile showing changes in strata, salt domes, faults, and
marine slides. Since velocities are not directly measured, material types and depths of strata
can only be or cannot be inferred unless inferred when correlations are made with other data.

Energy Sources for Wave Propagation

Impact source (hammer or weight drop), used for shallow explorations on land, tends to
generate disproportionately large Rayleigh surface waves, but also produces large P
waves, helpful for engineering studies. Explosives, used for land and subaqueous studies,
convert a smaller portion of their energy into surface waves, especially when placed at
substantial depths below the surface. High-energy spark is used for subaqueous studies. See
also Griffiths and King (1969) and Mooney (1973).

Seismic Refraction Method
General

Seismic refraction techniques are used to measure material velocities, from which depths of
changes in strata are computed. Material types are judged from correlations with velocities.

Basic equipment includes an energy source (hammer or explosives); elastic-wave detec-
tors (seismometers), which are geophones (electromechanical transducers) for land explo-
ration or hydrophones (pressure-sensitive transducers) for aqueous exploration; and a
recording seismograph that contains a power source, amplifiers, timing devices, and a
recorder. Equipment may provide single or multiple-recording channels.

The recorded elastic waveforms are presented as seismograms.

Operational Procedures

Single-channel seismograph operation employs a single geophone set into the ground, a
short distance from the instrument. A metal plate, located on the ground about 10 ft (3 m)
from the instrument, is struck with a sledge hammer (Figure 1.21). The instant of impact
is recorded through a wire connecting the hammer with the instrument. The shock waves
travel through the soil media and their arrival times are recorded as seismograms or as
digital readouts. The plate is placed alternately at intervals of about 10 ft (3 m) from the
geophone and struck at each location with the hammer. Single-channel units are used for
shallow exploration under simple geologic conditions.

Multi-channel seismographs employ 6 to 24 or more geophones set out in an array to detect
the seismic waves, which are transmitted and recorded simultaneously and continuously.
The older seismographs recorded data on photographic film or magnetic tape; and modern
seismographs record digital data in discrete time units. The energy source is usually some
form of an explosive charge set on the surface or in an auger hole at a shallow depth. The
desired depth of energy penetration is a function of the spread length (distance between the
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FIGURE 1.21
Single-channel refraction seismograph. Man in upper right with hammer striking metal plate causes seismic
waves.

shot point and the farthest geophone), which should be, in general, 3 to 4 times the desired
penetration depth. A normal spread would be about 300 ft (100 m) to investigate depths to
100 ft (30 m) with geophones spaced at 30 ft (10 m) intervals to define the velocity curves.
The geophysicist determines the spread length and the geophone spacing to suit the antic-
ipated geological conditions. In practice, a shot is usually set off at one end of the spread,
and then another at the opposite end (reverse profiling) to detect stratum changes and slop-
ing rock surfaces. At times, charges are set off in the middle of the spread or at other loca-
tions. Multi-channel units are used for deep exploration and all geologic conditions.

Seismograms

Seismic waveforms are usually recorded on photographic paper as seismograms. In
Figure 1.22, the P wave, traveling at the highest velocity, is the first arrival to be recorded
and is easily recognized. It is used to determine the depths to the various strata on the
basis of their characteristic transmission velocities.

The S wave appears later in the wave train as a large pulse and is often difficult to recog-
nize. In the figure, it is observed crossing the spread at an intermediate angle from the first
arrivals, indicating a lower velocity. S wave velocities are used in conjunction with P wave
velocities to compute the dynamic properties of the transmitting media (Section 2.5.3).
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The Rayleigh wave (R) appears as a large-amplitude, low-frequency signal arriving late
on the train. In the figure, it crosses the spread at an angle larger than the S wave and
leaves a record at about the 200 ft spread. Although easy to recognize, the beginning is
essentially indeterminate and does not provide much information for engineering studies.

Time—Distance Charts and Analysis

A typical time-distance chart of the first arrivals obtained with a single-unit seismograph
is given in Figure 1.23. As the distance from the geophone to the shot point is increased,
eventually the shock waves will have sufficient time to reach the interface between media
of lower and higher velocities, to be refracted and travel along the interface at the higher
velocity, and to arrive before the direct and reflected waves traveling through the shal-
lower, lower-velocity material.

The travel times of the first arrivals are plotted against the distance from the geophone
and the velocity of the various media determined from the slopes of the lines connecting
the plotted points as shown in the figure.
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FIGURE 1.23
Time-distance graph and the solution to a three-layer problem.

Various formulas are available for computing the depth of the interfaces of the various
layers, varying from simple to complex depending on the number of layers involved and
the dip of the beds. The formulas for computing the depths of the relatively simple three-
layer problem are given in Figure 1.23 (see equations (1.1) and (1.2)). For interpretation
some information on topography must be available.

Actual seismograms for three shots along the same spread (each end and the middle)
are given in Figure 1.24, and the time-distance plots in Figure 1.25. The example, a three-
layer problem in a residual soil profile, is from a continuous profiling study for a railroad.
The resulting subsurface section is given in Figure 1.26.

Limitations

e Softer, lower-velocity material will be masked by overlying denser, higher-
velocity material and cannot be directly disclosed.

e A stratum with a thickness of less than about one fourth the depth from the
ground surface to the top of the stratum cannot be distinguished.

e Erratic or “average” results are obtained in boulder formations, areas of irregu-
lar bedrock surfaces, or rock with thin, hard layers dipping in softer rock.

¢ Well-defined stratum interfaces are not obtained where velocity increases grad-
ually with depth, as in residual soil grading to weathered to sound rock.
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Time-distance graphs for the seismograms of Figure 1.24. (Courtesy of Technosolo.)

¢ In frozen ground, the shot point and geophones must be below the frozen zone
because the shock waves travel much faster through frost than through the
underlying layers.

e Application in urban areas is limited because of utility lines, pavements, foun-
dations, and extraneous noise sources.

Applications

The method is most suitable as an exploration tool where there are media with den-
sities that increase distinctly with depth, and fairly planar interface surfaces. In such
instances, it can economically and efficiently provide a general profile of geologic condi-
tions (Figure 1.26).

Material types are estimated from computed P wave velocities. Typical velocities for
many types of materials are given in Table 1.9, and for weathered and fractured igneous
and metamorphic rocks in Table 1.10.

Velocity data are also used to estimate rock rippability (see Table 2.7).

Seismic Direct Methods
Applications

Seismic direct methods are used to obtain data on the dynamic properties of rocks and

soils (Chapter 2), and to evaluate rock-mass quality. See also Auld (1977), Ballard Jr. (1976),
and Dobecki (1979).

Techniques (Figure 1.27)

Uphole survey: The geophones are laid out on the surface in an array, and the energy source
is set off in an uncased mud-filled borehole at successively decreasing depths starting at
the bottom of the hole. The energy source is usually either an explosive or a mechanical
pulse instrument composed of a stationary part and a hammer.
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Example of subsurface section prepared from a continuous refraction profile. Velocities are correlated with
rippability as shown in Table 2.7.

Downshole survey: The energy source is located on the surface and the detectors incor-
porated in a sonde which is raised or lowered in the borehole, to give either a continuous
or intermittent log of adjacent materials.

Crosshole survey: The energy source is located in a center test boring and the detectors
are placed at the same depth as the energy source in a number of surrounding boreholes.

Advantages over Refraction Surveys

In the uphole and downhole methods, the influence of reflection and refraction from the
layers surrounding the layer of interest is substantially reduced.

In the crosshole method, the influence of surrounding layers is eliminated (unless they
are dipping steeply) and the seismic velocities are measured directly for a particular stra-
tum. Crosshole is the dominant and most useful technique.

Seismic Reflection Method
Application

Seismic reflection surveys obtain a schematic representation of the subsurface in terms of
time and, because of the very rapid accumulation of data over large areas are used in engi-
neering studies, primarily offshore. In recent years, as technology has improved, the
method is being used with increasing frequency to pictorialize stratigraphy in land areas.
The results for a landslide study are shown in Figure 1.28. The sliding mass was 3500 ft in
length and the survey was to identify wedge boundaries in the failure zone.

For marine surveys, reflection methods are much more rapid than refraction surveys and,
when obtained from a moving vessel, provide a continuous image of subseafloor conditions.

Operational Procedures

Continuous marine profiling is usually performed with an electric—sonic energy source gen-
erating continuous short-duration pulses, while towed behind a vessel, in conjunction
with a hydrophone that detects the original pulses and reflected echo signals. The output
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TABLE 1.9
Typical Compression-Wave Velocities in Soils and Rocks

Velocity (m/s) 1000 1 2 3 4 5 6 7
Ll | | | | | |

(ft/s x 1000) 5 10 15 20 25

Material

Soils (above GWL)
Topsoil, leached, porous — r
Loess —
Alluvium: soft or loose — T
Colluvium: soft or loose — T
Alluvium: firm to medium coarse — T
Colluvium: firm to medium coarse —] T
Clays ]
Glacial till (compact) ]
Residual - —
Residual (saprolite) — —

Water — -
Sedimentary Rocks
Sandstone (soft to hard) — |
Shale (soft to hard) —
Limestone
Soft —
Hard —
Crystalline —
Anhydrite, gypsum, salt —

Metamorphic Rocks
Slate —] —|—|—
Schist — === -
Gneiss —]
Marble —
Quartzite —

Igneous Rocks
Weathered Also gneiss ] N
Fractured —
Granite — —I—|—|—
Granodiorite —
Quartz monzonite —
Gabbro —
Diabase —

Basalt —

Notes: (1) Velocities given are for dry soil conditions. As the percent saturation increases so do velocities: there-
fore, a velocity change may indicate the water table rather than a material change. (2) The wide range
of velocities given for rocks reflect the degree of weathering and fracturing: sound, massive rock yields
the highest velocities.

of the hydrophone is amplified and passed to a recorder, which transcribes each spark
event to sensitized paper, directly resulting in a pictorial section beneath the water surface.
Equipment in use is generally of two types:

e “Subbottom Profilers,” “Boomers,” and “Bubble Pulsers” provide penetration
depths below the water-body floor in the range of 50 to 100 m. In general,
Subbottom Profilers and Boomers provide higher resolution and Bubble Pulsers
provide deeper penetration. They are often used together.
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TABLE 1.10
Typical P-Wave Velocities of Weathered and Fractured Igneous and Metamorphic Rocks

Material Grade V, (m/sec)
Fresh, sound rock F 5000+
Slightly weathered or widely spaced fractures WS 5000-4000
Moderately weathered or moderately close fractures WM 4000-3000
Strongly weathered or close fractures WH 3000-2000
Very strongly weathered (saprolite) or crushed WC 2000-12002
Residual soil (unstructured saprolite), strong RS 1200-600°
Residual soil, weak, dry RS 600-3002

TV, (water) = 1500 m/sec. Ve (min) of saturated soil = 900 m/sec.

Geophones on surface
for uphole survey

Downhole

shotpoint /
/ S - shothole /- R - recording hole

7 W

L : Partially
.. 7 __reflected and

3 M refracted
| / / / paths

7//\ 2

n/— Geophone: downhole

b Rl
Geophone for_// Direct wave

crosshole path
or downhole

or crosshole

\

Shot point for uphole
or crosshole

FIGURE 1.27

Direct seismic methods to measure dynamic properties of soils and rocks, and assess rock mass quality.

A single borehole is used in the uphole or downhole survey; array of usually four borings is used in the
crosshole survey. In uphole surveys, the geophones should be set on rock. If possible, to obtain measurements
of rock quality.

e “Sparkers” and “airguns” provide penetrations to depths of 50 to 1000 m or
more. They generally operate in water depths from 10 to 600 m with resolution
capabilities of about 15 to 25 m.

Interpretive Information Obtained

A pictorial section beneath the seafloor, or other large water body, is obtained, showing the
general stratigraphy, and such features as slumps and gas pockets when the resolution is
high. Figure 1.29 is a Bubble Pulser image below a reservoir bottom in about 100 ft of
water. The study purpose was to locate possible rupture zones at the toe of a large land-
slide. Figure 1.9 is a side-scan sonar image of the area.

Deeper penetration methods, such as sparker surveys, can indicate major geologic
structures such as faults and salt domes (Figure 1.30) and massive submarine slides.

Velocities cannot be calculated with reliability since distances are not accurately known,
and therefore material types and stratum depths cannot be evaluated as in refraction
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FIGURE 1.28
Seismic reflection profile for landslide study. Shown are interpreted slope failure surfaces. (Courtesy of
Woodword—Clyde Consultants.)

methods. Depths are estimated by assuming a water velocity of 2500 m/sec, but variations
in strata impedance affect the thickness scale. Test borings or refraction studies are neces-
sary for depth- and material-type determinations.

Electrical Resistivity Methods

Applications

The resistivity of soil or rock is controlled primarily by pore water conditions that vary
widely for any material. Therefore, resistivity values cannot be directly interpreted in
terms of soil type and lithology. Some applications are:

¢ Differentiation between clean granular materials and clay layers for borrow-
material location.

® Measurement of the thickness of organic deposits in areas difficult to access.

¢ Measurement of the depth to a potential failure surface in “quick” clays in which
the salt content, and therefore the resistivity, is characteristically different near
the potential failure surface.

¢ Location of subsurface saltwater boundaries.

¢ Identification of variations in groundwater quality in homogeneous granular
deposits, as may be caused by chemical wastes leaking from a storage basin.

® Measurement of depth to bedrock and delineation of varying rock quality.

¢ Location of solution cavities in limestone and underground mines (not always
successful).
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Theoretical Basis

Various subsurface materials have characteristic conductances for direct currents of elec-
tricity. Electrolytic action, made possible by the presence of moisture and dissolved salts
within the soil and rock formations, permits the passage of current between electrodes
placed in the surface soils. In general, conductance is good in materials such as moist clays
and silts, and poor in materials such as dry loose sands, gravels, and sound rocks.

Resistivity refers to the resistance to current flow developed in geologic materials and is
expressed as Q cm?/cm, or simply as Q cm or Q ft. Some typical values of resistivity for
various geologic materials are given in Table 1.11.

Apparatus

The electrical resistivity apparatus consists of a battery as energy source, a milliammeter,
a potentiometer, and electrodes (Figure 1.31). There are three basic electrode configura-
tions as shown in Figure 1.32.

Wenner array: Commonly used in the United States, it employs four equally spaced elec-
trodes. All four electrodes are moved between successive operations.

Schlumberger array: Commonly used in Europe, it is similar to the Wenner, except that
the spacing between the two center electrodes is made smaller than that between the other
two. In operation, the inner electrodes remain fixed and the outer electrodes are moved.
The test is repeated changing the spacing between the inner electrodes.

Dipole—dipole array: The source dipole is separated from the receiving dipole and the dis-
tances between the two dipoles are varied.

Pole—dipole array (not shown in Figure 1.32): One of the current electrodes is placed at a
distance from the survey area approximately 5 to 10 times the desired survey depth. The
receiving dipoles are stepped away from the current electrode, providing resistivity meas-
urements that are reasonably representative of media encountered at a specific depth and
distance from the current electrode.

Operational Procedures

With a battery as a direct-current source, a current flow is established between the two
outer electrodes. The current drop is detected by the two inner electrodes and recorded on

TABLE 1.11
Typical Resistivity Values for Geologic Materials?

Resistivity
Materials Q ft Qm
Clayey soils: wet to moist 5-10 1.5-3.0
Silty clay and silty soils: wet to moist 10-50 3-15
Silty and sandy soils: moist to dry 50-500 15-150
Bedrock: well fractured to slightly fractured with 500-1000 150-300
moist soil-filled cracks
Sand and gravel with silt About 1000 About 300
Sand and gravel with silt layers 1000-8000 300-2400
Bedrock: slightly fractured with dry soil-filled cracks 100-8000 300-2400
Sand and gravel deposits: coarse and dry >8000 >2400
Bedrock: massive and hard >8000 >2400
Freshwater 67-200 20-60
Seawater 0.6-0.8 0.18-0.24

2 From Soilest, Inc.
Note: (1) In soils, resistivity is controlled more by water content than by soil minerals. (2) The resistivity of the
pore or cleft water is related to the number and type of dissolved ions and the water temperature.
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FIGURE 1.31

(a) Components of the electrical resistivity apparatus and the common four- electrode configuration of the
Wenner array. (b) Typical resistivity curve. (From ASTM, Symposium on Surface and Subsurface
Reconnaissance, Philadelphia, 1951. Copyright ASTM International, reprinted with permission.)

the potentiometer, and the “apparent” resistivity (Wenner array) is computed from the
expression

p=(2mAE)/I (1.3)

where p is the soil resistivity, A the distance between electrodes (in cm), E the differential
potential between intermediate electrodes (in V), and I the current flowing between end
electrodes (in A).

“Apparent” resistivity signifies an average value resulting from layering effects.

In vertical profiling, the electrode spacing is increased while the resistivity changes are
recorded, and a curve of resistivity vs. electrode spacing is drawn as shown in Figure 1.31.
As the value of resistivity obtained is largely dependent upon material resistivities to a
depth equal to the electrode spacing A, material changes can be inferred from the change
in the slope of the curve. For any given depth, in terms of electrode spacing, the lateral
variations in resistivity are measured by moving the rear electrode to a front position
and marching the array laterally. Subsurface conditions are inferred from the variations in
vertical and lateral values. In multilayered systems, interpretations must be correlated
with test borings.

To interpret vertical profiling, a set of empirical curves (Wetzel-Mooney curves) is used
to estimate the depth to an interface and the resistivity. The curves, log-log plots of
apparent resistivity vs. electrode separation, are matched to the curves drawn from the
field data.
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FIGURE 1.32
Electrode (array) configurations for resistivity measurements. (From ASCE Technical Engineering and Design
Guides, adapted from the U.S. Army Corps of Engineers, 1998.)

Underground Coal Mine Study

A colleague advised the author of a study of an underground coal mine, where an expert
in electrical resistivity used a “pole-dipole” method. Three different signatures were
obtained, as shown in Figure 1.33: intact rock, caved rock, and voids. The signatures, ini-
tially considered as anomalies, were confirmed by core borings and comparisons with old
mine maps.

Railway Tunnel Through Poor Quality Rock

Dahlin et al. (1996) report on a resistivity investigation for a railway tunnel in Sweden. The
imaging system consisted of a resistivity meter, a relay-matrix switching unit, four elec-
trode cables, a computer, steel electrodes, and various connectors. The total length of
investigation was of the order of 8200 m to depths of 120 m. Color-coded results showed
variation in rock quality along the entire proposed alignment. Low resistivities indicated
very poor rock. Core borings confirmed the interpretations.
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FIGURE 1.33
Results of electrical resistivity study for coal mine using pole-dipole method. (Courtesy of Woodward-Clyde
Consultants.)

Limitations

Since resistivity is a function of water content and soluble salts, materials with widely dif-
fering engineering properties can have the same resistivity. Therefore, correlations from
one location to another may not be possible. Differentiation between strata may not be
possible where the overlying material has an extremely high resistance.

Water-table location often limits the depth for practical study because conductivity rises
sharply in saturated materials and makes differentiation between horizons impossible.
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Because of the difficulties of relating measured resistivity values to specific soil or rock
types, subsurface conditions are usually inferred from the vertical and lateral variations in
the measured values. In multilayered systems, interpretations must be confirmed by cor-
relations with test boring data and, in general, electrical resistivity should be considered
as a preliminary exploration method.

Electrical Conductivity (EM) Surveys

Applications

Terrain conductivity meters read directly the apparent conductivity, and interpretation of
profiles is usually qualitative, based on showing anomalies that are then investigated by
other methods. Some applications are:

¢ Mapping nonorganic contamination of groundwater, which usually results in an
increase in conductivity over “clean” groundwater. An example is acid mine
drainage.

Mapping soil and groundwater salinity.

Mapping depth to basement rock.

Locating buried metal tanks and drums.

Locating buried mine adits.

Operational Procedures

Conductivity is compared with resistivity in Figure 1.34. The electrical conductivity meter,
the Geonics EM 34, uses two dipoles which can be used in either the vertical or horizontal
mode. A single dipole, in the horizontal mode, is shown in Figure 1.35. Each mode gives a
significantly different response. One person carries a small transmitter coil, while a second
person carries a second coil that receives the data from the transmitter coil. Electrical con-
tact with the ground is not required and rapid exploration to depths of 60 m are possible.

The electrical conductivity meter, EM 31 (Figure 1.36), is operated by one person.
Exploration is rapid, but the effective depth of exploration is about 6 m.

Underground Mine Study

Old maps indicated that an adit for a lead—zinc mine was located somewhere in an area
to be developed for expensive home construction. The general area had suffered from

Conductive end plates
(area A)

o Ammeter (current /)

II Battery (voltage V)

Resistivity (p) Conductivity (o)
p = M Qm g = ﬂ O/m
L A
where R = Il Q where G = IV (&) FIGURE 1.34

Resistivity vs. conductivity.
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FIGURE 1.35
Terrain conductivity meter (EM34). (Courtesy of Geonics.)

occasional ground collapse in the old mines. The area was surveyed using an EM34 and
the results identified an anomaly with 0 Q (Figure 1.37). Continuous airtrack probes and
core borings confirmed that the mine was at a depth of about 40 ft.

Ground-Probing Radar (GPR)
Applications

Ground-probing (ground-penetrating) radars are used as a rapid method of subsurface
profiling. They are designed to probe solids relatively opaque to radar waves, such as
pavement-reinforcing rods and bases, as well as subpavement voids, buried pipes,
bedrock surfaces and overlying boulders, caverns, tunnels, clay zones, faults, and ore bod-
ies. Images consist essentially of wavy lines. They are difficult to interpret and primarily
locate anomalies that require additional investigation.

Theoretical Basis

Energy is emitted in the radio portion of the electromagnetic spectrum (Figure 1.4),
of which some portion is reflected back to the radar equipment. Various materials
have differing degrees of transparency to radar penetration. New GPRs are digital
with an improved signal-to-noise ratio using fiber optics cables and improved antenna
design.
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FIGURE 1.36
Terrain conductivity meter (EM31). (Courtesy of Geonics.)

EM34 Data vertical dipole mode quadrature phase
line #15 (8+00

)
5.00 T T
R AT
I { ]l 1 I
4.00 i il 4’
littrith i
i>| ] ! ] I [ r ! !
3.00 H : i } |
i I i
: LR
2.00 ; H H i HIHH | T
it it |
1.00 , * I Ll
| iiflls il
p e i
0.00 LT <lillaflii
80.00 90.00 100.00 110.00 120.00 130.00 140.00 150.00 160.00 170.00 180.00 190.00 200.00 210.00
Offset (ft)
FIGURE 1.37

EM34 survey profile to locate a lead-zinc mine ca. 1860: 0U was found to be the location of the mine. (Courtesy
of Woodward—Clyde Consultants.)

Techniques

Continuous subsurface profiling by impulse radar, also termed electromagnetic subsurface
profiling (ESP), provides a registration of a continuously reflected radar pulse similar
to seismic reflection images. A sled-mounted antenna is towed behind a small vehicle or
boat containing the ESP system. It has been used since 1970 to locate buried sewer lines
and cables, evaluate pavement conditions, detect voids, and profile the bottoms of rivers
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and lakes. The ESP technique provides clear images in low-conductivity materials such as
sand, freshwater, or rock, and poor results in high-conductivity materials such as wet clay
because the penetration depth is limited by the strong attenuation of the signal.

Magnetometer Surveys

Applications

Magnetometer surveys are used for the detection of magnetic ore bodies or rocks that are
strongly magnetic, such as the crystalline types as differentiated from sedimentary types.
They are seldom used for engineering studies.

Theoretical Basis

Many rocks contain small but significant quantities of ferromagnetic materials which vary
with rock type. The weak magnetization modifies the Earth’s magnetic field to an extent
that can be detected by sensitive instruments.

Operational Procedure

Magnetometers provide the measurements and, when towed behind aircraft, they can
cover large areas and provide appreciable data in a relatively short time.

Data Presentation

Contour maps are prepared showing lines of equal value that are qualitatively evaluated
to locate anomalies indicative of ore bodies or rock-type changes.

Gravimeter Surveys

Applications

In their normal geologic application, gravimetric or microgravity surveys, are used for the
detection of major subsurface structures such as faults, domes, anticlines, and intrusions.
Gravimetric surveys have been used in engineering studies to detect cavities in limestone
and the location of old mine shafts (Ghatge, 1993). Modern instruments are extremely sen-
sitive, however, and the requirement for the precise determination of surface elevations
may cause the application of the method to be relatively costly.

Theoretical Basis

Major geologic structures impose a disturbance on the Earth’s gravitational field. The part
of the difference between the measured gravity and theoretical gravity, which is purely a
result of lateral variations in material density, is known as the Bouguer anomaly. Other fac-
tors affecting gravity are latitude, altitude, and topography, and have to be require con-
sidered during gravitational measurements to obtain the quantity representing the
Bouguer anomaly.

Gravimeters consist of spring-supported pendulums similar in design to a long-period
seismograph.

Data Presentation

Isogal maps are prepared showing contours of similar values given in milligals (mgal) to
illustrate the gravity anomalies. (Note: 1 mgal = 0.001 gal; 1 gal = acceleration due to grav-
ity=1 cm/s%)
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Cavity Exploration in Soluble Rock

The bulk density of limestones is about 160 pcf (2.6 g/cm?), and that of soils generally
ranges from 100 to 125 pcf (1.6 to 2.0 g/cm?). In karst regions, a gravity-low anomaly may
indicate an empty cavity, a cavity filled with low-density material, or a change in soil or
groundwater conditions. Microgravimetric instruments have been developed in recent
years which permit a precision of 0.01 mgal (10 ugal) or better (Greenfield, 1979), equiva-
lent to a change in soil thickness of about 10 in. (24 cm) for a density contrast between soil
and rock of 62.4 pcf (1.0 g/cm?). A detected anomaly is then explored with test borings.

Infrared Thermography

An infrared scanner, which can detect very small variations in temperature, is mounted on
a sled that can be towed by a person or a vehicle. Multicolor images are displayed and
recorded. Cooler areas are depicted in green or blue and the warmer areas in orange or red.
In engineering studies, infrared scanners are most useful in detecting water leaks in sewers
or water lines. In limestone areas, such leaks are often precursors to sinkhole development.

1.3.3 Reconnaissance Methods

General

Reconnaissance methods of exploration are divided into two general groups as follows:

e Large excavations allow close examination of geologic materials and include test
pits, test trenches, and large-diameter holes, which can be made relatively rap-
idly and cheaply. Adits and tunnels, although costly to excavate, are valuable for
investigating rock mass conditions.

e Hand tools and soundings provide low-cost and rapid means of performing prelim-
inary explorations. Samples are recovered with the hand auger and 1in. retractable
plug sampler, and probings with bars provide indications of penetration resistance
to shallow depths. The cone penetrometer test (CPT) and the standard penetration
test (SPT) are used also as reconnaissance methods for preliminary explorations.

Methods
The various methods are summarized in Table 1.12, including:

Test pit or trench excavation

Large-diameter holes

Adits and tunnels

Bar soundings

Hand auger or posthole digger

One-inch retractable plug sampler

Continuous penetrometer test (see Sections 1.34 and 2.4.5)
Standard penetration test (see Section 2.4.5)

1.3.4 Continuous CPT(ASTM D5778)

History

In 1932, the Dutch developed a simple device to measure continuously soil properties in
situ. At the end of steel rods was a penetrometer consisting of a cone tip. Over the years,
the rods were advanced by driving them with a hammer (dynamic force), applying dead
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weights (static force), or pushing hydraulically. Initially, only penetration resistance at the
cone tip was measured (g, or g,). Later, a cone was developed with a sleeve to measure
shaft (side) friction f, (Begemann cone) in addition to tip resistance. The Begemann cone
was termed a subtraction cone. It measures the total sleeve plus tip force on the cone and
the tip resistance when pushed into the ground. Sleeve friction is calculated by subtract-
ing the tip resistance from the total resistance.

Fugro, ca. 1965, developed an electric cone (the compression cone) that measured and
recorded both tip resistance and shaft friction separately. Some electric cones have a max-
imum value for sleeve friction of the order of 20 tons. The subtraction cone has no sleeve
friction limit; the only limit is the total penetrometer force. Subtraction cones can be used
where sleeve friction is high, such as in very stiff clay, and the limit of the electric cone is
exceeded.

CPT Operations

Modern cones are pushed continuously into the ground by a hydraulic-force apparatus
reacting against a machine. The apparatus can be mounted on a variety of platforms,
including truck or track mounts, small portable units, and barges or drill ships. The inte-
rior of a truck-mounted CPT is shown in Figure 1.38a. Large modern rigs have capacities
of up to 30 metric tons. CPT rigs are often mounted with test boring drill rigs, but the reac-
tion force is limited.

Advanced by hydraulic thrust, the electric cones employ load cells and strain gages that
measure electronically both tip resistance and local sleeve friction simultaneously. The
results are recorded digitally at the surface with an accuracy of measurement of usually
better than 1%. Readings are usually taken at 5 cm intervals. Cones vary in size with areas
of 10 and 15 cm? the most common because ASTM criteria apply. The 15 cm? cones can
push well in loose gravels, cemented sands, and very stiff fine-grained soils and weath-
ered rock. Various cone sizes are shown in Figure 1.38b.

The CPT method permits rapid and economical exploration of thick deposits of weak to
moderately strong soils and provides detailed information on soil stratification. There
have been many modifications to cone penetrometers in the past 20 years. The test can
measure in situ many important soil properties applicable to geotechnical and environ-
mental studies as summarized below. The interpretation of strength and compressibility
properties are covered in Section 2.4.5.

Although soil sampling is possible with a special tool, soil samples are normally not
obtained. CPT data are usually confirmed with test borings and soil sampling, but the
number of borings is significantly reduced.

See also ASTM D5778, Sanglerat (1972), Schmertmann (1977), and Robertson et al. (1998).

Engineering Applications

Standard CPT. The common application of the CPT is to obtain measurements of engi-
neering strength properties. In relatively permeable soils, such as fine and coarser sands,
pore pressure effects during penetration at standard rates often have negligible influence,
and the CPT measures approximately fully drained behavior. In homogeneous, plastic
clays, the CPT measures approximately fully undrained behavior. Mixed soils produce in-
between behavior.

Piezocones are currently in common use (CPTU). They have a porous element near the tip
and a built-in electric transducer to measure pore water pressure in addition to tip resist-
ance and shaft friction. Information on stratification and soil type is more reliable than the
standard CPT. The interpretation of material strength properties is improved, and data are
obtained on deformation characteristics. To obtain pore-pressure data, penetration is
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FIGURE 1.38 (a)
Cone penetrometer test equipment: (a) interior of CPT truck showing hydraulic force apparatus. (Courtesy of

Fugro.)

stopped at the desired depth and readings are taken until the pore pressure generated by
the penetration has dissipated. The coefficient of consolidation (c,) and the coefficient for
horizontal hydraulic conductivity (k) are determined. Hole inclination is also recorded
with the piezocone illustrated as in Figure 1.39a. A plot of a CPTU log showing point and
shaft friction, friction ratio, pore pressures, and a soil log is given in Figure 1.40. CPT plots
now normally include the friction ratio and, with the CPTU, pore pressure measurements.
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FIGURE 1.38 (b)
Cone penetrometer test equipment: (b) various cone sizes. (Courtesy of ConeTec.)

The seismic cone penetration test (SCPT) (Figure 1.39a) combines the piezocone with the
measurement of small strain shear wave velocities (P and S waves). A small geophone or
accelerometer is placed inside a standard cone, and seismic wave velocities are measured
during pauses in cone penetration. A hammer blow to a static load on the surface can pro-
vide the shear wave source. Explosives can be used offshore or the “downhole seismic
test” onshore. The results have been used for evaluating liquefaction potential (Robertson,
1990).

The active gamma penetrometer (GCPT) (Figure 1.39b) measures in situ soil density. The
test is particularly important in clean sands, that are difficult to sample in the undis-
turbed state.
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Various types of cone penetrometers. (a) Piezo cone penetrometer (CPTU): measures tip resistance, shaft
friction, pore pressures, temperature, inclination, and shear wave velocities. (b) Active gamma penetrometer:
GCPT measures in situ soil density, particularly useful in sands which are difficult to sample undisturbed.
(c) Electrical resistivity cone (RCPT): provides measures of relative soil resistivity. (Courtesy of ConeTec.)
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A vision cone penetrometer (VisCPT) has been developed recently to overcome the prob-
lem of no recovered samples (Hryciw et al., 2002). Miniature cameras are installed in the
CPT probe, and continuous images of the soil’s stratigraphy are obtained through syn-
thetic sapphire windows mounted in the side of the probe.
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Environmental Applications

Cone penetrometers have been modified for environmental studies and the identifica-
tion of contaminants (Robertson et al., 1998). Sensors have been developed to measure
temperature, pH, radioactivity (gamma), resistivity, ultraviolet-induced fluorescence,
and total petroleum hydrocarbons and other contaminants. SCAPS (site characterization
and analysis penetrometer system) is a program in use by the government agencies in
which the cone penetrometer is used for hazardous waste site characterization. An elec-
trical resistivity cone (RCPT) is shown in Figure 1.39c.

Classification of Materials
Correlations

CPT values are influenced by soil type and gradation, compactness, and consistency,
which also affect the relationship of g, with f,. Correlations have been developed between
cone-tip resistance (g, is also referred to as cone-bearing capacity) and the friction ratio
R; (=f./q.) to provide a guide to soil classification as given in Figure 1.41. These charts do
not provide a guide to soil classification based on grain size, but rather on soil behavior
type. Figure 1.41 is based on data obtained at predominantly less than 30 m, and overlap
between zones should be expected (Robertson, 1990).

It has been found that cones of slightly different designs will give slightly different val-
ues for g, and f,, especially in soft clays and silts. This apparently is due to the effect that
water pressures have on measured penetration resistance and sleeve friction because of
unequal end areas. It has also been recognized that overburden pressure increases with
depth also affecting strength values, as it does with the Standard Penetration Test results.
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Simplified soil behavior type classification for standard electric friction cone. (Adapted from Robertson, PX.,
et al., Proceedings, In situ '86, Blacksburg, VA, 1986.)
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For these reasons, correction factors have been proposed for the strength parameters and
cone geometry. For equal end area cones only g, is normalized. It is noted that cone resist-
ance 4, is corrected to total cone resistance g, as follows (Robertson, 1990):

q:=q.+ (1-a)u (1.4)

where u is the pore pressure measured between the cone tip and the friction sleeve and a
is the net area ratio.
New classification charts have been proposed based on normalized data (Robertson, 1990).

Operations Offshore

General

Oftshore shallow-water investigations, such as for ports and harbors, normally involve
water depths of 3 to 30 m. Jack-up rigs or spud barges are used and the cone is pushed
from the vessel by conventional methods. A drill casing is lowered to the seafloor to pro-
vide lateral support for the CPT rods.

For offshore deep-water exploration, such as for oil-production platforms, the CPT is
usually operated in conjunction with wire-line drilling techniques (Section 1.3.5), with
equipment mounted on large vessels such as shown in Figure 1.42. The major problem,
maintaining adequate thrust reaction from a vessel subjected to sea swells, can be over-
come by a motion compensator and the drill string. Thrust reaction can be provided by
weighted frames set on the seafloor as shown in Figure 1.42.

Seafloor Reaction Systems

Underwater cone penetrometer rigs that operate from the seafloor have been developed by
several firms. The Fugro-McClelland system, called “Seaclam,” operates in water depths up
to 300 m. A hydraulic jacking system, mounted in a ballasted frame with a reentry funnel,
is lowered to the seabed (Figure 1.43). Drilling proceeds through the Seaclam and when
sampling or testing is desired, a hydraulic pipe clamp grips the drill string to provide a
reaction force of up to 20 tons. A string of steel rods, on which the electric friction cone is
mounted, is pushed hydraulically at a constant rate of penetration. Data are transmitted
digitally to the drill ship.

ConeTec have developed an underwater CPT that can operate in water depths up to
2500 ft that can penetrate to 30 ft below the mudline. It is lowered over the side of a steel
vessel and set on the seafloor. Fugro also has an underwater ground surface CPT which
presently has a penetration of about 6 m.

Sampling and In Situ Testing

The various underwater sampling and in situ tools using the Fugro Seaclam are illustrated
in Figure 1.43. Some sampling and testing is obtained by free-falling down the drill pipe.
Fugro have developed the “Dolphin” system for piston sampling, in situ CPT, and vane
shear testing to water depths of at least 3000 m. Tools that require controlled thrust for
operation, such as the cone penetrometer and piston sampler, employ a mud-powered
thruster assembly at the base of the drill string. Vane testing and push sampling do not
require the use of the thruster.

The Dolphin cone penetrometer is illustrated in Figure 1.44, and a plot of cone resistance
data is shown in Figure 1.45. Penetration distances are 3 m or may refuse penetration at
less than 3 m, and tip resistance and side friction are recorded. Drilling advances the hole
to the next test depth and the CPT repeated. The remote vane shear device is shown in
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FIGURE 1.42
Schematic diagram of the operational procedures from a drill ship. Shown are the Fugro Seaclam for deep
water drilling, push sampling, and in situ testing using a cone penetrometer. (Courtesy of Fugro.)

Figure 1.46 and a data plot is shown in Figure 1.47. The vane data, compared with
undrained laboratory test results from piston samples, are shown in the figure.

1.3.5 Test and Core Borings

Purpose
Test and core borings are made to:

e Obtain samples of geologic materials for examination, classification, and labora-
tory testing
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FIGURE 1.43

Various sampling and in situ testing tools used with the Fugro Seaclam (see Figure 1.42). BAT probe is an
electrical resistance piezometer. (Courtesy of Fugro.)

e Permit in situ measurements of the physical and engineering properties of the

materials
¢ Obtain information on groundwater conditions

Boring Types
They may be classified according to sampling operations:

e Wash sample borings are made to recover completely disturbed samples for

general classification only.

e Sample borings are made to recover partially disturbed samples (SPT) or undis-
turbed samples (UD).

e Core borings are made to recover rock cores.

e Rotary probes recover only rock cuttings and are made to provide a rapid deter-
mination of the bedrock depth.

e Air track probes result in rock cuttings at the surface and are made to provide a
rapid determination of rock quality.

Operational Elements

The execution of a boring requires fragmentation of materials, removal of the materials
from the hole, and stabilization of the hole walls to prevent collapse.

Fragmentation
Materials in the hole are fragmented for removal by:

e Circulating water in loose sands or soft clays and organic soils
¢ Chopping while twisting a bit by hand (wash boring), or rotary drilling or auger-
ing in moderately strong soils
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¢ Blasting or rotary drilling with a rock bit for “floating” boulders
e Rotary or percussion drilling in rock

Material Removal
Materials are removed to form the hole by:

e Dry methods used in cohesive soils, employing continuous-flight augers above
the water table and the hollow-stem auger above and below the groundwater
level (GWL).

e Circulating fluids from a point in the hole bottom, which is the more common pro-
cedure, accomplished by using clean water with casing, mud slurry formed
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either naturally or with additives used without casing, or air pressure in highly
fractured or cavernous rock where circulating water is lost and does not return
to the surface.

Hole Stabilization

Some form of stabilization is often needed to prevent hole collapse. None is required in
strong cohesive soils above GWL.

Casing, used in sands and gravels above the water table, in most soils below GWL, and
normally in very soft soils, is usually installed by driving with a 300 Ib hammer, although
140 Ib hammers are often used with lighter tripod rigs. The hollow-stem auger serves as cas-
ing and wireline and Odex methods install casing by drilling.

Driven casing has a number of disadvantages:

e Installation is slow in strong soils and casing recovery is often difficult.

e Sampling at stratum changes is prevented unless they occur at the end of a
driven section, and in situ testing is limited.

e Obstacles such as boulders cannot be penetrated and require removal by blast-
ing or drilling. The latter results in a reduced hole diameter which restricts sam-
pling methods unless larger-diameter casing is installed before drilling.

e Loose granular soils below GWL tend to rise in casing during soil removal,
resulting in plugged casing and loosened soils below.

e Removal of gravel particles is difficult and requires chopping to reduce particle
sizes.

¢ Casing plugged with sand or gravel prevents sampler penetration adequate for
recovery of undisturbed samples and representative SPT values. (The drill rod
length and sampling tool must be measured carefully to ensure that the sampler
rests on the bottom slightly below the casing.)

Mud slurry, formed naturally by the mixing of clayey soils during drilling, or by the
addition of bentonite, is a fast and efficient method suitable for most forms of sampling
and in situ testing.
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Vane blade

There are several disadvantages to mud slurry:

e Hole closure may occur in soft soils or crushed, porous materials such as shell beds.

e Relatively large pumps are required to circulate the slurry, particularly when
boring depths exceed 30 ft (10 m).

* Mud-cased holes do not permit accurate water level readings, unless environmen-
tally friendly biodegradable muds are used. Such muds incorporate an organic
substance that degrades in a period of 24 to 48 h, allowing GWL measurements.

e Excessive wear on pumps and other circulating equipment occurs unless sand
particles are removed in settling pits.

e Mud may penetrate some soils and contaminate samples.

® Mud loss is high in cavity-prone and highly fractured rock.

Grouting is used where closure or hole collapse occurs in fractured or seamy zones in
rock masses. Cement grout is injected into the hole in the collapsing zone and then the hole
is redrilled.
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Boring Inclination

Vertical borings are normal in soil formations and most rock conditions during
investigation.

Angle borings are often drilled in rock masses to explore for joints, faults, or solu-
tion cavities, or for the installation of anchors in soil or rock.

Horizontal borings are drilled to explore for tunnels or the installation of rock bolts,
instrumentation, or horizontal drains. Maintaining a straight horizontal boring is
extremely difficult. At the start of the boring, gravity tends to pull the drill bit
downward; then as penetration increases, gravity acts on the heavy drill string and
the bit may tend to drift upward. Rock quality variations will also cause inclination
changes. New technology employs directional drilling (Civil Engineering, 1998).

Standard Drilling Machines and Tools

There are a large number of hole-making methods and drilling machines. A summary is
given in Table 1.13 in terms of application, method, advantages, and limitations. The basic



31q 198ne WoIj MNdd0
Kewr aduRQIN)SIP S[RIIPISUO))
3001 pue s1op[noq y3nomy afqissod

aqrssod Surjdures

Sursed se joe 03 punoid

=
=
) dn pue 1ds e
= jou pue moLyIp siakef [oaerd spios Suons OJUT PIMAIIS ST WId)S Gurpdures 10s 10§
g y3noxyy 10 sypdap juedyrudis A[are19pOW 0 SyEaM morroy 3deoxs ‘redne Jy3iyy S90Y] 9ZIS-9)eIdpOoux
..m 01 s[10s 3UOI}S UI UOTJeI}PUd ] o ur poyjow pidey o -SNONUIIUO0D 0} IL[IWIS o o} -[rews [[I] o  (IS'T 9NSry) 8Ny Wag-MO[[OH
.20 asderjoo ajoy uado
m UOTJEDIPOW UOHEUTWEXD WNJels juasaid 03 yy3uans
m [tos pue sodures 311 saxmbay o [eaown: 1edne drenbape ym syros
= payruary spoyiowr urdureg o 19)3e uado surewar SATS3YOD UT pasn A[[eULION e
.m pagamsip sojdwes 123Ny o a[oy uaym ayqrssod arqissod
= d[qe} I9jem Ieau 0} Surrdures 1S e sardures Y10
N Aqrensn pdep Sunyruury Agarayy D01 3JOS pue S[10S UOT}eUTuIexa [10S SMO[[e sardures pagqanisip
..m ‘S[10S TeNUERIS SSO[UOISAYOD 1O 9A1S30D Zuoxs ur Sy e JO [eAOUDY o N SNONUKUOD 10§
O DAISOUOD YoM WOIJ UMBIPUIIM durroq A1oyerordxa s1a3ne [edraY Jo SISy 9[0Y 9ZIs-d)eIdapout (¥5°1 2m3ry)
st 198ne uaym sasdef[od 9[0L] e 103 ampadoxd pidey o snonunuod 3uneioy e 0] -[[ewss (L] e 18ny W31 I-snonunuo))
sIoydUue 10
Armys pnux SuTeIp [eJUOZLIOY I0]
az1s Sur Aq paurejar Affeuriou s[0H e D01 10 I0S Ut S9a[oYy
1M sarreA Surup jo AousnyIq e sardures jo AqresrmerpAy paurpur Ul e pajunow-yoery,
Sunprurp 105 urrogje[d PAs] saxmbay e sad 43 [Te 10§ 9[qeINg o poardde st amssaxd Sunsay ny1s ur yjo sadAy pajunow-Iarery,
peos 10 rex} saxmbay o srerajeur jo sad£) U21yMm 03 poi [[uIp Sunejox Auews 103 3]0 NN o (0g'1 @1n31]) payunow-yoniy,
JOLIIP uTer1d) paddnr 1o e srenouad ue) ¢  UBALIP-IOMOd JO pusd UO J1q saduues o1 pue [10s (6% T 2mS8L]) parunow-pnig
Adurems ur ssadoe juowdinby o pider Apaney e Summnod Aq padueape S[0H e Jo sadAj [[e amd0I] e S[IIQ Arejoy
UOTIORAI JO DB JO 3SNLIA(] S[I0S JOS
K194 ur 3dadxa Joygrp Surdwes (N e poyrewr Surroq Sunsay ny1s u1 jo
sordures 100d 03 speay ‘ursed -ysem paf[ed AJuowrwio)) e sad4) awos 10§ SI[0H e
WO [9ARIS 9AOWIAI 0 JINOJI(] e juawrdmba aqejrod
oz ut afqissodwr pue y31[ 93 0 S[qISsadde 191em pajenoIn-dumnd Sa1pMIS
S[10S Uoms UI JNOYJIp UOHLIdUd] e uonedo][ AUE JSOW[Y e ym urysem pue spox Areurwrpaid 10y yourm
w (O] MO[dq I0qe] [[I{S-WnWIuTu Sunsimy arrym Surddoyd s8urioq A101e10[dXq o USALIP-IOjOW 10 (§%'T 2mS3Ly)
Aqreradsa “uonerado mog e Auo saxmbay e Aq paoueape 3[01] e sardwres [10S 21Nd01] o apoe) pue oo[q ym podruiy,
suoneIwI] sagejueapy SpoyRIA Suruq uonedriddy unypeA

68

SPOUIdIA Pue SauTUdRIN SUI[[Ii(] SNoLeA jo uosireduro))

€1°L 319Vl



69

(Burrrrpar pue uondafur
Juawad Aq PajdaLIond aq P[noD)
*S3U0Z D01 Aweas 10 paInjoery
9S00[ UT 2INSO[D 3[0Y Jo 1a3ue

A19A0001 aydures oN

SISSEW D01 0} PIAJTWI]

D01 SAISSEW pIey ST asn 1sag
"019 ‘O[eYS JOM ‘SuIeds

Aed S[d01 paInyoey ‘9s0o] ut
WId)S [LIP SIUS 3SO[ 03 [AISSOJ
‘Burpdwres 105 pasn JoN

'sdnpd [rews Afuo are sejdureg

prdez

a1ow ypnuu st ssaxdoxd jdsoxa
‘s[[L1p uotssnorad 03 Te[TuIg
arqrssod

jou Surpdures () pue 3urI0d Y00y
sanfeA 1 JS

syoapye Afsnotras joedwr A81ous
-yS1Y wo1y }1q punoIe DURGINSI(]
ox pue

sqros Suons ur ssaxdoxd molg
awos

_qumd pue a8xe] yuawdibyg
pagqrmstp sapdureg

s[10s o1ueSI0 10 ‘sAep 3jos

‘S[I0S SSI[UOTISIYOD UT 3[eINS JON
ssadoe Asea

saxmbazr surpew a8re
SUOTJIPUOD D01 pue

1yempunoid £q paywry yadaq

Exploration

Spoyjow A1ej01 [3Im

syydap Teonto je

3[D01 2100 pue ‘SAIPMYS

Puuny 103 sypdap

[enue)sqns o} safoy

toid [up 03 pasn

9q p[noD) ‘sassewr

3001 ut uorjeneuad
pider A197 o

3001 pIey
UI S3[0Y] I9)awerp
-[rews Sunjew

103 ampadoxd pidey o

SI9P[NOq pue sa[qqod
y3nomy uonensuad
pider Apaney e

([wo 09] 3 ¢ 03 dn)

[erayew

Aue y3noiyy sejoy

I9)owrerp-a3re|

Sunjew jo poygaw
[e2TWOU0d A[PALR[Y e

SuonIPUod

[10s doeyINSqNs

JO uoneuruwexs
9SO[d Sa[qeuy e
poytew prdey o

uTur /smMorq

00 se aje1 e ydny

Se Je Y001 pIey sIouruey|
31q 9pIqIed Ud)sduny
pazidiaus A[reonewnaug

amssaxd ire

Aq pasowsar sdny) 'sajejor
11q Se SMO[q Jowwrey
UM D01 SaYSNId pue
sdnyd 31q Y001 UOISSNOID ]
[911eq ISUUT WOI)
s3umnd morq o3 snnuue
ySnomyy e SunemoIn
arrym Sursed [[em-a[qnop
SALIP 0} pasn Idwwey|
Buranp-aqid [asarq
uorssnozad o3 refruurg

o[oy a3 surejar Surse))
'sdund pues 10 s1afreq

Aq paAowaI ST PIYM ALIN[s
© WLIOJ pue S[eLd)jewt

dn yea1q 0y paddoip

pue paster are sjiq AAesr]

9]0y WIIog 03 TI0S sINd 198ne

19)owrerp-a81e] Suneioy e

(4 $¢ ur paqup
“I9}OWeIp ‘UI-G9

‘3[0Y Y-0F9 :95d JUQ)

“poo1 ut a0y Aroyerofdxe

jo Surup prdey

UOnRZLID}ORIRYD YO0y
Sunserg

SIOUDUE YOOy

105 s3]0 Sur[[LC

s1op[noq

pue sa[qqod ySnoayy
safoy Aroyerordxg
S[[oM 1AL

ydap spor suygag
s1a[Teq ur sajduwres
LUSeMm,, SI9A00Y
S[[oM I9}eM [[LIp

0} pasn Auowruio))
uado surewrar ajoy
JI9YM S[10S DAISIYOD
Ul UOTJRUTUIeXd
©JeI)s [10S pue
sajdures paqanysip
10§ (3 ¥ 03) sa[oy
I9)wrerp-adre L

[Hp 3oedu

(zg'1 28y “seqoxd xoexn
11y) [[Lp uorssnorad oewnau, g

S[[LIp JouruweH

(Burprp-wmuypd

10 [003-3[qed) S[[LIP UOISSNIIdJ

193ne [edrPY
18ne ysiq
198ne j193ong

(¢cg'1 2m31y)
s18ny 1ajower(-o81e]
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components required for test or core borings include a drilling machine, casing, drill rods,
drilling bits, and sampling tools.

Drilling machines consist of a power source, a mast for lifting apparatus, and a pump for
circulating water or mud (or a compressor for air drilling) to lower, rotate, and raise the
drilling tools to advance the hole and obtain samples. Test borings for obtaining represen-
tative or undisturbed samples under all conditions are normally made by rotary drills, and
under certain conditions, with the tripod, block, and tackle. Some of the more common
machines are illustrated in Figures 1.48 through 1.51.

Exploratory holes in which only disturbed samples are obtained are made with contin-
uous-flight augers, large-diameter augers in clays or by percussion or hammer drilling in
all types of materials. Large-diameter augers (Figure 1.52) can provide holes of diameters
adequately large to permit visual examination of the borehole sides for detailed logging,
if the inspector is provided with protection against caving. Pneumatic percussion and
impact drills advance holes rapidly in rock, without core recovery.

Casing is used to retain the hole in the normal test boring operation, with tripods or
rotary machines, at the beginning of the hole and for the cases described under Hole
Stabilization. Boring cost is related directly to casing and hole size. Standard sizes and

o —

L/

FIGURE 1.48
The wash boring method. The hole is advanced by hand by twisting a bladed bit into the soil as water under
pressure removes cuttings from the hole. In the photo, a 140 Ib hammer is being positioned before driving an
SPT sample.
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FIGURE 1.49

A skid-mounted rotary drilling machine which advances the hole in soil or rock with a cutting bit on the end
of a power-driven rotating drill rod to which pressure is applied by a hydraulic ram. In the photo, the drill
rods are being lowered into the hole before the hole is advanced.

dimensions are given in Table 1.14; casing is designed for telescoping. There are several
types of casing as follows:

e Standard drive pipe has couplings larger than the outside pipe diameter and is
used for heavy-duty driving.

e Flush-coupled casing has couplings with the same diameter as the outside pipe
diameter. For a given diameter, it is lighter and easier to drive because of its
smooth outside surface than a standard pipe, although more costly to purchase.

e Flush-jointed casing has no couplings and is even lighter in weight than flush-
coupled casing, but it is not as rugged as the other types and should not be driven.

Drill rods connect the drilling machine to the drill bits or sampler during the normal test
or core boring operation with rotary machines (or tripods for soil borings). Standard sizes
are given in Table 1.14. Selection is a function of anticipated boring depth, sampler types,
and rock-core diameter, and must be related to machine capacity. The more common
diameters are as follows:

e “A” rod is normally used in wash boring or shallow-depth rotary drilling to take
SPT samples. In developing countries, a standard 1 in. pipe is often substituted
for wash borings because of its low weight and ready availability.

e “B” rod is often used for shallow rotary core drilling, especially with light drilling
machines.

e “N” rod is the normal rod size for use with large machines for all sampling and cor-
ing operations; it is especially necessary for deep core drilling (above 60 ft or 20 m).

e “H” rod is used in deep core borings in fractured rock since it is heavier and
stiffer than “N” rod and will permit better core recoveries.
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FIGURE 1.50

Rotary drilling with a truck-mounted Damco drill rig using mud slurry to prevent hole collapse. Rope on the
cathead is used to lift rods to drive the SPT sampler, which in the photo is being removed from the hole. A
hydraulic piston applies pressure to rods during rock coring, or during pressing of undisturbed samples. The
table supporting the hydraulic works is retractable to allow driving of SPT samples or casing.

Drilling bits are used to cut soil or rock; some common types are shown in Figure 1.53.
Chopping bits (others such as fishtail or offset are not shown) are used for wash borings.
Drag bits (fishtail or bladed bits) are used for rotary soil boring. They are provided with
passages or jets through which is pumped the drilling fluid that serves to clean the cut-
ting blades. The jets must be designed to prevent the fluid stream from directly imping-
ing on the hole walls and creating cavities, or from directing the stream straight
downward and disturbing the soil at sampling depth. Low pump pressure is always
required at sampling depth to avoid cavities and soil disturbance. Rock bits (tricone,
roller bit, or “Hughes” bit) are used for rock drilling. Core bits (tungsten carbide teeth
or diamonds) are used for rock coring while advancing the hole. Sizes are given in
Table 1.14.

Sampling tools are described in Section 1.4.

Standard Boring Procedures

1. Take surface sample. (In some cases, samples are taken continuously from the
surface to some depth. Sampling procedures are described in Section 1.4.2.)
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FIGURE 1.51
Rotary drill rig advancing boring with the continuous hollow-stem flight Auger.

2. Drive “starter” casing or drill hollow-stem auger to 5 ft penetration (1 m pene-
tration in metric countries).

3. Fragment and remove soil from casing to a depth of about 4 in. (10 cm) below the
casing to remove material at sampling depth, which will be disturbed by the force
of the plugged casing during driving. Completely disturbed “wash” samples (cut-
tings) may be collected at the casing head for approximate material classification.

73



74
Clearance
cutter. &
Toothed—\‘
cutter
lip "
|-§-\\\
(b)
FIGURE 1.52

Helical

Shutter

Clearance plate

cutter

Cutter
Disc

Geotechnical Investigation Methods

Barrel

2

oc
bucket

Cutter

Cutter
Barrel

Hand trip for
unloading

Chopping bit

Hinged bottom

(a) Heavy-duty auger machine excavating with a large-diameter barrel bucket. Generally suitable only in soils
with cohesion where the hole remains open without support. (b) Types of large augers. (From USBR, Earth
Manual, U.S. Bureau of Reclamation, Denver, Colorado, 1974.)

TABLE 1.1

Standard Sizes of Drill Tools?

4

0O.D. I.D. Weight Coupling O.D.
Size in. mm in. mm Ib/ft kg/m in. mm
Drill Rods — Flush Coupled
EP 15/16 33.3 7/8 222 2.7 4.0 7/16 11.1
AP 15/8 41.3 11/4 28.5 3.7 5.7 9/16 14.3
B® 17/8 47.6 11/4 31.7 5.0 7.0 5/8 15.9
NP 23/8 60.3 2 50.8 52 7.5 1 29.4
EWe 13/8 34.9 15/16 23.8 3.1 4.7 7/16 11.1
AW 13/4 44.4 11/4 31.8 4.2 6.5 5/8 15.9
BWe¢ 21/8 54.0 13/4 44.5 43 6.7 3/4 19.3
NWe 25/8 66.7 21/4 57.1 5.5 8.4 13/8 34.9
HWre 31/2 88.9 31/16 77.8 7.7 11.5 23/8 60.3
Casing — Flush Jointed
EW 113/16 43.0 11/2 38.1 2.76 42
AW 21/4 57.2 129/32 48.4 3.80 5.8
BW 27/8 739 23/8 60.3 7.00 10.6
NW 31/2 88.9 3 76.2 8.69 13.2
HW 41/2 114.3 4 101.6 11.35 16.9
PW 51/2 139.7 47/8 127.0 15.35 22.8
SW 67/8 168.3 61/32 152.4 19.49 29.0
uw 75/8 193.7 7 177.8 23.47 349
W 85/8 219.1 83/32 203.2 27.80 41.4

(Continued)
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TABLE 1.14
(Continued)
O.D. I.D. Weight Coupling O.D.
Size in. mm in. mm Ib/ft kg/m in. mm
Casing — Flush Coupled
EX 113/16 46.0 15/8 413 1.80 2.7 11/2 33.1
AX 21/4 57.2 2 50.8 2.90 4.4 129/32 48.4
BX 27/8 73.0 29/16 65.1 5.90 8.8 23/8 69.3
NX 31/2 83.9 53/16 81.0 7.80 11.8 3 76.2
HX 41/2 114.3 41/8 104.8 8.65 13.6 315/16 100.0
0.D. L.D. Weight Coupling O.D.
Size (in.) in. mm in. mm Ib/ft kg/m in. mm
Casing — Standard Drive Pipe
2 23/8 60.3 21/16 52.4 55 8.3 27/8 73.0
21/2 27/8 73.0 215/32 62.7 9.0 13.6 33/8 85.7
3 31/2 88.9 31/16 77.8 11.5 174 4 101.6
31/2 4 101.6 39/16 90.5 15.5 23.4 45/8 117.3
4 41/2 114.3 41/32 102.4 18.0 272 53/16 131.8
Casing — Extra Heavy Drive Pipe
2 23/8 60.3 115/16 49.2 5.0 7.6 27/32 56.4
21/2 27/8 73.0 221/64 59.1 7.7 11.6 25/8 66.7
3 31/2 88.9 229/32 73.8 10.2 154 31/4 82.5
31/2 4 101.6 323/64 85.3 12.5 18.9 33/4 95.3
4 41/2 114.3 353/64 97.2 15.0 22.7 41/4 107.8
Diamond Core Bits
DCDMA Standards Core Diam. (Bit I.D.) Hole Diam.
(Reaming Shell O.D.)
Size in. mm in. mm
EWX and EWM 0.845 215 1.485 37.7
AWX and AWM 1.185 30.0 1.890 48.0
BWX and BWM 1.655 42.0 2.360 59.9
NWX and NWM 2.155 54.7 2.930 75.7
23/4in.,,37/8in. 2.690 68.3 3.875 98.4
4in,51/2in. 3.970 100.8 5.495 139.6
81in.,73/4in. 5.970 151.6 7.755 196.8
Wireline Size
AQ 11/16 27.0 157/64 48.0
BQ 17/16 36.5 223/64 60.0
NQ 17/8 47.6 263/64 75.8
HQ 21/2 63.5 325/32 96.0
PQ 311/32 85.0 453/64 122.6

2 From Diamond Core Drill Manufacturers Association (DCDMA).
Original diamond core drill tool designations.
¢ Current DCDMA standards.

b
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FIGURE 1.53
Several types of drilling bits. From left to right: three-bladed soil-cutting bits, tricone roller rock-cutting bits,
carbolog-tooth bits for cutting soft rock, and diamond rock-coring bit.

4. Take sample.

5. Advance hole through the next interval of 5 ft (or 1 m) by either driving casing
and removing the soils, as in step 3, or using a mud slurry or the hollow-stem
auger to retain the hole, and take sample.

6. Continue sequences until prescribed final boring depth is reached. (In deep bor-
ings, or supplemental boring programs, sampling intervals are often increased to
10 or even 20 ft [3-6 m].)

7. When rock is encountered, set casing to the rock surface to permit coring with
clean water to keep the bit cool and clean and prevent clogging.

8. Record casing lengths; measure and record drill rod and bit length and drill rod
and sample tool length each time that the hole is entered to ensure that the hole
bottom is reached, that the hole is not collapsing if uncased and that the sampler
is at the required depth below the casing or final boring depth prior to sampling.

Other Drilling Machines and Methods
Continuous Hollow-Stem Auger (ASTM 5784-95)

The hollow-stem auger has been used with increasing frequency in recent years to avoid
the use of drilling muds to retain the hole (Figure 1.51). Its use, therefore, is common for
environmental investigations. During advance, the auger flights remove the soil from the
hole and the hollow stem serves as casing. A bottom bit cuts the soil and a removable plug
on a rod prevents soil from rising in the hollow portion of the stem (Figure 1.54). At sam-
pling depth, the inner rods and plug are removed and either disturbed (SPT) samples or
undisturbed tube samples can be obtained. In “clean” sands and silts below the water
table, pressure equalization by filling the stem with water is usually necessary to prevent
the saturated soils from entering the auger. Drilling is difficult or impossible in very hard
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FIGURE 1.54
; ;' Continuous flight, hollow-stem auger.
paianiiie o L EYizieeee ki :::!  Plug at tip prevents soil from entering

2+ Teessssssasesssasenns the stem during hole advance.

soils, gravels, cobbles, or boulders. To save time, drillers may advance the stem without
the plug at the end. Below the water table, soils will rise in the hollow stem and sampling
results will be affected. Boring inspectors should always insist that the plug is in place dur-
ing hole advance.

Wireline Drilling

Wireline drilling eliminates the necessity of removing a string of drill rods for sampling
and coring and is therefore a very efficient method for deep core drilling on land or off-
shore. The coring device is integral with the drill rods, which also serve as casing.
Normally, it is not necessary to remove the casing except when making bit changes. The
drill string is a 4 to 6 in. pipe with a bit at the end. The drill string is rotated as the drilling
fluid is pumped down through it. (In offshore drilling, the mud, mixed onboard, is nor-
mally not recirculated, but rather flows up through the hole onto the seafloor.)

Soil sampling, rock coring, and in situ testing are carried out from the inner barrel
assembly (Figure 1.82). Core samples are retrieved by removal of the inner barrel assem-
bly from the core barrel portion of the casing drill rods. An “overshot” or retriever is low-
ered by the wireline through the drill rod to release a locking mechanism in the inner
barrel head. The inner barrel with the core is then lifted with the wireline to the surface,
the core removed, and the barrel returned to the bottom. In deep holes, it is necessary to
pump the inner barrel into place with fluid pressure. Wireline core diameters are given in
Table 1.14.
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Odex Drilling

Odex drilling is used to set casing in formations where hole collapse occurs and drilling
with mud is inefficient due to high mud loss. Such conditions include coarse and porous
soils, highly fractured rock, or rock with frequent cavities. It is also used to install mini-
piles socketed into rock.

The Odex drill includes casing with a bit, and an inner core barrel. When drilling a
reamer on the Odex bit swings out and drills a hole larger than the external diameter of
the casing. Cuttings are flushed from the casing with water or air. When the required
depth has been reached, the drill is reversed and the reamer swings to its minimum diam-
eter, allowing the bit to be lifted up through the casing, which remains in the hole. Rock
drilling continues with a drill bit or a core barrel. Data on rock quality can be monitored
electronically, providing measures on penetration rates, thrust on the bit, rotation torque,
rotation speed, fluid pressure, and cross section of the hole.

Pneumatic Percussion Drills (Air Track Rigs)

Air tracks (Figure 1.55) provide a rapid and efficient method of characterizing rock masses
in terms of quality. Rates of penetration per second are recorded; the harder the rock the
lower are the penetration rates as shown on the logs given in Figure 1.56. Rock chips,
removed by air pressure, can be examined at the hole entrance. Rock core borings should
be drilled for correlations.

Subaqueous Drilling

Various types of platforms for the drilling equipment and applications for subaqueous test
borings are given in Section 1.4.4.

Planning and Executing a Test Boring Program

Equipment Selection

The study phase, terrain features and accessibility, geologic conditions, boring depths, and
the sample types required are considered when a test boring program is planned.

Boring Types

e Exploratory borings are normally performed first to determine general subsurface
conditions. Only disturbed samples, and at times rock cores, are obtained.

o Undisturbed sample borings follow to obtain UD and perform in situ tests, usually
in cohesive soils.

e Core borings are programmed to obtain rock cores.

Boring Spacing

In the feasibility and preliminary studies, borings are located to explore surface boundaries

and stratigraphy as depicted on an engineering geology map. Additional borings may be

required for increased definition. Grid systems may be appropriate in uniform conditions

and, depending on the study area, size may range in spacing from 100 to 300 ft (30 to 100 m).
Final study programs depend upon the project type as follows:

e Structures (buildings, industrial plants, etc.) in urban areas usually are required
by code to be investigated by borings at spacings that provide at least one bor-
ing for a given building area. In other than code-controlled areas, boring layout
depends on building configuration, and spacing is generally about 50 to 100 ft
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FIGURE 1.55
Air track drilling in limestone for deep foundation investigation. Figure 1.56 gives airtrack logs from an
investigation in limestone.

(15 to 30 m) depending on the uniformity of geologic conditions, the importance
of the structure, and the foundation type.

e Dams are usually investigated on a grid of about 50 to 100 ft (15 to 30 m) spacing.

e Highway and railroad study programs depend on the adequacy of data obtained
during the geologic mapping phase as supplemented by geophysical and recon-
naissance studies (excavations, augers, probes, etc.), unless specified otherwise
by a highway department or other owner. A minimum program requires borings
in major cuts and fills, and at tunnel portals and all structure locations.

e In all cases, flexibility must be maintained and the program closely observed to
permit the investigation of irregular or unforeseen conditions as they appear.
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FIGURE 1.56
Air track logs from drilling in limestone. “Air” is soil drilling. Note voids on logs. Hard rock was defined as
advance =20 sec. (Courtesy of Woodward—Clyde Consultants.)

Boring Depth

Excavations (open cuts for buildings, highways, subways, etc. and closed excavations for
tunnels, caverns, mines) require borings adequately deep to explore to at least a short
depth below final grade, or deeper if conditions are unfavorable, and to determine piezo-
metric levels which may be artesian. The latter condition may require borings substan-
tially below the final grade.

Foundations for buildings and other structures require boring depths programed and
controlled to satisfy several conditions. As a general rule, borings must explore the entire
zone of significant stress (about 1% to 2 times the minimum width of the loaded area) in
which deformable material exists. (Note that significant stress can refer to that imposed by
a controlled fill and the floor it supports rather than the foundations bearing the fill, or can
refer to stresses imposed at some depth along a pile group rather than at basement or floor
level.)

The primary objective is to locate suitable bearing for some type of foundation and to
have some knowledge of the materials beneath the bearing stratum. Drilling to “refusal”
is never a satisfactory procedure unless the materials providing refusal to penetration
(often inadequately defined by an SPT value) and those underlying have been previously
explored and adequately defined. In rock, penetration must be adequate to differentiate
boulders from bedrock.

Specifications

Boring type (exploratory, undisturbed, and core boring), spacing and depth, sample type
and intervals, sample preservation and shipment, groundwater depths, and often drilling
procedures are covered in specifications provided to the boring contractor. Standard bor-
ing specifications require modification to suit a particular project.
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Boring Surveillance (Inspection)

During all phases of the boring program experienced surveillance should be provided to
ensure that the intent of the specifications is properly interpreted and executed, and that
the desired results are achieved.

Functions of the person performing the surveillance are generally as follows:

1. Enforce the specifications.

2. Maintain liaison with the structural engineer-architect and modify the program
as necessary (add or delete borings, change types, depths and intervals of sam-
pling, etc.).

3. Ensure complete and reliable drilling information (accurate reporting of depths,
proper drilling, and sampling techniques).

4. Identify accurately all geologic conditions encountered and prepare reports and
field logs that include all pertinent information (Section 1.4.7).

Some conditions where experienced geologic interpretations are necessary include:

e Differentiating a fill from a natural deposit. Some granular fills may appear to be
natural, when in reality they overlie a thin organic stratum, or contain zones of
trash and rubbish. Mistakenly identifying a deposit as fill can result in unneces-
sarily costly foundations when local building codes prohibit foundations on fill.

¢ Judging the recovered sample material to be wash remaining in the casing rather
than undisturbed soil.

¢ Determining groundwater conditions.

e Differentiating boulders from bedrock on the basis of rock identification (boul-
ders may be of a rock type different from the underlying bedrock, especially in
glaciated terrain).

Supplemental Information

Many types of devices are available for use in boreholes to remotely sense and log various
subsurface conditions, which should be considered in the planning of any subsurface
exploration program, as described in Section 1.3.6.

1.3.6  Borehole Remote-Sensing and Logging

A number of devices and instruments can be lowered into boreholes to obtain a variety of
information. They are particularly useful for investigating geologic conditions in materi-
als from which it is difficult or impossible to obtain UD, such as cohesionless granular soils
and badly fractured rock masses. Applications, equipment, operation, and limitations of
various devices for remotely sensing and logging boreholes are summarized in Table 1.15.

Borehole cameras (TV and photographic) furnish images of borehole walls in fractured
rock masses.

Seisviewer, an ultrasonic acoustical device, is also used to obtain images of borehole
walls in fractured rock masses.

The 3-D velocity probe (Figure 1.57) ranges up to 15 ft in length, 3 in. in diameter, and
about 150 Ib in weight. It is lowered into the borehole to measure compression and shear-
wave velocities, which provide information on fracture patterns in rock masses and, with
the gamma-gamma probe for density measurements, provide the basis for computing
dynamic properties. The 3-D sonic logger was so named because the records show the
amplitude and arrival times of the sonic energy for a given travel distance (between the
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7
P = wave pressure

V = wave velocity \ /\\
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FIGURE 1.57

Schematic of the principles of the
three-dimensional velocity probe. (From
Myung, ].T. and Baltosser, R.W., Stability of
Rock Slopes, ASCE, New York, 1972, pp.
31-56.)
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transmitter and receiver). For velocity computations, the hole diameter must be known
and is measured with mechanical calipers.

Mechanical calipers are used to measure hole diameter in rock masses.

Recording thermometers are used to measure fluid temperatures in rock masses.
The electric well logger is used in soil and rock masses for continuous measure-
ments of resistivity.

The gamma—gamma probe is used in soil and rock masses to obtain continuous
measurements of in situ densities.

The neutron—gamma probe is used in soil and rock masses to obtain continuous
measurements of in situ moisture contents.

e The scintillometer is used to locate shales and clay zones in soil and rock masses.
e The rock detector is an acoustical sounding device used to differentiate boulders

1.3.7

and other obstructions from bedrock. A geophone is set into bedrock and con-
nected to an amplifier, headphone, and oscilloscope. A series of holes is drilled
with a wagon drill, or another drilling machine (Figure 1.58), while the observer
listens to the volume and nature of the generated sounds.

The Tro-pari surveying instrument is used to measure borehole inclination and
direction in relatively deep borings in good-quality rock. The instrument works
with a clockwork mechanism that simultaneously locks a plumb device and a
magnetic compass when set in the borehole. The inclination and direction of the
borehole, respectively, are read when the instrument is retrieved at the surface.

Groundwater and Seepage Detection

General Groundwater Conditions

Figure 1.59 illustrates various groundwater conditions, which are summarized as
follows:

e Static water table or level (GWL) is located at a depth below which the ground is

continuously saturated and the water is at atmospheric pressure.
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The elements of the rock indicator, or
acoustical sounding technique, to
differentiate boulders from bedrock.
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e Perched water table can also be a measured GWL, and represents a saturated zone
overlying an impervious stratum below which the ground is not saturated.

e Artesian conditions result from groundwater under a head in a confined stratum
which is greater than the static water-table head and can result in free flow at the
surface when the confined stratum is penetrated.

e Variations in conditions occur with time, and are affected by seasonal conditions,
tidal fluctuations, flooding, and pumping. Variations also occur with physical
conditions in terms of soil type and density, ground contours, surface drainage,
rock-mass discontinuities, etc.

Determining Conditions

Terrain analysis (Section 1.2.4, Interpretation of Topographic Maps) provides general
information on watertable location.

Geophysical methods (seismic refraction and electrical resistivity) provide indirect meas-
ures of the approximate depth to groundwater.

Reconnaissance methods employing excavations locate the GWL in a positive manner but
within a short time interval. Probable variations with time must always be considered dur-
ing site analysis. Test pits are the best method for measuring short-term water levels and
seepage rates. Auger borings may also clearly reveal the water table, especially in slightly
cohesive soils. In cohesionless soils, the hole will tend to collapse within a few centimeters
of the GWL but direct measurement is not usually possible.

Test Borings

The moisture condition of drive samples (SPT) may provide an indication of GWL.
Samples will range from dry to moist to wet (saturated) as the GWL is approached. The
condition should be noted on boring logs.

In cased borings, the water level is generally determined by pumping or bailing
water from the hole and permitting stabilization for 24 h. This method is reliable in uni-
form sand strata or other pervious materials, but differentiating perched from static
conditions is difficult. Site stratigraphy provides some clues for judgment. The method
is unreliable when the casing terminates in an impervious stratum which blocks
the entrance of water. The casing should be raised until it terminates in a permeable
stratum.

If the casing ends in an aquifer with an artesian head, water may flow from the casing
when pumping ceases during drilling operations, or it may rise to a point above the esti-
mated GWL.

Casing water levels should be noted periodically during boring operations and for a
period thereafter, and water loss as well as artesian and static conditions should be
noted.

Boring with a mud slurry will not provide reliable water level readings unless the hole
is flushed with clean water or unless biodegradable mud is used for boring. After flush-
ing, most holes in permeable soils collapse near or slightly above the perched or static
water level.

Borehole remote-sensing probes, such as the electric well logger and the neutron probe, pro-
vide good indications of perched or static conditions.

Piezometers (Section 3.4.2) provide the most accurate method of measuring groundwater
conditions, and are especially useful for recording changes with time. Measurements
made during pumping tests performed at various levels are useful in differentiating
perched from static conditions.
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Seepage Detection
Conditions of engineering significance include:

¢ Flow through, around, and beneath earth dam embankments.

¢ Flow beneath and around concrete dams.

e Groundwater pollution as caused by flow from sanitary landfills, mine tailings
storage areas, chemical waste ponds, etc.

* Flows from slopes observable during site reconnaissance, depending on the season.

Detection Methods

Tracers placed in a water body may be useful in locating entrance points of seepage and
detecting exit points. Nonradioactive tracers include fluorescent and nonfluorescent dyes.
Radioactive tracers include 82Br and '3 that are readily detectable with a Geiger—-Muller
counter. Temperature can be sensed with a thermistor attached to the top of an insulated
aluminum-tipped probe inserted into the ground.

Acoustical emission monitoring (Section 3.3.5) may detect large flows.

1.4 Recovery of Samples and Cores

1.4.1 General

Objectives

Samples of geologic materials are recovered to allow detailed examination for identifica-
tion and classification, and to provide specimens for laboratory testing to obtain data on
their physical and engineering properties.

Sample Classes Based on Quality

Totally disturbed samples are characterized by the complete destruction of fabric and struc-
ture and the mixing of materials such as that occurring in wash and auger samples.

Representative samples are partially deformed. The engineering properties (strength,
compressibility, and permeability) are changed, but the original fabric and structure
vary from unchanged to distorted, and are still apparent. Such distortion occurs with
split-barrel samples.

Undisturbed samples may display slight deformations around their perimeter, but for the
most part, the engineering properties are unchanged. Such results are obtained with tube
or block samples.

Sampler Selection
A number of factors are considered in the selection of samplers, including;:

e Sample use, which varies from general determination of material (wash sam-
pler), to examination of material and fabric and in situ testing (split-barrel sam-
pler), to performing laboratory index tests (split-barrel sampler), and to carrying
out laboratory engineering-properties tests (UD).

e Soil type, since some samplers are suited only for particular conditions, such as
soft to firm soils vs. hard soils.
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¢ Rock conditions, since various combinations of rock bits and core barrels are
used, depending on rock type and quality and the amount of recovery required.

e Surface conditions, which vary from land or quiet water to shallow or deep
water with moderate to heavy swells.

Some common sampling tools and their applications to various subsurface conditions
are illustrated in Figure 1.60. The various tools and methods and their applications and
limitations are described in Table 1.16.

Inspection is provided

to control
1. Correct driving energy
2. Sampler type
3. Sampler condition
4. Sampling sequence §
5. Sample identification Soil profile
6. Sample preservation cinder fill
7. Condition at sampling depth SRR RY|
. Piston Organic silt
Sampler d'ropplng on or soft clay
gravel or cinders not
cleaned from casing, i | | |
results in high blow
count 7 7 /7 /’/,
s
Firm t
Shelby tube stiff cloy. 2
Denison Hard clay N
coreborrel | \‘\
Soils loosened by
overwashing. Blow Pist o R
count will be lower 1Ston or 7 gk
than true count splitbarrel i -SIMY S.an_(lj .
(1-3/8" ID) INA B NS
splitbarrel
(1-3/8" ID)
Sand under splitbarrel
hydrostatic pressure (2-1/2"1D)
plugging casing. Blow
count will be higher Corebarrel-
Soft rock
than true carboloy bit s
8. Groundwater measurements
9. Depth of boring Corebarrel- Hard rock
10. Sample recovery — percentage diamond bit

FIGURE 1.60
Common sampling tools for soil and rock and their application.
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1.4.2 Test Boring Soil Sampling

Types Commonly Used

The split-barrel sampler (SS) is used in all soil types for representative samples used for iden-
tification and index tests.

Thin-wall tubes are used in soft to firm clays and coring samplers are used in stiff to hard
cohesive soils for undisturbed samples used for engineering properties tests.

Required Boring Diameters

Wash or exploratory borings for split-barrel sampling are normally of 2% in. diameter (cas-
ing I.D.). UC borings are normally of 4 in. diameter, but may be larger to improve sample
quality. Core borings vary from 2 in. to larger, normally with NX core taken in a hole
started with 4 in. diameter casing.

Sampling Interval

Samples are normally prescribed for 5 ft (or 1 m) intervals and a change in strata.
Samples should also be taken at the surface to record the topsoil thickness, and contin-
uously from the surface to below the depth of shallow foundations to assure informa-
tion at footing depth (5 ft intervals often do not provide information at shallow footing
elevations).

Continuous sampling is also important through miscellaneous fills that vary widely in
materials and that often overlie a layer of organic soil, which may be thin but significant,
and through formations with highly variable strata. In deep borings, sampling depths are
often changed to 10 or 20 ft intervals after several normally sampled borings are com-
pleted and general subsurface conditions defined.

Factors Affecting Sample Quality

Sampler Wall Thickness

A large outside diameter relative to the inside diameter causes deformation by material
displacement.

Sampler Conditions

e Dull, bent, or otherwise deformed cutting edges on the sampler cause sample
deformation.

e Inside friction, increased by rust, dirt, or, in the case of tubes, omission of lacquer,
causes distortions which are evidenced by a turning downward of layers, result-
ing in conical shapes under extreme cases.

Boring Operations

¢ Dynamic forces caused by driving casing can loosen dense granular soils or den-
sify loose granular soils.

e Sands may rise in the casing when below the GWL (Figure 1.60).

e Overwashing, jetting, and high fluid pressures also loosen granular soils or
soften cohesive materials (Figure 1.60).

e Coarse materials often remain in the hole after washing, particularly in cased
borings (Figure 1.60). These “cuttings” should be removed by driving a split bar-
rel sampler, by pushing a Shelby tube, or with a cleanout auger. Contamination
is common after boring through gravel layers or miscellaneous fills containing
cinders, etc.



Geotechnical Investigation Methods

90

9A0QE UOSIUd(] 0} Je[TuIg

sAe[d> WL 0} JOS pUe ‘S[I0S Te[nUeI3 Uea[d Ul 3[qelns J0N
s[tos Suoms
aenpuad jouur)) Troy aanidni [[Im S[[BYS pue [oALIS)

uorenauad renred jo junoure 9AISSO JouueD)
spues ur adueqInysi(] ‘[[i [eed 10
[tos renpisax 3uoxs ayenouad jouued Afrensn
uonenauad [enred jo junowe 2A19sqo jouued 1as() -o[dures
JO SSO[ Ud}jJO pue pues Ul 9dURGINISIP dWOS ‘(13 [ere[3
pue [tos [enpisar 3uoxs ayenouad jouued Arensn
paysndiaao aq uey) ‘Spues 3ASLIAI JOU [[IM "S[10S Suo1ys
1930 pue ‘sep s ‘spues 3oedwod ayerpuad jou [[Ipm

S[10S Te[nueId Ueapd 10 AI9A dAJLIRI JOU [[IM
s[10s re[nueId asreod A1aa ur afqissodwr urdureg
Bunsey sanzadoxd urresurdus 105 ayqesms jou sojdureg

ATuo s[1os aa1sayod ‘sjid 3s93 woIy USNeE]

sy10s 3j0s jo ajdures qrews A124 “‘@dueqmisip 1yS1g
paqamsip Ape3ardwo))

pare3213as ‘paseyfe ‘paxtu A[p3a[dwo))

sAe wiry ur pasn aq ue)) ‘s1oke[ piey 03} 3Jos
ur rouradng -aA0qe UOSIUS(] 0} Te[IWIg
SBunjeurayfe Y001 3j0s ‘[[1} LIRS ‘S[I0S [ENPISdI Se Yons
S[1os 2A1say0d Juons ur sajdures paginisipun
S[10S SAISIYOD ULIY 0 }JOS
ur sapdwes pagInispun sNONUIU0.)
A)Isusp [enjeu suruLIL)AP 0} Pasn
aq ued pue spues ur sajdures s19A0091
ua)jO "Suomns A1 3daoxs uorseyod
YIMm S[ros [re ut sajdures pagqanispun

Spues uea[d ur [nyssaoons ssa] “3uoxs A1oa
3daoxa uoTsayod y3IMm sT10s [Te ur sajdures pagmistpun

S)[Is pue sAe[d wiIgy 03 3Jos ur safdures pagrnisIpu
S[I0S pIeY OJUI USALIP 39 UeD) [I0S SAISIY0D

pns 03 wwry ut afdures paganysipun
$}$9} Xopul e[ Pue UOTedyuapI 10§

a1qeims sros ur sajdures pagrmistpun

(sp105) Sundwws uriog 183,
S[eLId}eW JAISAY0D Jo d[dures paginysipun ad1e|
UOT}EOIIUDPI [RLIDJRIA
UONeIYUSPT [PLIDYEIN

ATuo 2d4) [erreyewr jo uoryedIpU]

JIUVSSIVUUO0IIY

1aydures zoydiig

1o1dures uostua(q

1arduues 10§ ysipamg
(PUeIRIDIN

pue 10015)) uojsid urd-reayg
1ordures uojstd S19q10350
uojsid Areuonjejs prepuelg

aqn} Aqpays

(uoods) orreq j1dg

ordues yoerg

1ardwres 3njd-ajqeroenay
ordwres 198ny

ardures ysepm

suoneIwI|

uonedrddy

[00], pue poyRA-L10831e)

SPOISIA pue sjooy, Surjdureg
9L°L 314V1L



91

3001 Auwreas 10 3J0s UT 3NOLJI(] ‘ATISOd pue MO[g

ampadoid Ap3sod pue morg

K19A0001 [[Ng sarmbay] A[3S00 pue MO[S ST 2IMpPadoI]
w g ynoqe

30 sy3dap 03 SuI[LIp [PULIOU UL} JUSIDIJO I0W ON

9A0QE PaUOHUdW SIAY30 ey} pajyedridwod pue
A73s00 210Ut st [oxrRg Y001 A)1[enb-pood ur papasu JoN

SOOI PaI}dey I0 1JOS UI MO] Ud}JO AIDA0Y]

>[D0I PaINOLIy IO “PAIIYILIM “}JOS SOPOId Idjem Suryendir)

s[1os Tenuerd ueap ul £1940a1 ou Jo 100d U0
umowy jou Suranrp Surmp yy3us| uoreAUD

w (9 03 parrw] yadop 133 W 7T
jJo uopensuad WNWIXeW pue S[I0S WLIY 0} }JOS 0} PajIur]
JOO[Jeds MO[3q W ()] 0} PIATWI] UOTJRIIIUS ]

JI00[Jeas MOJaq
w ¢ 0} ATuo uonenausJ ‘ur g// 1 A[uo sijawerp spdureg

S[10S 3JOS UI SI9JOW M3J 0} PIITWI] UOLILIIdUDJ
S[10S WL Ul W ¢ “S[10S
330s ur w ¢ jnoqe uonenauad jo yySua] wmnwixen

Exploration

19)owerp w-g 03 dn

3001 Ayrenb-poog 03 -wmipaw ur sa100 ure3qO
S9UOZ ILdYS PUue ‘SaInjoesy
SNOISWNU “SaNIALD 31M o1 Ajrpenb-1ood

UT UOT}BJUSLIO SUIULIDJOP PUE SOI0D I9A0DIY]

sa1njons 01807093 JO UOTJLIUSLIO JO UOHRUTUWIdI(]
S[00} 10§ SaWIT} JNO-UI JO UOONPII [PHURISANS

JO 9sMNE3] IOYSHO 10 D01 ur Jur[[irp a[oy deag
sppox pamyoery A[ySny ‘ofqeray ut

A19A0001 Y31 ure)qo 0} [Nyasn Aprenonre

9A0qE ‘[911(q dI0D-[9AIMS dqN3-d[qnop 0} roLadng
130s 10 pamjyoery A[ySTy Jou ST o001 pue ‘A1essadou

jou st A1oA0001 Y31y a1oym sad4Ay xpor ysowr Surio)
Axessadau jou st A10A0091 Y31y

JI9YM 301 snoduddowoy prey Surio))

U100 Y00y

S[LIS}EW SAISALOD Ul paure}qo
9q Aew sapdures pagmisipun AoArye[oy]
sp1os ur apdwes pagqInisi(y

Suriog 3sa1 ypm Suyduwivg snoanbvgqnsg

w g1 jo sypdep 03 I9owWeIp Ul ¢/ € JUSWIPas
W0)0q W 0} 3Jos Jo sapdwes pagqinisipun)
100[3eas woxy yydop w o1 03 dn sapdures Ayrenb-poon
w 0009 JO syidap 19)eM 0} S[I0S WO}0J UL
prey o3 Jyus jo sojdures 1ajourerp-jrews
w ¢ noqe jo syydop
03 S}[IS pue SpNW Wo0q I9AL sajdureg
w 000F JO syrdap 193em ur [paeid aury
pue pues ‘sfe jyuis 0} urry sajdureg

Juriog 1sa1, noyp Sunduwvs snoanbvqng

Sur100 j0Ys 10 XATeD
powrowr Suriod rerdayug
[91IEq 910D PIJUALID
[911Bq 910D SUIDIIA

[9118q 910D
adA3-oatms aqny-arqno(g

[91Ieq 2100 3qN3-3[qno]

[911eq 9100 dqM3-3[3UIg

sardures ysnd Surpaimpy
ordures aALIp aurIp

QI00RIqIA

(ON) uoysid [[ej-0a15 parerado-sen)
(aqny 30331d)

aqny 3uriod aarsordxyg
1ordures

Ayaei8 adAy-uoodrery

aqny Surrod Ayraeid [[ey-ear]



92 Geotechnical Investigation Methods

Hole squeezing may occur in soft clays if the drilling mud is too thin.

Plastic clays may remain along the casing walls if cleaning is not thorough.
Hollow stem augers can cause severe disturbances depending on the rate of
advance and rotation, and the choice of teeth on the bit.

Hollow-stem augers must be advanced with the plug in the auger prior to sam-
pling to prevent soil from entering the auger.

Sampler Insertion

All ball check valves and other mechanisms should be working properly before the sam-
pler is lowered into the hole. The sampler should be lowered to the bottom immediately
after the hole is cleaned. Measurements of the total length of the sampler and rods should
be made carefully to ensure that the sampler is resting on the bottom elevation to which the
hole was cleaned and to avoid sampling cuttings. Since complete cleaning is usually not
practical, split-barrel samplers are seated under the rod weight and often tapped lightly
with the drive hammer; piston samples are forced gently through the zone of soft cuttings.

Soil Factors

e Soft to firm clays generally provide the best “undisturbed” samples, except for
“quick” clays, which are easily disturbed.

e Air or gas dissolved in pore water and released during sampling and storage can
reduce shear strength.

¢ Heavily overconsolidated clays may be subject to the opening of fissures from
stress release during boring and sampling, thereby substantially reducing
strength.

e Gravel particles in a clay matrix will cause disturbance.

e Cohesionless granular soils cannot be sampled “undisturbed” in the present
state of the art.

¢ Disturbance in cohesive materials usually results in a decrease in shear strength
and an increase in compressibility.

Sample disturbance and its effect on engineering properties are described in detail by
Broms (1980). See Section 1.4.6 for sample preservation, shipment, storage, and extraction.

Split-Barrel Sampler (Split Spoon) (ASTM D1586-99)

Purpose

Split-barrel samplers are used to obtain representative samples suitable for field examina-
tion of soil texture and fabric and for laboratory tests, including measurements of grain-
size distribution, specific gravity, and plasticity index, which require retaining the entire
sample in a large jar.

Sampler Description

Split-barrel samplers are available with and without liners; the components are shown in
Figure 1.61. O.D. ranges from 2 to 4% in. A common O.D. is 2 in. with % in. wall thickness
(1% in. sample). Larger diameters are used for sampling gravelly soils. Lengths are either
18 or 24 in.

A ball check valve prevents drill pipe fluid from pushing the sample out during
retrieval. To prevent sample spillage during retrieval, flap valves can be installed in the
shoe for loose sands, or a leaf-spring core retainer (basket) can be installed for very soft
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FIGURE 1.61

The split-barrel sampler or split spoon: (a)
without liner; (b) with liner. (Courtesy of
®) Sprague and Henwood, Inc.)

Thin wall line

clays and fine cohesionless soils. Upon retrieval, the barrel between the head and the shoe
is split open (Figure 1.62), the sample is examined and described, removed, and stored.

In some sampler types, brass liners are used for procuring drive samples of strong cohe-
sive soils for laboratory direct-shear testing.

Sampling Procedure

The sampler is installed on the hole bottom, then driven into the soil with a hammer (nor-
mally 140 1b) falling on the drill rods. The number of blows required for a given weight
and drop height, and a given penetration, are recorded to provide a measure of soil com-
pactness or consistency as described in Section 2.4.5 (Standard Penetration Test).

Thin-Wall Tube Samplers

Purpose

Thin-wall tube samplers are used to obtain UD of soft to stiff cohesive soils for laboratory
testing of strength, compressibility, and permeability.

Tube Materials

Cold-drawn, seamless steel tubing (trade name “Shelby tube”) is used for most soil mate-
rials; brass tubes are used for organic soils where corrosion resistance is required. Wall
thickness is usually 18 gage; heavier gages are available. Lacquer coating can provide cor-
rosion protection and reduce internal frictional resistance and sample disturbance.

Tube diameters and lengths range from 2 to 6 in. in diameter, 24 to 30 in. in length. Tubes
2 in. in diameter are used in 2% in. exploratory borings, but 2 in. diameter samples have a
large ratio of perimeter disturbance to area and are considered too small for reliable labo-
ratory engineering-property testing.

Tubes 3 in. (2.87") in diameter are generally considered the standard type for laboratory
test samples. The tube should be provided with a cutting edge drawn in to provide about
0.04 in. inside clearance (or 0.5 to 1.5% less than the tube 1.D.), which permits the sample
to expand slightly upon entering the tube, thereby relieving sample friction along the
walls and reducing disturbance.

Tubes 4 to 6 in. in diameter reduce disturbance but require more costly borings. A 5 in.
tube yields four samples of 1 in. diameter from the same depth for triaxial testing.

Operations

Thin-wall tubes are normally pressed into the soil by hydraulically applied force. After
pressing, the sample is left to rest in the ground for 2 to 3 min to permit slight expansion
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FIGURE 1.62
Split-barrel sample of sand.

and an increase in wall friction to aid in retrieval. The rods and sampler are rotated clock-
wise about two revolutions to free the sampler by shearing the soil at the sampler bottom.
The sample is withdrawn slowly from the hole with an even pull and no jerking. In soft
soils and loose granular soils, the sampler bottom is capped just before it emerges from the
casing fluid to prevent the soil from falling from the tube.

Shelby Tube Sampling

A thin-wall tube is fitted to a head assembly (Figure 1.63) that is attached to drill rod. An
“O ring” provides a seal between the head and the tube, and a ball check valve prevents
water in the rods from flushing the sample out during retrieval. Application is most satis-
factory in firm to hard cohesive soils. In firm to stiff soils, the tube is pushed into the soil
by a steady thrust of the hydraulic system on a rotary drilling machine using the machine
weight as a reaction. Care is required that the sampler is not pressed to a distance greater
than its length.
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FIGURE 1.63
Thin-wall “Shelby tube” sampler. (Courtesy of Sprague and Henwood, Inc.)

Soft soils are difficult to sample and retain because they have insufficient strength to
push the column of fluid in the tube past the ball check valve. In stiff to hard cohesive
soils, samples are often taken by driving heavy-gage tubes.

Standard Stationary Piston Sampler

A thin-wall tube is attached to a head assembly. The tube contains a piston (Figure 1.64),
which is connected to a rod passing through the drill rod to the surface. When at the bot-
tom of the tube, the piston prevents soil from entering the tube as it is lowered into the
hole and permits seating through soft cuttings. The rod connected to the piston is held
fixed at the surface, while the hydraulic system on the drilling machine presses the tube
past the piston into the soil. With light rigs, the reaction can be increased by using Earth
anchors. In properly fitted piston samplers, a strong vacuum is created to hold the sample
in the tubes during withdrawal from the hole. The stationary piston sampler is used to
retrieve very soft to firm cohesive soils.

Osterberg Hydraulic Piston Sampler

A thin-wall tube contains an actuating and a fixed piston (Figure 1.65). An opening in the
head assembly permits applying fluid pressure to the actuating piston at the top of
the tube. Fluid pressure is applied to the actuating piston, which presses the tube past the
fixed piston into the soil. The actuating piston eliminates the cumbersome rods of
the standard stationary piston as well as the possibility of overpushing. The sampler is
commonly used for very soft to firm cohesive soils.

Shear-Pin Piston

This device is similar to the Osterberg sampler except that the tube is attached to the pis-
ton with shear pins, which permit the fluid pressure to build to a high value before it
“shoots” the piston when the pins shear. The sampler can be used in soft to stiff cohesive
soils and loose sands. In loose sands disturbance is unavoidable. The “apparent” density,
however, can be determined by measuring the weight of the total sample in the tube and
assuming the volume calculated from the tube diameter and the stroke length. With the
shear-pin piston, the sampling tube will almost always be fully extended because of the
high thrust obtained.

Double-Tube Soil Core Barrels

Purpose

Double-tube soil core barrels are used to obtain UD in stiff to hard cohesive soils, sapro-
lite, and soft rock.



96 Geotechnical Investigation Methods

\ '/ y : e
Buckets \ 30-in. Steel tube Screws Spring\
(leather) asPslztrcr)]rgl ' ! Piston  Head
y rod lock assembly

FIGURE 1.64
Stationary piston sampler. (Courtesy of Sprague and Henwood, Inc.)
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FIGURE 1.65

Operation of the Osterberg piston sampler. (a) Sampler is set on cleaned bottom of borehole. (b) Hydraulic
pressure propels sampling tube into the soil. (c) Pressure is released to through hole in piston rod. (From ENR,
Engineering News Record, 1952. Reprinted with permission of McGraw-Hill.)

Denison Core Barrel

The Denison core barrel is used in materials such as hard clays and cemented sands. It
includes a rotating outer barrel and bit containing a fixed inner barrel with a liner, as
shown in Figure 1.66. The cutting shoe on the inner barrel can extend below the cutting
bit. Liners range from 28-gage galvanized steel to brass and other materials such as phe-
nolic-resin-impregnated paper with a 1/16 in. wall. Various bits are available for cutting
materials of varying hardness, to obtain samples ranging in diameter from 23/8to 6 5/16
in. Sample tubes range from 2 to 5 ft in length. The extension of the cutting shoe below the
cutting bit is adjustable. The maximum extension is used in relatively soft or loose mate-
rials, whereas in hard materials the shoe is maintained flush with the bit.

During drilling, pressure is applied by the hydraulic feed mechanism on the drill rig to
the inner barrel, while the bit on the outer barrel cuts away the soil. The sampler is
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FIGURE 1.66
Denison core barrel for hard soils. (Courtesy of Sprague and Henwood, Inc.)

FIGURE 1.67
Removal of the cutting bit from the Denison core barrel after coring cemented silty sands.

retrieved from the hole, the cutting bit removed from the barrel (Figure 1.67), and the thin
liners, retained in the inner tube by wall friction or a basket-type retainer, are removed.

Pitcher Sampler

The operation of the Pitcher sampler is similar to that of the Denison core barrel except
that the inner barrel is spring-loaded and thus provides for the automatic adjustment of
the distance by which the cutting edge of the barrel leads the coring bit (Figure 1.68).
Because of adjusting spring pressure, the Pitcher sampler is particularly suited to sam-
pling deposits consisting of alternating soft and hard layers.

1.4.3 Miscellaneous Soil-Sampling Methods

Wash Samples

Completely disturbed cuttings from the hole advance operation carried to the surface by
the wash fluid and caught in small sieves or by hand are termed washed samples. Value
is limited to providing only an indication of the type of material being penetrated.
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FIGURE 1.68
Operation of the Pitcher sampler: (a) down the hole; (b) sampling; (c) recovery. (Courtesy of Mobile Drilling Inc.)

Auger Samples

Completely disturbed cuttings from the penetration of posthole diggers (hand augers,
Table 1.12), continuous-flight augers, or large-diameter augers are brought to the surface
when the auger is removed from the hole. In cohesive soils they are useful for soil identi-
fication, moisture content, and plasticity index tests.

Retractable Plug Sampler

One-inch-diameter tubes containing slightly disturbed samples are obtained in soft to firm
organic and cohesive soils suitable for soil identification and moisture content measure-
ments (Table 1.12).

Test Pit Samples

High-quality undisturbed block or “chunk” samples or small cylinder samples in softer
soils with some cohesion are taken from test pits. Block samples are particularly useful in
soils difficult to sample UD such as residual soils. Strong cohesive soils are sampled by
carefully hand-cutting a block from the pit walls. The sample is trimmed by knife and
encased in paraffin on the exposed sides. The block is cut loose from the pit, overturned,
and the remaining side is coated. It is then sealed in a box for shipment to the laboratory.
Very large samples are possible.

Weaker soils with some cohesion are carefully hand-trimmed into a small cylinder and
sealed. The method has been used to obtain samples for density tests in partially saturated
silty or slightly clayey sands.
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Swedish Foil Sampler

High-quality continuous samples in soft, sensitive cohesive soils, useful in locating the
shear zone in a slope failure problem, are possible with the Swedish foil sampler. A sam-
pling tube, usually 8 ft in length, is pushed into the soil by a special drill rig as a reaction.
To eliminate friction between the sample and the tube walls, thin steel strips, or foils,
unroll to follow along the sampler walls as the sampler penetrates the soil.

1.4.4 Subaqueous Sampling

Categories

Sample procurement under subaqueous conditions can be placed in one of four general
categories on the basis of the sampling technique:

Normal cased-boring methods.

Wireline drilling techniques.

Sampling to shallow depths below the bottom without drill rigs and casing.
Sample recovery from deep borings in offshore sands. Borehole remote-sensing
and logging methods (Section 1.3.6), such as the electric well logger and nuclear
probes, should be considered since they provide important supplemental data.

Ll .

Normal Cased-Boring Methods

General

Normal cased borings require a stable platform for mounting the boring equipment and
procurement of samples. The up and down movements from swells severely affect drilling
and sampling operations as bits and samplers are removed from contact with the hole bot-
tom. Tidal effects require careful considerations in depth measurements.

Platforms

Floats (Figure 1.69) or barges (Figure 1.70) are used in shallow water, generally less than 50
ft (15 m) deep, with slight swells. Penetration depths are in moderate ranges, depending
on drill rig capacity.

Large barges or jack-up platforms are used in water to depths of the order of 100 ft (30 m)
with slight to moderate swells. Penetration depths below the bottom are moderate
depending upon the drilling equipment.

Drill ships with wireline drilling techniques are used in deep water (Section 1.3.4 and
Figure 1.42).

Wireline Drilling Methods

General

Wireline drilling techniques are used in deep water. Much deeper penetration depths are
possible than are with normal cased borings, and operations can tolerate much more
severe sea conditions than can cased borings.

Platforms

Large barges or moderately large ships are used in relatively calm water and water depths
over 50 ft (15 m), where deep penetration of the seafloor is required. Jack-up platforms are
used where heavy swells can occur. Large drill ships (Figure 1.42) are used in deep water
where deep penetration below the seafloor is required.
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FIGURE 1.69
Float-mounted tripod rig; casing is being driven prior to SPT exploratory sampling.
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FIGURE 1.70
Barge-mounted rotary drill rig operating in the Hudson River for the third tube of the Lincoln Tunnel, New
York City, a location with strong currents and heavy boat traffic.
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Samplers

Drive samplers (Figure 1.71): Either split-barrel samplers or tubes are driven with a 176 Ib
(80 kg) hammer dropped 10 ft (3 m) by release of a wire-hoisting drum. Penetration is only
approximated by measuring sample recovery since the sampler is attached to the wire, not
to drill rods. Recovery is related to the blow count for a rough estimate of relative density.
Tube samples recovered in deep water at substantial depths below the seafloor in stiff
clays will undergo significant strength decrease from stress release upon extraction from
the seabed and extrusion in the shipboard laboratory.

Pushed-tube and piston samplers: See Section 1.3.4 for operations offshore.

Sampling to Shallow Penetration without Drill Rigs and Casing
General

Various devices and methods are available for sampling shallow seafloor conditions without
the necessity of mounting a drill rig on a platform and maintaining a fixed position for
extended time intervals. Sampling procedure involves operating the equipment from the side
of a vessel equipped with a crane. Sampling is generally not feasible in strong materials or to
bottom penetration depths greater than about 40 ft (12 m), depending upon the device used.

Drop
weight
Drive
F length
f
2
= é
A4
4 s Sample
] tube
él / FIGURE 1.71

(a) (b) Wireline drive sampler: (a) before driving, (b) after driving.
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Sampling Methods and Devices

The application, description, and penetration depths of the various devices and methods
are summarized in Table 1.17. The devices include the following:

Petersen dredge

Harpoon-type gravity corer (Figure 1.72)

Free-fall gravity corer

Piston gravity corer (Figure 1.73)

Piggot explosive coring tube

Benthos Boomerang Corer (Figure 1.74)

Vibracore (Figure 1.75) is the most practical method for obtaining long cores in
soft soils in deep water. It can also be used on land to sample remotely contam-
inated lagoons where a soft crust makes access hazardous to people.

1.4.5 Rock Coring

Objectives
Rock coring is intended to obtain intact cores and a high percentage of core recovery.

Equipment
Rotary drilling machine, drill rods, a core barrel to receive the core, and a cutting bit are
needed.

Operations

The core barrel is rotated under pressure from the drill rig applied directly to it, while
water flows through the head, down the barrel, out through the waterways in the bit, and
up through the rock hole and casing (in soil) to return to the surface. When the rock is first
encountered in a borehole, the initial core runs are usually short because of the possibility
that the upper rock will be soft and fractured. As rock quality improves, longer core runs
are made.

The core barrel is generally rotated between 50 and 1750 r/min; rotation speed is a func-
tion of the bit diameter and rock quality. Slow speeds are used in soft or badly fractured
rocks and high speeds are used in sound hard rocks. If large vibrations and “chatter” of
the drill stem occurs, the speed should be reduced or core recovery and quality will be
severely affected.

Bit pressure is also modified to suit conditions. Low bit pressure is used in soft rocks
and high pressure is used in hard rocks. When vibrations and “chatter” occur, the pres-
sure, which is imposed hydraulically, should be reduced.

Fluid pressure should be the minimum required to return the cuttings adequately to the
surface to avoid erosion of borehole walls. If there is no fluid return, drilling should imme-
diately stop and the core barrel returned to the surface to avoid overheating the bit, which
would result in bit damage (loss of diamonds) and possible jamming in the hole.

Lack of fluid can result from:

¢ Blockage of the core barrel, which occurs in clayey zones. Continued drilling
after a broken core has blocked entry into the core barrel results in core grinding.
Indications of blockage may be heavy rod vibrations, a marked decrease in pen-
etration rate accompanied by an increase in engine speed, return fluid more
heavily laden with cuttings than normal, and a rise in circulation fluid pressure.
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Catcher Harpoon-type gravity corer.
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FIGURE 1.73
Schematic diagram of a typical piston-type gravity corer. (From USAEC
1996, Pub. EM 1110-1-1906. With permission.)

Pilot corer or
pilot weight



Exploration

Electronic
flashing light

= Pressure resisitant e = =‘—=~_
Jlow rubber lass float ;
Hollow rubber glass floats T
ball depresses '
lever(Ball @ 41_,"
compresses and s !
releases at .L
sl Q

Float

release

lever
Butterfly
valve
(open)

Wire

Plastic
core
liner

. Plastic core
liner containing
sediment

!
Pilot weight——s. L
(down) Stainless steel
—(é) i/ core catcher

Core cutter

Ballast portion
(expendable)
Floats

released \

Maximum depth
29,500 ft

Buttterfly

valve .

(clossed by *

© released
floats

pilot weight (up)

Benthos boomerang corer (model 1890)

105

FIGURE 1.74

The operating of sequence of the
Boomerang Corer. (From USACE 1996,
Pub. EM1110-1-1906. With permission.)

¢ Loss in caverns, large cavities, or highly fractured zones. In Figure 1.76, a light
drilling mud is being used to minimize fluid loss (note the mud “pit”), while cor-
ing in limestone with highly fractured zones above the water table.

When the prescribed coring length is obtained the core barrel is retrieved from the
ground. The core is removed from the barrel (Figure 1.77) and laid out in wooden boxes
exactly as recovered (Figure 1.78). Wooden spacers are placed to divide each run. The
depths are noted, the core is examined, and a detailed log is prepared.

Core Barrels

The selection of a core barrel is based on the condition of the rock to be cored and the
amount and quality of core required. Core barrels vary in length from 2 to 20 ft, with 5 and

10 ft being the most common.

Table 1.18 provides summary descriptions of suitable rock conditions for optimum
application, descriptions of barrel operation, and general comments. The types include:

Single-tube core barrel (Figure 1.79).
Double-tube rigid core barrel (Figure 1.80).

Swivel-type double-tube core barrel, of two types: conventional and Series M

(Figure 1.81). These types usually provide the best core recovery and are the

most commonly specified for rock coring.
Wireline core barrel (Figure 1.82).
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FIGURE 1.75

The Vibracore lowered to the seafloor.
(Courtesy of Alpine Ocean Seismic
Survey, Inc.)

e Oriented core barrel contains knives that scribe a groove on the rock core. The
compass orientation of the groove is continuously recorded, which enables
determination of the strike of joints and other fractures (Figure 1.83). During nor-
mal coring operations cores twist in the hole and accurate determination of joint
strikes are not reliable.

Coring Bits
General

Types of coring bits are based on the cutting material, i.e., sawtooth, carbide inserts, and

diamonds.
Waterways are required in the bits for cooling. Conventional waterways are passages cut into
the bit face; they result in enlarged hole diameter in soft rock. Bottom-discharge bits should be
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FIGURE 1.76
Core drilling with a Failing Holemaster. Light drilling mud is necessary in the fractured limestone above the
water table to prevent drilling mud loss.

used for coring soft rock or rock with soil-filled fractures. Discharge occurs behind a metal
skirt separating the core from the discharging fluid, providing protection from erosion.

Common bit sizes and core diameters are given in Table 1.14. The smaller diameters are
used in exploratory borings for rock identification or in good-quality rock, but when max-
imum core recovery is required in all rock types, NX cores or larger are obtained. In seamy
and fractured rock, core recovery improves with the larger diameters, and HX size is com-
monly used.
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FIGURE 1.77
Removal of HX diameter limestone core from the inner barrel of a double-tube swivel-type core barrel.

Reaming shells, slightly larger than the core barrel diameter and set with diamonds or
carbide insert strips, ream the hole, maintaining its gage and reducing bit wear.

Bit Types
Sawtooth bits are the lowest in cost and have a series of teeth cut in the bit which are faced
with tungsten carbide. They are used primarily to core overburden and very soft rock.

Carbide insert bits (Figure 1.53) have tungsten carbide teeth set in a metal matrix and are
used in soft to medium-hard rocks.

Diamond bits (Figure 1.53) are the most common type, producing high-quality cores in
all rock types from soft to hard. Coring is more rapid, and smaller and longer cores are
retrieved than with other bit types. The diamonds are either surface-set in a metal matrix,
or the metal matrix is impregnated throughout with diamond chips. There are various
designs for cutting various rock types, differing in quality, size, and spacing of the dia-
monds, matrix composition, face contours, and the number and locations of the water-
ways.

Core Recovery and RQD

Reporting Methods

Percent core recovery is the standard reporting method wherein core recovery is given as a
percentage of total length cored. Rock Quality Designation (RQD) was proposed by Deere
(1963) as a method for classifying core recovery to reflect the fracturing and alteration of
rock masses. For RQD determination, the core should be at least 50 mm in diameter (NX)
and recovery with double-tube swivel-type barrels is preferred.
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FIGURE 1.78
Core recovery of 100% in hard, sound limestone: very poor recovery in shaley, clayey, and heavily fractured zones.

RQD is obtained by summing the total length of core recovered, but counting only those
pieces of hard, sound core which are 10 cm (4 in.) in length or longer, and taking that total
length as a percentage of the total length cored. If the core is broken by handling or
drilling, as evidenced by fresh breaks in the core (often perpendicular to the core), the
pieces are fitted together and counted as one piece.
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Core barrel head Core lifter
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FIGURE 1.79
Single-tube core barrel. (Courtesy of Sprague and Henwood, Inc.)
Reaming Core Iif
Core barrel head Outer tube Inner tube shell  Core liter Coring bit
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FIGURE 1.80
Rigid-type double-tube core barrel. (Courtesy of Sprague and Henwood, Inc.)

Hanger bearing assembly
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Inner tube
Core barrel head head., Bearing nut  Outer Reaming
outer
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FIGURE 1.81
Swivel-type double-tube core barrel, series M. (Courtesy of Sprague and Henwood, Inc.)

Causes of Low Recovery

Rock conditions: Fractured or decomposed rock and soft clayey seams cause low recovery,
for example, as shown in Figure 1.78. Rock quality can vary substantially for a given loca-
tion and rock types as illustrated in Figuers 1.84 and 1.85, which show a formation of gran-
ite gneiss, varying from sound and massive to jointed and seamy. Core recovery in the
heavily jointed zone is illustrated in Figure 1.86.

Coring equipment: Worn bits, improper rod sizes (too light), improper core barrel and bit,
and inadequate drilling machine size all result in low recovery. In one case, in the author’s
experience, coring to depths of 30 to 50 m in a weathered to sound gneiss with light drill
rigs, light “A” rods, and NX double-tube core barrels resulted in 40 to 70% recoveries and
20 to 30% RQD values. When the same drillers redrilled the holes within a 1m distance
using heavier machines, “N” rod and HX core barrels, recovery increased to 90 to 100%
and RQDs to 70 to 80%, even in highly decomposed rock zones, layers of hard clay, and
seams of soft clay within the rock mass.

Coring procedure: Inadequate drilling fluid quantities, increased fluid pressure, improper
drill rod pressure, or improper rotation speed all affect core recovery.

Integral Coring Method
Purpose

Integral coring is used to obtain representative cores in rock masses in which recovery is
difficult with normal techniques, and to reveal defects and discontinuities such as joint
openings and fillings, shear zones, and cavities. The method, developed by Dr. Manual
Rocha of Laboratorio Nacional de Engenheira Civil (LNEC) of Lisbon, can produce cores
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FIGURE 1.83

Oriented core with the joint surface intersecting the core wall at the joint
dip angle. The boundaries of a horizontal line across the joint are
located at angle o providing the strike angle.

of 100% recovery with the orientation known. Defect orientation is an important factor in
rock-mass stability analysis.

Technigue

1. An NX-diameter hole or larger is drilled to where integral coring is to begin.

2. A second, smaller hole (nominally about 1 in. [26 mm] in diameter) is drilled
coaxially with the first through the desired core depth, although usually not
exceeding 1.5 m in depth.

3. A notched pipe is lowered into the hole and bonded to the rock mass with
cement or epoxy resin grout, which leaves the pipe through perforations.

4. After the grout has set, a core is recovered by overcoring around the pipe and
through the cemented mass.

5. During installation of the pipe, the notch positions are carefully controlled by a
special adapter and recorded so that when the core is retrieved, the orientation
of the fractures and shear zones in the rock mass are known.

Large-Diameter Cores by Calyx or Shot Drilling
Purpose

Calyx or shot drilling is intended to allow borehole inspection in rock masses in holes up
to 6 ft (2 m) in diameter.

Method

Calyx drilling uses chilled shot as a cutting medium. The shot is fed with water and lodges
around and partially embeds in a bit of soft steel. The flow of freshwater is regulated
carefully to remove the cuttings but not the shot. The cores are recovered by a special core-
lifter barrel, wedge pins, or mucking after removal of the core barrel.

Limitations

The method is limited to rock of adequate hardness to resist erosion by the wash water and
to vertical or nearly vertical holes.
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FIGURE 1.84
Massive, hard granite gneiss at the mouth of a water tunnel. Note diorite dike and seepage from joints. Core
recovery in such materials should be high.

1.4.6 Sample and Core Treatment

Upon Retrieval

The sampler is dismantled carefully to avoid shocks and blows (in soils), obvious cut-
tings are removed, and the recovery is recorded (RQD is also recorded in rock masses).
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FIGURE 1.85
Jointed granite gneiss and crushed rock zone at other end of tunnel of Figure 1.84 about 400 m distant. Core

recovery is shown in Figure 1.86.

The sample is immediately described and logged. It is not allowed to dry out, since the
consistency of cohesive soils changes and details of stratification become obscured. The
sample is then preserved and protected from excessive heat and freezing.
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FIGURE 1.86
Core recovery of about 90% in fractured diorite grading to gneiss; RQD about 40 to 70%. Coring with NX
double-tube swivel-type barrel.

Preservation, Shipment and Storage

Split-Barrel Samples

Carefully place intact uncontaminated short cores in wide-mouth jars of sufficient size (16 0z)
to store 12 in. of sample. The samples, which may be used for laboratory examination, should
not be mashed or pushed into any container; such action would result in complete loss of
fabric and structure. The jar caps should contain a rubber seal, be closed tightly, and be waxed
to prevent moisture loss. Liner samples are preserved as thin-wall tube samples.

Thin-Wall Tube Samples

Remove all cuttings from the sample top with a small auger and fill the top with a mixture
of paraffin and a microcrystalline wax such as Petrowax, applied at a temperature close to
the congealing point. Normal paraffin is subjected to excessive shrinkage during cooling
and should not be used or an ineffective moisture seal will result. The top is capped, taped,
and waxed.

Invert the tube, remove a small amount of soil from the bottom and fill the tube with
wax. Cap, tape, and wax the bottom.

Tubes should be shipped upright, if possible, in containers separating the tubes from
each other and packed with straw.

In the laboratory, tubes that are not to be immediately tested are stored in rooms with con-
trolled humidity to prevent long-term drying. Soil properties can change with time; there-
fore, for best results, samples should be tested as soon as they are received in the laboratory.

Rock Cores

Rock cores are stored in specially made boxes (Figure 1.86) in which wooden spacers are
placed along the core to identify the depth of run.

Extrusion of UD Samples

Thin-Wall Pushed Samples

To obtain specimens for testing thin-wall tube, samples should be extruded from the tube
in the laboratory in the same direction as the sample entered the tube, with the tube held
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FIGURE 1.87
Vertical extrusion of Shelby tube sample in the same direction as taken in the field to minimize disturbance.
(Courtesy of Joseph S. Ward and Assoc.)

vertical, as shown in Figure 1.87. This procedure avoids the effects on sample quality of
reverse wall friction and of the sample’s passing the cutting edge of the tube.

Thin-Wall Cored Samples

Because they contain strong cohesive soils, wall friction in cored soil samples is usually too
high to permit extrusion from the entire tube without causing severe disturbance. Removal
normally requires cutting the tube into sections and then extruding the shorter lengths.
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Field Extrusion

Some practitioners extrude the sample in the field, cutting off 6-in. sections, wrapping
them in aluminum foil, and surrounding them with wax in a carton. The procedure sim-
plifies transport, but leads to additional field and laboratory handling which may result in
the disturbance of easily remolded soils.

Test Pit and Boring
Location Plan

Property
line

Geology legend 421/ in. diameter exploratory boring

gn — shallow rock,
gneiss

Rm - residual soil

Os - soft organic
alluvium

<5 Existing well
[d Test pit for compaction sample

4 % Sections

| S — i
R Scale in meters

FIGURE 1.88

Example of test pit and boring location plan using topographic map and engineering geology map as base

map. (Courtesy of Joseph S. Ward and Assoc.)
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1.4.7 Data Presentation
Basic Elements

Location Plan

Locations of all explorations should be shown accurately on a plan. It is helpful to use
a topographic map as a base map, which also shows the surficial geology as in Figure 1.88.
A map providing the general site location is also useful, especially for future reference
to local geologic conditions. Many reports lack an accurate description of the site
location.

Geologic Sections

Data from the various exploration methods are used as a basis for typical geologic sec-
tions to illustrate the more significant geologic conditions, as in Figure 1.89. The objective
is to illustrate clearly the problems of the geologic environment influencing design and
construction.

For engineering evaluations, it is often useful to prepare large-scale sections on which
are plotted all of the key engineering property data as measured in the field and in the lab-
oratory.

Fence diagrams, or three-dimensional sections, are helpful for sites with complex geol-
ogy. An example is given in Figure 1.90.

Logs
The results of test and core borings, test pits, and other reconnaissance methods are pre-
sented on logs which include all pertinent information.

+15
+10
+5
E 0
c
kel
S
s -5
w
-10
-15 : | -15
Key to boring 5
GWL 28 Numbers to the right of boring indicate
20 2 number of blows required by a 65-kg hammer J 20
— e falling 75 m to drive a 5-cm O.D. sampling spoon to : it
g 30 cm (Approximately equivalent to understand 'w)
penetration resistance.) 0 10 20 30

Section A-A

FIGURE 1.89

Typical geologic section across site shown in stratum descriptions in Figure 1.88: (1) recent alluvium marine
deposits consisting of interbedded organic silts, sands, and clays; (2) residual soil: silt, clay, and sand mixtures;
(8) micaceous saprolite: highly decomposed gneiss retaining relict structure; (4) weathered and partially
decomposed gneiss. (Courtesy of Joseph S. Ward and Assoc.)
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~ Designer's
_“" building level

Legend:

N - blows, SPT

TP - test boring number

¥ - GWL

As - alluvial sands

Ao - organic soils

Rs - residual soils

Cs - colluvial soils

Rgec — decomposed rock
(a) Gn - sound gneiss

C - cored

Scale: H=V

Site preparation
level + 3m

FIGURE 1.90

Geologic diagrams illustrate conditions at and below the building level proposed by the designer for a Class I
structure in a nuclear power plant complex where support on material of only one type is required. The
diagrams show clearly the conditions for foundations and for excavation support. To reach decomposed rock a
maximum excavation of 13 m is required and to reach sound rock, 15 m. Backfill would be controlled fill or
rollcrete depending on requirements of the licensing agency. (a) Geologic conditions; (b) geologic conditions at
designer’s building level.
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Boring Logs
General

Logs are prepared to provide complete documentation on the drilling, sampling, and cor-
ing operations and on the materials and other aspects of the subsurface encountered,
including groundwater conditions. They provide the basis for analysis and design,
and therefore complete documentation and clear and precise presentation of all data are
necessary. Normally, two sets of logs are required: field logs and report logs, each serving
a different purpose.

Field Log

A field log is intended to record all of the basic data and significant information regarding
the boring operation. Typical contents are indicated in the example given in Figure 1.91,
which is quite detailed, including the sample description and remarks on the drilling oper-
ations. The field log is designed to describe each sample in detail as well as other condi-
tions encountered. All of the information is necessary for the engineer to evaluate the
validity of the data obtained, but it is not necessary for design analysis.

Field baring log No. / Type L0-C Coordinates: Arod&log E7865. fo vation: 5 2€  Dawm: MSL sheet _f  of _ ¢
Project: New Plant 3-«'1”-’:’».’1 Location: (/pfaup’ VLA Client: _u/idge & Tne Project No, 78 -/02
Conteactor: Dej// Gaod Tne. Driller: . Dowes/ I i T Eyasdarp Start: F.as. 78
Dia. { type [ wat. / drop Dia, / wot. { drop
Drill rig type: _Stheng /200 Rod dismeter: __ A Casing: % MushTy Joelf 24in  Sawpler: 2L /o4 39i  Finish: 7.2/.78
Casing blows Samples Blows per 6 in. GWL: Atsiart &2 #¢, endof Boring J.o ¢ 24 hrs #6547
per foot Depth, ft|No.| Type | Diameter | 6 {12 | 18 | 24 | Pen, in | Rec, in Sample deseription Remarks on Operations
34 015 | /|55 | 2in |2|#|¥ /8 | 9 |Tepses] 5, £ o Sin then Yar— Ga.m.=llam. set rig ever
Mod deiffed] ac-£s f-s"gfr(y stra? tied hole and prepare for Boring
bebw 28t |#5-30|2 |55 2in 2|57 /8| s2 |Be-L5 ’(, ﬂ’n-r'”-l Stratified 5/ taken ,f,,m serthce 1‘){(),
do200f# 30453 |55 | 2iq |24 4l o |1ost s mple 24t section ¥in casing Set
then Hin |ds-(o | 4| ss 2in Jl212 /8 | /o 7;: m"semp/e s 3in Bm-Po ﬁ/_gﬂ and mixed mosl
Casing 8ot v _*_:D0F wfihel) fymte | S-3 Sampling spoen lached
;7&.";":;" bo-fols5| P 3in |fdh- oogls, | 24 | 2 | 7op of sple: o v _soff core T
to 20K o, aﬂ"ﬂsp.fe " _more plas “e | Stratvm cﬁan_’qe ot S5SE
forvock |80-95\ 6 |55 | 2/p lo|/|s 17 |bog c‘/ﬂ{ey w fshatl Amis . % Y at e sfp

coring |95-no|l 713s | 2in 2419 /8| /o Tgofsp/e Yin sa{a;zféeffémé Below 170 dard deiffing
Bet ou”_s,p,.r‘f ben residvalset: efusal & 5.5 at 204K
mujds colored €-AS f,{n&:ﬁa Cleqned hoje Lo 200 % drove

hr'#ﬁteayj’_ef_ﬂ?ﬂcf eqss o ft . shety i
to3ol 8 | D 2.5 | Obiffed 24120 | Same as J' 7 compact Caring at Fp.m. wl DSbarrel
is0-ns 9| 55| 2/, |7|812] | 48] /0 A serjes 1" E VX dismond b aif
HBo-165 /o] 55 | 2in 7 |vo |7 18| 4 | Crading to saprokite rock |hotlem a'.';c.éar;g_

strvcfure apparenr‘ mica_and|

qu-*x /n Sand Sizes si/r'y Bering completed - 2.m 7/2..’
G}rﬂz;.{ Rk : St L6 modd'n: GwL at & Am ~Depth = 3.0 47

200Jes| #| 35 2in 5?’

Mo
I

F.‘o'zé-{: S| DS X in |25 yoom & el 2 4ol 5/ | GNV LG seftberd wmad dec. Mo Jo Flushed - 547 mn?_»i'f{»u
Gt e 2/4%f2 ) closedy jornted Apo:go%h |Gwi ot EAm_722 at of = £5SY
2¢.0-300] 73| DS | NXin Lacdem@s M.: é0| 57 | 6w 26, /Ws/mf;fr‘aaﬁv med Jeinted Field log boring No. /
(rati- L g} Bab: T5ssk Sheet __/ of _/

FIGURE 1.91
Example of a field test boring log for soil and rock drilling.
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Report Log

A preliminary report log is begun by the field inspector as the field boring log is prepared.
The report log is intended to record the boring data needed for design analysis as well as
some laboratory identification test data and a notation of the various tests performed. The
report log also allows changes to be made in the material description column so that the
descriptions agree with gradation and plasticity test results from the laboratory. The exam-
ples given in Figure 1.92 (test boring report log) for a soil and rock borehole and Figure 1.93
(core boring report log) for rock core borings illustrate the basic information required for

report logs.

Hapoy Engineering Co Test baring report log UD-C (1) BoringNo. __/
T L
project: MNeew Plant 5a’§. 1 i {fbfeu-/n VT Sheet _/ _of _/
Client: i dget Ine. Coordi . Wr02863 .02 E78 765.50 Project No, _78 -/02
c : Drill-Bood Tne. Driller: &/, Dowe inspector: J. £yes Aar{ﬁ
Date started: __7-2/- 78 Date finished: 7=2/- 78  Surface Elevation: £5.20 £¢  Datum: Y52
w Laboratory tests
HIE a|% 3 ucs | = H
“':, o E & E 5 w Material and strawm description or 2 1R
£ |E|2ls|2|8|E]| Z|o s
2 |3 a g ROD | 2 2
8 |S|la|lz|a|<|a| & 2222 8
| .2 1| B |ss|sok 80 ﬁpsa:}';-a’ark’ grey sifty £ne sand D
I T ,
| Ra|r2 [ss|7st Brown c¢-£ gand Frace sif¢, Im | m &
_ "g _3 & |ss| o Strat, fied  Jfeose v
—45 |5 Q¢ #|ss|cofidone 5/ | w
B 5 !?09 £ |ioa .Oar,{’?fEV grganic sil¢ and oL W o |s2e|Te|C, Vodab
: ol 2 lss 1 c{"g% w/sﬁea’f;’m?mrnﬁ':_ oK |w|8o| BS| e8| e Vb
ol T soft, oi |w
7|/8 [s5 |60l 500
B gl- |o [ Mot colored t:.-"a_)/(}/ r-‘fSaamf_ se |wleeles|ss i:',r
B 1 Micacesvs (residva sa:’/){
» 9 (20 |55 Comfaﬂ‘ s5¢|™
— /5
s |f0 27|55 |65 1010 - sP|m
r / Gradm +s 5a£rafx'fe_"
& / multicelored silty c-f Sanel,
e é Micacgovs
— $q/,* -~y — — — — —]
20 1 % ss(7e [ G'rnd,"n? o hadefad:/? decomp L
B T # i
| gness ; /947 grey; g0 17
y A &-ch.f.,—e/, Joinbad
F 2 Ds| 85 #..-Jl_iﬂ mod. F*oliated Lot
.0 (%) % Grnerss; light gray, Yery Hard, ws
= ; M!n‘fﬁe";'n? sh'?.-jf;
- /#/ fexture : cm
[ /3 ps|es # fa brie i mod. An";‘a.fed 75%
L b o minera/s:atz, feldspar
-3 (”@ ﬁ/ hernblende
B £ End of boring al 37 £+
Notes:
(1) Boring type: W—wash, UD—undisturbed, C—core (Size_ M X ).
{2} Samplers: S5—split spoon, S—Shelby, P—piston, D—Denison, O—other (Describe).
Core barrels: ST—single tube, DT—double tube, DS—double tube swivel,
{3) N=sum of last 12 in.
(4} Soil moisture: D—dry, M—moist, W—wet, GWL — ¥_(date).
(5] Other tests: G—grain size, C—consolidation, T—triaxial, U—unconfined, V—field vane, K—field perm.

FIGURE 1.92
Example of test boring log for soil and rock boring.
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!Jd&n}f fnrw'n eerin C; Co Cona hoving oortioy BoringNo. _CH-/2
Project: p!ﬂ!c &ué Location: ﬁmdgg&'j_du 2 Sheat _Jf of &£
Client: (’s ndle gﬂ,‘: {‘g Coordinates: i a8 3/£403 73 02 ProjectNo. _7& -s03
Contractor: Md._ﬁ.ﬁ'_‘. Driller: M Inspector: M)&s’_
Drate started: ‘2 20. 23 Date finished: gé 78 Surface elevator: # Z!&. z; ﬂ Datum: MSeL
Soil samples Rock cores
a ® B > = L Soil of rock Rock structure joint
2 = clElal 2 |8la]l 8IEE deseription 2 | spacing, filling, aper- | Remarks
£ |2 5|23 £ 2 g sl s|£8 S | twre, orientation
& lalZ|alz|2| 8 |=[8| 2] é
- {6 pafiso R5|Brown clayey sitt Moia?
- +o Jf;{;r cla y i Wi
- =bee. dark grey Av\?::')iq‘g
L 4 T 1118780130 Z |Wh| Shate brack Very Clese w/
~ [ 12in w/pyrite Slay seams,
B Ry 2 |/B¥in|80\67| T |WH| jnetvsions / @ Jo S
= ] ¥inclay s AP Core 661
&, . platy Testure /
I \g /&% in X |wH Fhinly beaded, / Thinty bedded blocked
i 8| |[3)@emfiz5a % o) ey sms.
croll | LS [ besa| | \|we | o seim et
L B 385 in / clay at fogt
5 ] % Beds @20-25°
B X @21 - Slickenside
= 3\ 4 ,97,-,, 837 TV WM / ar /3.6 £
- /5 N 3C% in o
L 18500 WS |Limesthne, Lgar  [E1/Ted. close,
. \E - Elr 9’"],3:»: -yr--'nm" =4 horizental, =No water
= 3 2@, T | /5| amerphors =2 w/small (V¥ in) loss
E 4 2@sm E P R E2 void s, jeints
w 2. n ecaming stained , bt
—£0o B g b I WS argillaceous I clean and
L S Z in ary:: , —— ; = e
= E 5|1@30in 759 light grey f'-‘f“" Cormq
| i Limestens Fine- Med. 2lose, :‘1:2‘1
= ¥ \T |£ grained, "'?.»h‘.-’r | her J"""‘: 5 beia
- 1 oce. Ye€riical
—25 _L bea’ded:)ﬁnruu.l‘-f—d_'_ clean and Hight 206 £t
- End of .&,”'n‘?
N at 270 £t
—J3e
NOTES:
(1) Hardness: | —extremely hard, || —very hard, ||1—hard, |V—soft, V—very soft (Table S 20
{2) Weathering Grade: F—fresh, WS—slightly wm. , HW—highly
WC—completely weathered (saprolite), RS—residual soil (Table$12/).

FIGURE 1.93
Example of a report log for rock-core boring.
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Measurement of Properties

2.1 Introduction

2.1.1  Objectives

The properties of geologic materials are measured to provide the basis for:

1. Identification and classification.

2. Correlations between properties including measurements made during other
investigations in similar materials.

3. Engineering analysis and evaluations.

2.1.2  Geotechnical Properties

Basic Properties

Basic properties include the fundamental characteristics of the materials and provide a
basis for identification and correlations. Some are used in engineering calculations.

Index Properties

Index properties define certain physical characteristics used basically for classifications,
and also for correlations with engineering properties.

Hydraulic Properties

Hydraulic properties, expressed in terms of permeability, are engineering properties. They
concern the flow of fluids through geologic media.

Mechanical Properties

Rupture strength and deformation characteristics are mechanical properties. They are also
engineering properties, and are grouped as static or dynamic.

Correlations

Measurements of hydraulic and mechanical properties, which provide the basis for all engi-
neering analyses, are often costly or difficult to obtain with reliable accuracy. Correlations
based on basic or index properties, with data obtained from other investigations in which
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extensive testing was employed or engineering properties were evaluated by back-analysis
of failures, provide data for preliminary engineering studies as well as a check on the rea-
sonableness of data obtained during investigation.

Data on typical basic, index, and engineering properties are given throughout the book
for general reference. A summation of the tables and figures providing these data is given
in Appendix E.

2.1.3  Testing Methods Summarized

General

A general summary of the significant basic, index, and engineering properties of soil and
rock, and an indication of whether they are measured in the laboratory, in situ, or both, is
given in Table 2.1.

TABLE 2.1

Measurement of Geotechnical Properties of Rock and Soil

Laboratory Test In Situ

Property Rock Soil Rock Soil

(a) Basic Properties
Specific gravity X
Porosity X
Void ratio
Moisture content X
Density X
Natural
Maximum
Minimum
Relative
Optimum moisture density
Hardness
Durability
Reactivity
Sonic-wave characteristics
(b) Index Properties
Grain-size distribution
Liquid limit
Plastic limit
Plasticity index
Shrinkage limit
Organic content
Uniaxial compression X
Point-load index X
(c) Engineering Properties
Permeability X
Deformation moduli: static or dynamic X
Consolidation
Expansion X
Extension strain X X
Strength
Unconfined X
Confined
Static X
Dynamic
California bearing ratio (CBR)

KX XX XXX XXX

X X X X
XX X X XX X X XX X X
XX X X

X

X X X
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Laboratory Testing

Soil samples and rock cores are, for the most part tested in the laboratory. Rock cores are
occasionally field tested.

Rock cores are tested in the laboratory primarily for basic and index properties, since
engineering properties of significance are not usually represented by an intact specimen.
Laboratory tests of intact specimens, the property measured, and the application of the
test in terms of the data obtained are summarized in Table 2.2.

Soil samples are tested for basic and index properties and for engineering properties
when high-quality undisturbed samples are obtained (generally limited to soft to hard
intact specimens of cohesive soils lacking gravel size or larger particles). Laboratory soil
tests, properties measured, and the application of the tests in terms of the data obtained
are summarized in Table 2.3.

In Situ Testing

Geologic formations are tested in situ within boreholes, on the surface of the ground, or
within an excavation.

TABLE 2.2
Intact Rock Specimens: Laboratory Testing

Property or Test Applications Section
Basic Properties Correlations, analysis
Specific gravity Mineral Identification 221
Porosity Property correlations 221
Density Material and property correlations 221
Engineering analysis
Hardness Material correlations 221
Tunneling machine excavation evaluation
Durability
LA abrasion Evaluation of construction aggregate 221
quality
British crushing
Reactivity Reaction between cement and aggregate 221
Sonic velocities Computations of dynamic properties 253
Index Properties Classification and correlations
Uniaxial compression See rupture strength 243
Point-load test See rupture strength 243
Permeability Not normally performed in the lab
Rupture Strength Measurements of
Triaxial shear Peak drained or undrained strength 243
Unconfined compression Unconfined (uniaxial) compressive 243
strength used for correlations
Point-load test Tensile strength for correlation with 243
uniaxial compression
Uniaxial tensile strength Strength in tension 243
Flexural or beam strength Strength in bending 243
Deformation (static) Measurements of
Triaxial test Deformation moduli Ei, Es, Et 243
Unconfined compression Deformation moduli Ei, Es, Et 2.4.3
Dynamic Properties Measurements of
Resonant column Compression and shear wave velocities 2.5.3

Vp, Vs
Dynamic moduli E, G, D
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TABLE 2.3
Soils: Laboratory Testing

Geotechnical Investigation Methods

Property or Test Applications Section
Basic Properties Correlations, classification
Specific gravity Material identification 223
Void ratio computation
Moisture or water content Material correlations in the natural state 223
Computations of dry density
Computations of Atterberg limits
Density: natural (unit weight) Material correlations 223
Engineering analysis
Density: maximum Relative density computations 223
Moisture—density relationships
Density: minimum Relative density computations 223
Optimum-moisture density Moisture-density relationships for field 223
compaction control
Sonic velocities Computations of dynamic properties 253
Index Properties Correlations, classification
Gradation Material classification 223
Property correlations
Liquid limit Computation of plasticity index 223
Material classification
Property correlations
Plastic limit Computation of plasticity index 223
Shrinkage limit Material correlations 223
Organic content Material classification 223
Permeability Measurements of k in
Constant head Free-draining soil 233
Falling head Slow-draining soil 2.3.3
Consolidometer Very slow draining soil (clays) 254
Rupture Strength Measurements of
Triaxial shear (compression or Peak undrained strengh s,, cohesive soils 244
extension) (UU test)
Peak drained strength, ¢, ¢, ¢, c, all soils
Direct shear Peak drained strength parameters 244
Ultimate drained strength ¢, cohesive soils
Simple shear Undrained and drained parameters 244
Unconfined compression Unconfined compressive strength for 244
cohesive soils
Approximately equals 2s,
Vane shear Undrained strength s, for clays 244
Ultimate undrained strengths s,
Torvane Undrained strengths s, 244
Ultimate undrained strength s, (estimate)
Pocket penetrometer Unconfined compressive strength 244
(estimate)
California bearing ratio CBR value for pavement design 244
Deformation (static) Measurements of
Consolidation test Compression vs. load and time in clay soil 254
Triaxial shear test Static deformation moduli 254
Expansion test Swell pressures and volume change 254
in the consolidometer
Dynamic Properties
Cyclic triaxial Low-frequency measurements of dynamic 2.5.5
moduli (E, G, D), stress vs. strain and
strength 244

(Continued)
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TABLE 2.3

(Continued)

Property or Test Applications Section

Cyclic torsion Low-frequency measurements of dynamic 255
moduli, stress vs. strain

Cyclic simple shear Low-frequency measurements of dynamic 255
moduli, stress vs. strain and strength 244

Ultrasonic device High-frequency measurements of 2.55
compression- and shear-wave velocities V, V

Resonant column device High-frequency measurements of 255

compression and shear-wave velocities and

the dynamic moduli

Rock masses are usually tested in situ to measure their engineering properties, as well as
their basic properties. In situ tests in rock masses, their applications, and their limitations
are summarized in Table 2.4.

Soils are tested in situ to obtain measures of engineering properties to supplement labo-
ratory data, and in conditions where undisturbed sampling is difficult or not practical
such as with highly organic materials, cohesionless granular soils, fissured clays, and
cohesive soils with large granular particles (such as glacial till and residual soils). In situ
soil tests, properties measured, applications, and limitations are summarized in Table 2.5.

TABLE 2.4

Rock Masses — In Situ Testing

Category — Tool or Method Applications Limitations Section
Basic Properties 1.3.6
Gamma-gamma Continuous measure Density measurements
borehole probe of density
Neutron borehole probe Continuous measure of moisture Moisture measurements 1.3.6
Index Properties
Rock coring Measures the RQD (rock Values very dependent on 1.4.5
quality designation) used drilling equipment and
for various empirical techniques
correlations
Seismic refraction Estimates rippability on the basis Empirical correlations. 1.3.2
of P-wave velocities Rippability depends on
equipment used
Permeability
Constant-bead test In boreholes to measure k in Free-draining materials 234
heavily jointed rock masses. Requires ground saturation
Falling-head test In boreholes to measure k in Slower draining materials 234
jointed rock masses. Can be or below water table
performed to measure
kmear\/ kv’ or kh
Rising-head test Same as for falling-head test Same as for falling-head test 234
Pumping tests In wells to determine k., in Not representative for 234

saturated uniform formations.

stratified formations.
Measures average k for
entire mass

(Continued)
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TABLE 2.4

Rock Masses — In Situ Testing (Continued)

Geotechnical Investigation Methods

Category — Tool or Method Applications Limitations Section
Pressure testing Measures k;, in vertical borehole Requires clean borehole 234
walls Pressures can cause
joints to open or to clog
from migration of fines
Shear Strength
Direct shear box Measures strength parameters Sawing block specimen 243
along weakness planes of and test setup costly.
rock block A surface test. Several
tests required for Mohr’s
envelope
Triaxial or uniaxial Measures triaxial or uniaxial Same as for direct shear box 243
compression compressive strength of
rock block
Borehole shear device Measures ¢ and ¢, in borehole 243
Dilatometer or Goodman Measures limiting pressure See Dilatometer under 253
jack P; in borehole Deformation. Limited by
rock-mass strength
Deformation Moduli (Static)
Dilatometer or Goodman Measures E in lateral direction Modulus values valid for 25.3
jack linear portion of load—
deformation curve. Results
affected by borehole roughness
and layering
Large-scale foundation- Measures E under footings or Costly and time-consuming 254
load test bored piles. Measures shaft
friction of bored piles
Plate-jack test Measures E: primarily used for Requires excavation and 253
tunnels and heavy structures heavy reaction or adit.
Stressed zone limited by plate
diameter and disturbed by
test preparation
Flat-jack test Measures E or residual stresses Stressed zone limited by 253
in a slot cut into the rock plate diameter. Test area
disturbed in preparation.
Requires orientation in
same direction as applied
construction stresses
Radial jacking tests Measures E for tunnels. Very costly and time- 253
(pressure tunnels) Data most representative of consuming and data
in situ rock tests and difficult to interpret.
usually yields the Preparation disturbs
highest values for E rock mass
Triaxial compression test Measures E of rock block Costly and difficult to set up. 2.5.3
Disturbs rock mass during
preparation
Dynamic Properties
Seismic direct methods Obtain dynamic elastic moduli Very low strain levels yield 253

E, G, K, and v in boreholes

values higher than static
moduli

(Continued)
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TABLE 2.4
(Continued)
Category — Tool or Method Applications Limitations Section
3-D velocity logger Measures velocity of shear and Penetrates to shallow 2.5.3
compression waves (V,, V) depth in borehole
from which moduli are
computed. Borehole test
Vibration monitor Measure peak particle velocity, Surface measurements, 3.25
or frequency, acceleration, and low-energy level
displacement for monitoring
vibrations from blasting, traffic, etc.
TABLE 2.5
SOILS — In Situ Testing
Category Test or Method Applications Limitations Section
Basic Properties
Gamma-gamma borehole Continuous measure of density ~ Density measurements 1.3.6
probe
Neutron borehole probe Continuous measure of moisture Moisture-content measures 1.3.6
content
Sand-cone density Measure surface density Density at surface 223
apparatus
Balloon apparatus Measure density at surface Density at surface 223
Nuclear density moisture Surface measurements of Moisture and density at surface 2.2.3
meter density and moisture
Permeability
Constant-head test In boreholes or pits to measure  Free-draining soils requires 234
k in free-draining soils ground saturation
Falling-head test In boreholes in slow-draining Slow-draining materials 234
materials, or materials below or below water table
GWL. Can be performed to
measure k..., k,, or k,
Rising-head test Similar to falling-head test Similar to falling-head test 234
Pumping tests In wells To measure k., Results not representative 234
in saturated uniform soils in stratified formations
Shear Strength (Direct Methods)
Vane shear apparatus Measure undrained strength Not performed in sands or 244
s, and remolded strength strong cohesive soils affected
s, in soft to firm cohesive soils by soil anisotropy and
in a test boring construction time-rate
differences
Pocket penetrometer Measures approximate U, in Not suitable in granular soils 244
tube samples, test pits in
cohesive soils
Torvane Measures s, in tube samples Not suitable in sands and 244

and pits strong cohesive soils

Shear Strength (Indirect Methods)

Static cone penetrometer
(CPT)

Cone penetration resistance is
correlated with s, in clays
and ¢ in sands

Not suitable in very strong soils 2.4.5

(Continued)
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TABLE 2.5

SOILS — In Situ Testing (Continued)

Geotechnical Investigation Methods

Category Test or Method Applications Limitations Section

Flat Dilatometer (DMT) Correlations with pressures Not suitable in very strong soils 2.4.5
provide estimares of ¢ and s,

Pressuremeter Undrained strength is found Strongly affected by soil 2.5.4
from limiting pressure anisotropy
correlations

Camkometer (self-boring Provides data for determination ~ Affected by soil anisotropy 2.5.4

pressuremeter) of shear modulus; shear and smear occurring during
strength, pore pressure, installation
and lateral stress K

Penetration Resistance

Standard penetration test Correlations provide measures ~ Correlations empirical. Not 245

(SPT) of granular soil Dy, ¢, E, usually reliable in clay soils.
allowable bearing value, and Sensitive to sampling
clay soil consistency. Samples procedures
recovered

Static cone penetrometer Continuous penetration Samples not recovered, material 2.4.5

test (CPT) resistance can provide identification requires borings
measures of end bearing and or previous area experience
shaft friction. Correlations
provide data similar to SPT

California bearing ratio CBR value for pavement design ~ Correlations are empirical 245

Deformation Moduli (Static)

Pressuremeter Measures E in materials Modulus values only valid 2.54
difficult to sample undisturbed  for linear portion of soil
such as sands, residual soils, behavior, invalid in
glacial till, and soft rock layered formations; not
in a test boring used in weak soils

Camkometer See shear strength.

Plate-load test Measures modulus of subgrade  Stressed zone limited to 2.54
reaction used in beam-on- about 2 plate diameters.
elastic-subgrade Performed in sands and
problems. Surface test overconsolidated clays

Lateral pile-load test Used to determine horizontal Stressed zone limited to Not
modulus of subgrade about 2 pile diameters. described
reaction Time deformation

in clays not considered

Full-scale foundation Obtain E in sands and design Costly and time-consuming 254

load tests parameters for piles

Dynamic Properties

Seismic direct methods Borehole measurements of Very low strain levels yield 1.3.2
S-wave velocity to compute values higher than static
E,; G4 and K moduli

Steady-state vibration Surface measurement of shear Small oscillators provide data ~ 2.5.5

method wave velocities to obtain only to about 3 m. Rotating
E, G, and K mass oscillator provides greater
penetration

Vibration monitors Measure peak particle velocity ~ Surface measurements at 325

or frequency, acceleration, and
displacement for monitoring
vibrations from blasting,
traffic, etc.

low-energy level for
vibration studies
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2.2 Basic and Index Properties

2.2.1 Intact Rock

General

Testing is normally performed in the laboratory on a specimen of fresh to slightly weath-
ered rock free of defects.

Basic properties include volume-weight relationships, hardness (for excavation resist-
ance), and durability and reactivity (for aggregate quality).

Index tests include the uniaxial compression test (see Section 2.4.3), the point load index
test (see Section 2.4.3), and sonic velocities, that are correlated with field sonic velocities to
provide a measure of rock quality (see Section 2.5.3).

Volume-Weight Relationships
Include specific gravity, density, and porosity as defined and described in Table 2.6.

Hardness

General

Hardness is the ability of a material to resist scratching or abrasion. Correlations can be
made between rock hardness, density, uniaxial compressive strength, and sonic veloci-
ties, and between hardness and the rate of advance for tunneling machines and other

TABLE 2.6
Volume-Weight Relationships for Intact Rock Specimens

Property Symbol  Definition Expression Units
Specific gravity G, The ratio of the unit weight of a pure Go=Yim/ Y
(absolute) mineral substance to the unit weight
of water at 4°C. y,, = 1g/cm? or 62.4 pcf
Specific gravity G, The specific gravity obtained from a mixture Gs = Y/ Y
(apparent) of minerals composing a rock specimen
Density pory Weight W per unit volume V of material p=W/V t/m3
Bulk density p Density of rock specimen from field p=W/V t/m?
(also g/cm?, pcf)
Porosity n Ratio of pore or void volume V, to total n=V,/V, Y
volume V..
In terms of density and the apparent n=1-(p/G,) % (metric)

specific gravity

Notes:  Specific Gravities: Most rock-forming minerals range from 2.65 to 2.8, although heavier minerals such as
hornblende, augite, or hematite vary from 3 to 5 and higher.

Porosity: Depends largely on rock origin. Slowly cooling igneous magma results in relatively nonporous rock,
whereas rapid cooling associated with escaping gases yields a porous mass. Sedimentary rocks
depend on amount of cementing materials present and on size, grading, and packing of particles.

Density: Densities of fresh, intact rock do not vary greatly unless they contain significant amounts of the heavier
minerals.
Porosity and density: Typical value ranges are given in Table 2.12.
Significance: Permeability of intact rock often related to porosity, although normally the characteristics of the in
situ rock govern rock-mass permeability. There are strong correlations between density, porosity, and
strength.
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excavation methods. The predominant mineral in the rock specimen and the degree of
weathering decomposition are controlling factors.

Measurement Criteria
The following criteria are used to establish hardness values:

1. Moh’s system of relative hardness for various minerals.

2. Field tests for engineering classification.

3. “Total” hardness concept of Deere (1970) based on laboratory tests and devel-
oped as an aid in the design of tunnel boring machines (TBMs). Ranges in total
hardness of common rock types are given in Figure 2.1.

4. Testing methods for total hardness (Tarkoy, 1975):
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FIGURE 2.1

Range of “total” hardness for common rock types. Data are not all inclusive, but represent the range for rocks
tested in the Rock Mechanics Laboratory, University of Illinois, over recent years. H; = Schmidt hardness; H,
= abrasion test hardness. (From Tarkoy, P.]., Proceedings of the 15th Symposium on Rock Mechanics, Custer State
Park, South Dakota, ASCE, New York, 1975, pp. 415-447. With permission.) (a) Inset: Schmidt hammer.
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Total hardness H; is defined as

H; = HxVH, g7 1/2 (2.1)
where Hy is the Schmidt hardness and H, the abrasion test hardness.

e Schmidt rebound hardness test: An L-type concrete test hammer (Figure 2.1a), with
a spring in tension, impels a known mass onto a plunger held against the speci-
men (energy = 0.54 ft Ib. or 0.075 m kg). The amount of energy reflected from the
rock-hammer interface is measured by the amount that the hammer mass is
caused to rebound (ASTM C805).

e Shore (C-2) sclerescope is also used to measure rebound hardness. The rebound
height of a small diamond-tipped weight falling vertically down a glass tube is
measured and compared with the manufacturer’s calibration.

e Abrasion hardness test is performed on a thin disk specimen which is rotated a
specific number of times against an abrading wheel, and the weight loss
recorded.

Durability

General

Durability is the ability of a material to resist degradation by mechanical or chemical
agents. It is the factor controlling the suitability of rock material used as aggregate for road-
way base course, or in asphalt or concrete. The predominant mineral in the specimen, the
microfabric (fractures or fissures), and the decomposition degree are controlling factors.

Test Methods

Los Angeles abrasion test (ASTM C535-03 and C131-03): specimen particles of a specified size
are placed in a rotating steel drum with 12 steel balls (1 7/8 in. in diameter). After rotation
for a specific period, the aggregate particles are weighed and the weight loss compared
with the original weight to arrive at the LA abrasion value. The maximum acceptable
weight loss is usually about 40% for bituminous pavements and 50% for concrete.

British crushing test: specimen particles of a specified size are placed in a 4-in.-diameter
steel mold and subjected to crushing under a specified static force applied hydraulically.
The weight loss during testing is compared with the original weight to arrive at the British
crushing value. Examples of acceptable value ranges, which may vary with rock type and
specifying agency, are as follows: particle size (maximum weight loss), 3/4-1 in. (32%),
1/2-3/4 in. (30%), 3/8-1/2 in. (28%); and 1/8-3/16 in. (26%).

Slake durability test (ASTM D4644): determines the weight loss after alternate cycles of
wetting and drying shale specimens. High values for weight loss indicate that the shale is
susceptible to degradation in the field when exposed to weathering processes.

Reactivity: Cement-Aggregate

Description

Crushed rock is used as aggregate to manufacture concrete. A reaction between soluble sil-
ica in the aggregate and the alkali hydroxides derived from portland cement can produce
abnormal expansion and cracking of mortar and concrete, often with severely detrimental
effects to pavements, foundations, and concrete dams. There is often a time delay of about
2 to 3 years after construction, depending upon the aggregate type used.
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The Reaction

Alkali-aggregate reaction can occur between hardened paste of cements containing more
than 0.6% soda equivalent and any aggregate containing reactive silica. The soda equiva-
lent is calculated as the sum of the actual Na,O content and 0.658 times the K,O content of
the clinker (NCE, 1980). The alkaline hydroxides in the hardened cement paste attack the
silica to form an unlimited-swelling gel that draws in any free water by osmosis and
expands, disrupting the concrete matrix. Expanding solid products of the alkali-silica
reaction help to burst the concrete, resulting in characteristic map cracking on the surface.
In severe cases, the cracks reach significant widths.

Susceptible Rock Silicates

Reactive silica occurs as opal or chalcedony in certain cherts and siliceous limestones and
as acid and intermediate volcanic glass, cristobolite, and tridymite in volcanic rocks such
as rhyolite, dacites, and andesites, including the tuffs. Synthetic glasses and silica gel are
also reactive. All of these substances are highly siliceous materials that are thermodynam-
ically metastable at ordinary temperatures and can also exist in sand and gravel deposits.
Additional descriptions are given in Krynine (1957).

Reaction Control
Reaction can be controlled (Mather, 1956) by:

1. Limiting the alkali content of the cement to less than 0.6% soda equivalent. Even
if the aggregate is reactive, expansion and cracking should not result.

2. Avoiding reactive aggregate.

3. Replacing part of the cement with a very finely ground reactive material (a poz-
zolan) so that the first reaction will be between the alkalis and the pozzolan,
which will use up the alkalis, spreading the reaction and reaction products
throughout the concrete.

Tests to Determine Reactivity
Tests include:

e The mortar-bar expansion test (ASTM C227-03) made from the proposed aggre-
gate and cement materials.

® Quick chemical test on the aggregates (ASTM C289-01).

* Petrographic examination of aggregates to identify the substances (ASTM C295).

2.2.2 Rock Masses

General

The rock mass, often referred to as in situ rock, may be described as consisting of rock
blocks, ranging from fresh to decomposed, and separated by discontinuities. Mass density
is the basic property. Sonic-wave velocities and the rock quality designation (RQD) are
used as index properties.

Mass Density

Mass density is best measured in situ with the gamma—gamma probe (see Section 1.3.6),
which generally allows for weathered zones and the openings of fractures and small
voids, all serving to reduce the density from fresh rock values.
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Rock Quality Indices

Sonic wave velocities from seismic direct surveys (see Section 1.3.2) are used in evaluating
rock mass quality and dynamic properties.
Rock quality designation may be considered as an index property (see Section 1.4.5).

Rippability

Rippability refers to the ease of excavation by construction equipment. Since it is related
to rock quality in terms of hardness and fracture density, which may be measured
by seismic refraction surveys (see Section 1.3.2), correlations have been made between
rippability and seismic P wave velocities as given in Table 2.7. If the material is not rip-
pable by a particular piece of equipment, then jack-hammering and blasting are
required.

2.2.3 Soils

General

The basic and index properties of soils are generally considered to include volume-weight
and moisture—-density relationships, relative density, gradation, plasticity, and organic
content.

TABLE 2.7
Rock Rippability as Related to Seismic p-Wave Velocities (Courtesy of Caterpillar Tractor Co.)

Velocity (m/s x 1000) ? 1 2 3 4

Velocity (ft/sx1000) 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Topsoil

Clay

Glacial till

Igneous rocks
Granite
Basalt
Trap rock

Sedimentary rocks
Shale
Sandstone
Siltstone
Claystone
Conglomerate
Breccia
Caliche
Limestone

Metamorphic rocks
Schist
Slate

Minerals and ores
Coal

Iron ore

Rippable I Marginal

Non rippable

Rippability based on caterpillar D9 with mounted hydraulic No.9 ripper
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Volume-Weight Relationships

Definitions of the various volume-weight relationships for soils are given in Table 2.8.
Commonly used relationships are void ratio e, soil unit weight (also termed density or mass
density and reported as total or wet density ¥, dry density y;, and buoyant density y,),
moisture (or water) content w, saturation degree S, and specific gravity G, of solids.
Determinations of basic soil properties are summarized in Table 2.9. A nomograph for
the determination of basic soil properties is given in Figure 2.2.

Sand Cone Density Device (Figure 2.3a)

A hole 6 in. deep and 6 in. in diameter is dug and the removed material is stored in a
sealed container. The hole volume is measured with calibrated sand and the density is cal-
culated from the weight of the material removed from the hole (ASTM D1556-00).

Rubber Balloon Device

Ahole is dug and the material is stored as described above. The hole volume is measured
by a rubber balloon inflated by water contained in a metered tube (ASTM D2167-94).

Nuclear Moisture-Density Meter (ASTM D2922)

A surface device, the nuclear moisture-density meter, measures wet density from either the
direct transmission or backscatter of gamma rays; and, moisture content from the transmis-
sion or backscatter of neutron rays (Figure 2.3b). The manner of measurement is similar to
that of the borehole nuclear probes (see Section 1.3.6). In the direct transmission mode a rod
containing a Celsium source is lowered into the ground to a desired depth. In the backscat-
ter mode, the rod is withdrawn and gamma protons are scattered from the surface contact.
A rapid but at times approximate method, measurement with the meter yields satisfactory
results with modern equipment and is most useful in large projects where soil types used as
fills do not vary greatly. Frequent calibration is important to maintain accuracy.

Borehole Tests

Borehole tests measure natural density and moisture content. Tests using nuclear devices
are described in Section 1.3.6.

Moisture content (w)

The moisture meter is used in the field (ASTM D4444-92). Calcium carbide mixed with a
soil portion in a closed container generates gas, causing pressure that is read on a gage to
indicate moisture content. Results are approximate for some clay soils.

For cohesive soils, moisture content is most reliably determined by drying in the labo-
ratory oven for at least 24 h at 104°C.

Moisture-Density Relationships (Soil Compaction)

Optimum moisture content and maximum dry density relationships are commonly used to
specify a standard degree of compacting to be achieved during the construction of a load-
bearing fill, embankment, earth dam, or pavement. Specification is in terms of a percent of
maximum dry density, and a range in permissible moisture content is often specified as
well (Figure 2.4).

Description

The density of a soil can be increased by compacting with mechanical equipment. If the
moisture content is increased in increments, the density will also increase in increments



Measurement of Properties

TABLE 2.8
Volume-Weight Relationships for Soils?
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Saturated
Sample (W, W,
G,, are Known)

Property

Unsaturated
Sample (W, W,
G,, V are Known)

Ilustration of Sample

Volume Components

WS
Volume of solids V G.yb
W
Volume of water V, 7.P
w Porosity: Void ratio Volume of oir or gos
Volume of air or gas V, Zero V—=(V,+V,) / gv Air or 9o5
Volume \0/ Volume e
W Ws of volds/ 37 of F Ho0 H0
Volume of voids V < V=g ! Totol | +~Volume N
Y Yw sTw volume v v Solid:
1 solrds §§o§u§§s\
sumple 1
Total volume of sample V' Vo +V, Measured ;
i
Porosit > ‘
orosity n v o T1e
. . VV
Void ratio e v (G9)-1
S
Weights for Specific Sample
Weight of solids W, Measured
Weight of water W, Measured
Total weight of sample W, W, + W,
Weights for Sample of Unit Volume
V\/'S =+ WW W Weights for unit
Dry-unit weight y, vV rv. VS volume of soil |
W, + W, W, + W, Q
Wet-unit weight vV +v. Vv
o W, + W, W, + Wy, e
Saturated-unit weight 7, V.4V, %
Submerged (buoyant) unit A
weight ¥,
Combined relations
Moi Ww
oisture content w W,
Degree of saturation S 1.00 Ve Ya = —Hh L=%"1% L
& : v, AT 1w BT RT AT
. re . WS
Specific gravity G Vo

2 After NAVFAC, Design manual DM-7.1, Soil Mechanics, Foundations and Earth Structures, Naval facilities

Engineering Command, Alexandria, VA, 1982.
¥, i unit weight of water, which equals 62.4 pcf for fresh water and 64 pcf for sea water (1.00 and 1.025 g/cm?).

¢ The actual unit weight of water surrounding the soil is used. In other cases use 62.4 pcf. Values of w and s are

used as decimal numbers.
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TABLE 2.9

Determination of Basic Soil Properties

Determination
Basic Soil Property Laboratory Test Field Test
Unit weight or density, ¥, % % % Weigh specimens Cone density device Figure 3.3a, ASTM U1556

Rubber ballon device, ASTM D2167
Nuclear moisture-density meter, ASTM D2922

Specific gravity G, ASTM D854 None
Moisture content w ASTM D4444 Moisture meter

ASTM D2922 Nuclear moisture-density meter
Void ratio e Computed from unit dry weight and specific gravity

under a given compactive effort, until eventually a peak or maximum density is achieved
for some particular moisture content. The density thereafter will decrease as the moisture
content is increased. Plotting the values of w% vs. ¥,, or w% vs. ¥, will result in curves sim-
ilar to those given in Figure 2.5; 100% saturation is never reached because air remains
trapped in the specimen.

Factors Influencing Results

The shape of the moisture-density curve varies for different materials. Uniformly graded
cohesionless soils may undergo a decrease in dry density at lower moisture as capillary
forces cause a resistance to compacting or arrangement of soil grains (bulking). As mois-
ture is added, a relatively gentle curve with a poorly defined peak is obtained (Figure 2.5).
Some clays, silts, and clay-sand mixtures usually have well-defined peaks, whereas low-
plasticity clays and well-graded sands usually have gently rounded peaks (Figure 2.6).
Optimum moisture and maximum density values will also vary with the compacted
energy (Figure 2.7).

Test Methods

Standard compaction test (Proctor Test) (ASTM D698): An energy of 12,400 ft 1b is used to
compact 1 ft of soil, which is accomplished by compacting three sequential layers with a
5 1/2-1b hammer dropped 25 times from a 12-in. height, in a 4-in.-diameter mold with a
volume of 1/30 ft*.

Modified compaction test (ASTM D1557): An energy of 56,250 ft Ib is used to compact 1 ft* of
soil, which is accomplished by compacting five sequential layers with a 10 Ib hammer
dropped 25 times from an 18 in. height in a standard mold. Materials containing signifi-
cant amounts of gravel are compacted in a 6-in.-diameter mold (0.075 ft®) by 56 blows on
each of the five layers. Methods are available for correcting densities for large gravel par-
ticles removed from the specimen before testing.

Relative Density Dy

Relative density Dy refers to an in situ degree of compacting, relating the natural density of
a cohesionless granular soil to its maximum density (the densest state to which a soil can
be compacted, Dy = 100%) and the minimum density (the loosest state that dry soil grains
can attain, Dy = 0%). The relationship is illustrated in Figure 2.8, which can be used to find
Dy when 7, (natural density), ¥, (maximum density), and ¥, (loose density) are known.
Dy may be expressed as

Dr=@0/n = 1/n)/ (Un = 1/p) (2.2)
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EXAMPLE
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FIGURE 2.2

Nomograph to determine basic soil properties. (From USBR, Earth Manual, U. S. Burean of Reclamation,

Denver, CO, 1974. With permission.)
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Dy is used for classification of the degree of in situ compactness as given in Figure 2.8
or, more commonly, to classify in situ density as follows: very loose (0-15%), loose
(15-35%), medium dense (35-65%), dense (65-85%), and very dense (85-100%) (see
Table 2.23 for correlations with N values of the Standard Penetration Test (SPT)). Void
ratio and unit weight are directly related to Dy and gradation characteristics.
Permeability, strength, and compressibility are also related directly to Dy and gradation

characteristics.
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Gage

Detectors

‘ Surface Detectors
fl l o J_
7 * + =
£ 77 “—Photon paths  grce *\K_/C/
Source Min = 50mm (2 in.) Photon paths

Direct Transmission Backscatter Mode

FIGURE 2.3
(a) Sand cone density device being used to measure in situ density of a compacted subgrade test section for an
airfield pavement. (b) Nuclear moisture density meter used to measure in situ density.

Measurements of Dy

Laboratory testing: See ASTM D4254-00 and Burmister (1948). Maximum density is deter-
mined by compacting tests as described in the above section, or by vibrator methods
wherein the dry material is placed in a small mold in layers and densified with a hand-held
vibrating tool. Minimum density is found by pouring dry sand very lightly with a funnel
into a mold. Dy measurements are limited to material with less than about 35% nonplastic
soil passing the No. 200 sieve because fine-grained soils falsely affect the loose density. A
major problem is that the determination of the natural density of sands cannot be sampled
undisturbed. The shear-pin piston (see Section 1.4.2) has been used to obtain values for %,
or borehole logging with the gamma probe is used to obtain values (see Section 1.3.6).

Field testing: The SPT and Cone Penetrometer Test (CPT) methods are used to obtain esti-
mates of Dy.

Correlations: Relations such as those given in Figure 2.10 for various gradations may be
used for estimating values for j, and .



Measurement of Properties
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FIGURE 2.4
The moisture-density relationship. The soil does not become
fully saturated during the compaction test.

°
®
*
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= FIGURE 2.5
Typical compaction curve for cohesionless sands
and sandy gravels. (From Foster, C. R., Foundation
Dry Engineering, G. A. Leonards, Ed., McGraw-Hill
/ Book Co., New York, 1962, pp. 1000-1024. With
permission. Reprinted with permission of the
Water content (w %) — McGraw-Hill Companies.)
N
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Typical standard Proctor curves for various
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Gradation (Grain Size Distribution)

Gradation refers to the distribution of the various grain sizes in a soil specimen plotted as
a function of the percent by weight passing a given sieve size (Figure 2.9):

e Well-graded — a specimen with a wide range of grain sizes.
e Poorly graded — a specimen with a narrow range of grain sizes.
e Skip-graded — a specimen lacking a middle range of grain sizes.
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FIGURE 2.7

Effect of different compactive energies on a
silty clay. (After paper presented at Annual
ASCE Meeting, January 1950.)

FIGURE 2.8

Relative density diagram. (From Burmister,
D. M., ASTM, Vol. 48, Philadelphia, PA,
1948. Copyright ASTM International.
Reprinted with permission.)
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FIGURE 2.9

Distinguishing characteristics of grain size curves: fineness, range of grain sizes, and shape: (a) type S grain
size curves and (b) type of grain size curve. (From Burmister, D. M., ASTM, Vol. 48, Philadelphia, PA, 1948.
Copyright ASTM International. Reprinted with permission.)

e Coefficient of uniformity C,, — the ratio between the grain diameter at 60% finer to
the grain diameter corresponding to the 10% finer line, or

Cu = Dgy/ Dy (2.3)

Significance

Gradation relationships are used as the basis for soil classification systems. Gradation
curves from cohesionless granular soils may be used to estimate ), and ¥, and, if % or Dy
is known, estimates can be made of the void ratio, porosity, internal friction angle, and
coefficient of permeability.

Gradation Curve Characteristics (Burmister, 1948, 1949, 1951a)

The gradation curves and characteristic shapes, when considering range in sizes, can be
used for estimating engineering properties. The range of sizes C; represents fractions of a
uniform division of the grain size wherein each of the divisions 0.02 to 0.06, 0.06 to 0.02,
etc., in Figure 2.9 represents a C; = 1. Curve shapes are defined as L, C, E, D, or S as given
in Figure 2.9 and are characteristic of various types of soil formations as follows:

¢ S shapes are the most common, characteristic of well-sorted (poorly graded)
sands deposited by flowing water, wind, or wave action.
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¢ Cshapes have a high percentage of coarse and fine particles compared with sand
particles and are characteristics of some alluvial valley deposits in an arid cli-
mate where the native rocks are quartz-poor.

¢ E and D shapes include a wide range of particle sizes characteristics of glacial
tills and residual soils.

Relationships

General relationships among gradation characteristics and maximum compacted densi-
ties, minimum densities, and grain angularity are given in Figure 2.10 (note the signifi-
cance of grain angularity). Gradation characteristics for soils of various geologic origins,
as deposited, are given in Figure 2.11.

Test Methods

Gradations are determined by sieve analysis (ASTM D422) and hydrometer analysis
(ASTM D422), the latter test being performed on material finer than a no. 200 sieve. For
sieve analysis, a specimen of known weight is passed dry through a sequence of sieves of
decreasing size of openings and the portion retained is weighed, or a specimen of known
weight is washed through a series of sieves and the retained material dried and weighed.
The latter procedure is preferred for materials with cohesive portions because dry sieving
is not practical and will yield erroneous results as fines clog the sieves.
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Plasticity

Definitions and Relationships

Atterberg limits, which include the liquid limit, plastic limit, and the shrinkage limit, are
used to define plasticity characteristics of clays and other cohesive materials.

Liquid limit (LL) is the moisture content at which a soil passes from the liquid to the plas-
tic state as moisture is removed. At the LL, the undrained shear strength s,~0.03 tsf.

Plastic limit (PL) is the moisture content at which a soil passes from the plastic to the
semisolid state as moisture is removed.

Plasticity index (PI) is defined as PI = LL — PL.

Shrinkage limit (SL) is the moisture content at which no more volume change occurs
upon drying.

Activity is the ratio of the PI to the percent by weight finer than 2 ym (Skempton, 1953)
Liquidity index (LI) is used for correlations and is defined as

LI = (w — PL)/(LL-PL) = (w — PL)/PI (2.4)

Significance

A plot of PI vs. LL provides the basis for cohesive soil classification as shown on the plas-
ticity chart (Figure 2.12). Correlations can be made between test samples and characteris-
tic values of natural deposits. For example, predominantly silty soils plot below the A line,
and predominantly clayey soils plot above. In general, the higher the value for the PI and
LL, the greater is the tendency of a soil to shrink upon drying and swell upon wetting. The
relationship between the natural moisture content and LL and PI is an indication of
the soil’s consistency, which is related to strength and compressibility (see Table 2.37). The
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Plasticity chart for Unified Classification System.

liquidity index expresses this relationship quantitatively. The controlling factors in the val-
ues of PI, PL and LL for a given soil type are the presence of clay mineral, and the per-
centages of silt, fine sand, and organic materials.

Test Methods

Liquid limit (ASTM D4318-00) is performed in a special device containing a cup that is
dropped from a controlled height. A pat of soil (only material passing a no. 40 sieve) is
mixed thoroughly with water and placed in the cup, and the surface is smoothed and then
grooved with a special tool. The LL is the moisture content at which 25 blows of the cup
are required to close the groove for a length of 1 cm. There are several test variations
(Lambe, 1951).

Plastic limit (ASTM D4318-00) is the moisture content at which the soil can just be rolled
into a thread 1/8 in. in diameter without breaking.

Shrinkage limit (ASTM D427) is performed infrequently. See Lambe (1951) for discussion.

Organic Content

General

Organic materials are found as pure organic matter or as mixtures with sand, silt, or clay.

Basic and Index Properties

Organic content is determined by the loss by ignition test that involves specimen combus-
tion at 440°F until constant weight is attained (Arman, 1970). Gradation is determined
after loss by ignition testing. Plasticity testing (PI and LL) provides an indication of
organic matter as shown in Figure 2.12 (see also ASTM D2914-00).
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2.3 Hydraulic Properties (Permeability)

2.3.1 Introduction
Flow-Through Geologic Materials

Definitions and Relationships

Permeability, the capacity of a material to transmit water, is only summarized in this
chapter. Flow through a geologic medium is quantified by a material characteristic termed
the coefficient of permeability k (also known as coefficient of hydraulic conductivity),
expressed in terms of Darcy’s law, valid for laminar flow in a saturated, homogeneous
material, as

k =q/iA (cm/sec) (2.5)

where g is the quantity of flow per unit of time (cm?/sec), i the hydraulic gradient, i.e., the
head loss per length of flow /L (a dimensional number) and, A the area (cm?).

Values for k are often given in units other than cm/sec. For example, 1 ft/day X 0.000283
= cm/sec; cm/sec X 3528 = ft/day.

Secondary permeability refers to the rate of flow through rock masses, as contrasted with
that through intact rock specimens, and is often given in Lugeon units (see Section 2.3.4).

Factors Affecting Flow Characteristics

Soils: In general, gradation, density, porosity, void ratio, saturation degree, and stratifica-
tion affect k values in all soils. Additional significant factors are relative density in granu-
lar soils and mineralogy and secondary structure in clays.

Rocks: k values of intact-rock relate to porosity and saturation degree. k values of in situ
rock relate to fracture characteristics (concentration, opening width, nature of filling),
degree of saturation, and level and nature of imposed stress form (compressive or tensile).
Tensile stresses, for example, beneath a concrete dam can cause the opening of joints and
foliations, significantly increasing permeability.

Permeability Considerations

Determinations of k values

k values are often estimated from charts and tables (see Section 2.3.2) or can be measured
in laboratory tests (see Section 2.3.3) or in situ tests (see Section 2.3.4).

Applications
k values as estimated or measured in the laboratory, are used for:

¢ Flow net construction and other analytical methods to calculate flow quantities
and seepage forces.

e Selection of groundwater control methods for surface and underground
excavations.

e Design of dewatering systems for excavations.

e Evaluation of capillary rise and frost susceptibility.

e Evaluation of yield of water-supply wells.



152 Geotechnical Investigation Methods

In situ measurements of k values are made for evaluations of:

Percolation rates for liquid-waste disposal systems.

Necessity for canal linings (as well as for designing linings).

Seepage losses beneath and around dam foundations and abutments.
Seepage losses in underground-cavern storage facilities.
Groundwater control during excavation.

Associated Phenomena: Capillary, Piping, and Liquefaction

Capillary is the tendency of water to rise in “soil tubes,” or connected voids, to elevations
above the groundwater table. It provides the moisture that results in heaving of foun-
dations and pavements from freezing (frost heave) and swelling of expansive soils.
Rating criteria for drainage, capillary, and frost heave in terms of soil type are given in
Table 2.10.

Piping refers to two phenomena: (1) water seeping through fine-grained soil, eroding
the soil grain by grain and forming tunnels or pipes; and (2) water under pressure flow-
ing upward through a granular soil with a head of sufficient magnitude to cause soil
grains to lose contact and capability for support. Also termed boiling or liquefaction,
piping is the cause of a “quick” condition (as in quicksand) during which the sand essen-
tially liquefies.

“Cyclic” liquefaction refers to the complete loss of supporting capacity occurring when
dynamic earthquake forces cause a sufficiently large temporary increase in pore pressures
in the mass.

2.3.2 Estimating the Permeability Coefficient k
General

Basis

Since k values are a function of basic and index properties, various soil types and forma-
tions have characteristic range of values. Many tables and charts have been published by
various investigators relating k values to geologic conditions, which are based on numer-
ous laboratory and field investigations and which may be used for obtaining estimates of
k of sufficient accuracy in many applications.

Partial Saturation Effects

In using tables and charts, one must realize that the values given are usually for saturated
conditions. If partial saturation exists, as often obtained above the groundwater level, the
voids will be clogged with air and permeability may be only 40 to 50% of that for satu-
rated conditions.

Stratification Effects

In stratified soils, lenses and layers of fine materials will impede vertical drainage, and
horizontal drainage will be much greater than that in the vertical direction.

Relationships

Permeability characteristics of soils and their methods of measurement are given in Table
2.11. Typical permeability coefficients for various conditions are given in the following



153

Measurement of Properties

“IOUTJ ST [ELIdJeW 9} JO 94,0T YOTYyMm 10§ 9zIs urerd ay[, %' s,uaze ,
“WaysAG UOT}edTJISSe]) HSSV 9} U3TM DUBPIOdDE UT ST UOTIEdTISSL]d SSOUDUL] g
vV'sn

“Vd “erydioperny ‘sfersieiy pue Sunsal, 105 £19100G UedLISWY ‘gTT “Uonedr[qnJ [eadg ISV “IA'( IoISIuLmg worL 93e)s 10edwod-wnIpaul 0} 9S00 € UT S[I0S 10 BLIIID)

sjeIapowr
03 a[qeuonddlqo
06¢
yStH

1000°0

snoraradwy 03 100

100

(Sunyeurwop syros Aepd)
ATIS Kaked awog,,

J[qeuondd(qo
001
0'Gl
Y31y 03 93eIapPON
-
¥000°0

<0000
100d 03 Irey
‘A[MoOfs suter(q

100 200
(sros Aep painssiy)

,ATs Aakep amnry,
LATIS duy dwos,,

d[qeuonos(qo
0} 9)RIdPOIA
0€

02
9JeISPOIA
[nyssaoons syutod [[apm
9000

01000

Irey 03 poo3 aeurei(g
200 $20°0

(Puy pue asreod)
IS ORI,

¢/°H 10 3J 9 UTJ}IM Iajempunoin)

1y31S Guraray-1somyuoN Aymqndaosns Guraeay 3sox]
01
QT G0 °H ‘199 ut osux ‘xo1ddy
W3us aqrdnSaN Aureqde)
" siem daaq [— .
700 0
0200 0ro 0 (s/w) y o aBues xorddy
poo8d Ayaerd JuayEdXa Ayiaerd
Aq a8eurerq 1opun adeurerp JaI] a3eurei(g
S(uw) %'
7200 T0 T0 70 ‘az1s 2an0agya xo1ddy
qUOLRIYTUBPT
LATIS oery, pues aury oery,, SSaudUL]

LSonstIagoerey)) Suraesf] isor pue ‘Ajureqide)) ‘e8eurei] 0} pre3ay Yim s[1og Surjey 10j PLIS)LID) dALRIUI],

01°C 319v1L



154 Geotechnical Investigation Methods

TABLE 2.11

Permeability Characteristics of Soils and Their Methods of Measurement®

Coefficient of Permeability k (cm/s) (log scale)

Coefficient of permeability k (cm/s) (log scale)

100 10" 10 107 102 10° 10* 10° 10° 107 10° 107

Drainage : Good d;rainage : l : F’oorI drainaglz Pr:actically: impervi(l)us
| | | | Very fine sand's; organi'c and | | |
| Clean sand | | inorganic silts; mixtures of sand, | "Irlnperviouls soils,
) ! I | silt, and clay; glacial till
Types of soil Clean Igravel Clean sar}d and I stratlified clayI depositsl; etc. I ilg;;,}';o;elﬁ)g‘irg;f
gravel mixtures N
| | | "Impervious soils" which are modified by ,Of weathelrmg
| | | the effects of vegetation and weathering | |
Direlct testing of soil inI its origirllal positilon : : : : : :
Direct I (eg. Ifleld—punlflplng tesntS) ) I I I I I I
determination ! ! ! ! ! ! ! ! ! ! !
of coefficient | Constant-head permeameter | | | | | | |
of permeability | | | T | | | | | | |
| | | | | Falling-head permeameter | | |
| | | | | ! ! ! : : :
Computations | | | | | |
Indirect from grain size distribution, porosity, etc. | | | | | |
determination \ \
of coefficient I I I I l ! ! Computations
of permeability | | | I . | . I . I from time rate of consoli-
| | | IHorlzonltal caplll?rlty test' dation and rate of pressure
| | | | | | | drop at constant volume

2 After Casagrande, A. and Fadum, R.E., Soil Mechanics Series, Cambridge, MA, 1940 (from Leonards, G.A.,
Foundation Engineering, McGraw-Hill Book Co., New York, 1962, ch. 2).

tables: rock and soil formations, Table 2.12; some natural soil formations, Table 2.13; and
various materials for turbulent and laminar flow, Table 2.14. Values of k for granular soils
in terms of gradation characteristics (D, Cy, curve type) are given in Figures 2.13 and 2.14,
with the latter figure giving values in terms of Dy

Rock masses: Permeability values for various rock conditions are given in Table 2.12. A
useful chart for estimating the effect of joint spacing and aperture on the hydraulic con-
ductivity is given in Figure 2.15.

2.3.3 Laboratory Tests

Types and Applications

Constant-head tests are used for coarse-grained soils with high permeability. Falling-head
tests are used for fine-grained soils with low permeability. Consolidometer tests may be used
for essentially impervious soils as described in Section 2.5.4.

Constant- and Falling-Head Tests

The two types of laboratory permeameters are illustrated in Figure 2.16. In both cases,
remolded or undisturbed specimens, completely saturated with gas-free distilled water,
are used. Falling head tests on clay specimens are often run in the triaxial compression
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TABLE 2.12

Typical Permeability Coefficients for Rock and Soil Formations®

155

k (cm/s) Intact Rock Porosity n (%) Fractured Rock Soil
Practically 10710 Massive 0.1-05 Homogeneous clay
impermeable  107° low-porosity 0.5-5.0 below
1078 rocks zone of weathering
1077
Low discharge, 10-° 2 5.0-30.0 Very fine sands,
poordrainage 107 | £  Weathered organic and
10+ |8 granite Schist inorganic silts,
103 V& Clay-filled joints mixtures of sand
and clay, glacial
till stratified clay
deposits
High discharge, 1072 Jointed rock Clean sand, clean
free draining 107! Open-jointed rock  sand and
1.0 Heavily gravel mixtures
10! fractured rock Clean gravel
102

2 After Hoek, E.

and Bray, J.W., Rock Slope Engineering, Institute of Mining and Metallurgy, London, 1977.

TABLE 2.13

Permeability Coefficients for Some Natural Soil Formations?

Formation

Value of k (cm/s)

River Deposits

Rhone at Genissiat

Small streams,
Missouri
Mississippi

Glacial Deposits

Outwash plain

eastern Alps

S

Esker, Westfield, Mass.
Delta, Chicopee. Mass.

Till
Wind Deposits

Dune sand
Loess
Loess loam

Lacustrine and Marine Offshore Deposits

Very fine unifo:

rm sand, C, = 5 to 2°

Bull’s liver, Sixth Ave, N.Y., C, = 5to 2
Bull’s Liver, Brooklyn, C, = 5

Clay

Up-0.40
0.02-0.16
0.02-0.20
0.02-0.12

0.05-2.00
0.01-0.13

0.0001-0.015

Less than 0.0001

0.1-0.3
0.001*
0.0001*

0.0001-0.0064
0.0001-0.0050
0.00001-0.0001

Less than 0.0000001

@ From Terzaghi, K. and Peck, R.B., Soil Mechanics in Engineering Practice,
2nd ed., Wiley, New York, 1967. Reprinted with permission of John Wiley

& Sons, Inc.

C, = uniformity coefficient.
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Relationships between permeability and Hazen's effective size D,, Coefficient of permeability reduced to basis
of 40% Dy, by Figure 2.15. (From Burmister, D. M., ASTM, Vol. 48, Philadelphia, PA, 1948. Reprinted with
permission of the American Society for Testing and Materials.)
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device in which the time required for specimen saturation is substantially shortened by
applying backpressure (Section 2.4.4).

Constant-Head Test (ASTM 2434)

A quantity of water is supplied to the sample, while a constant head is maintained and the
discharge quantity g is measured. From Darcy’s law,

k = qL/Ah (2.6)
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Two types of laboratory permeameters: (a) constant-head test; (b) falling-head test.

Falling-Head Test

Flow observations are made on the rate of fall in the standpipe (Figure 2.16b). At time ¢,
the water level drops from h to h;, and

k = (aL/At)(In hy/h,) 2.7)

2.3.4  In SituTesting

Seepage Tests in Soils

Tests include constant head, falling or variable head, and rising head. They are summa-
rized in terms of applicable field conditions, method, and procedure in Table 2.15.
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Soil Penetration Tests (CPTU, DMT)

The piezocone CPT (Sections 1.3.4 and 2.4.5) and the flat dilatometer test (Section 2.4.5)
provide estimates of the horizontal coefficient of permeability, k;..

Pumping Tests

Tests are made from gravity wells or artesian wells in soils or rock masses as described in
Table 2.16.

Pressure Testing in Rock Masses

General Procedures

The general arrangement of equipment is illustrated in Figure 2.17, which shows two
packers in a hole. One of the two general procedures is used, depending on rock quality.

The common procedure, used in poor to moderately poor rock with hole collapse prob-
lems, involves drilling the hole to some depth and performing the test with a single
packer. Casing is installed if necessary, and the hole is advanced to the next test depth.

The alternate procedure, used in good-quality rock where the hole remains open, involves
drilling the hole to the final depth, filling it with water, surging it to clean the walls of fines,
and then bailing it. Testing proceeds in sections from the bottom—up with two packers.

Packer spacing depends on rock conditions and is normally 1, 2, or 3 m, or at times 5 m.
The wider spacings are used in good-quality rock and the closer spacings in poor-quality
rock.

Testing Procedures

1. Expand the packers with air pressure.

2. Introduce water under pressure into the hole, first between the packers and then
below the lower packer.

3. Record elapsed time and volume of water pumped.

4. Test at several pressures, usually 15, 30, and 45 psi (1, 2, and 3 tsf) above the nat-
ural piezoelectric level (Wu, 1966). To avoid rock-mass deformation, the excess

TABLE 2.16
Pumping Tests
Test Field Conditions Method Procedure Disadvantages
Gravity well ~ Saturated, uniform  Pump installed in Well is pumped at Provides values for
soil (unconfined screened and filtered  constant rate until Kinean
aquifer) well and surrounded  cone of drawdown
by a pattern of measured in observation
observation wells wells has stabilized

(recharge equals
pumping rate)

Gravity well ~ Rock masses Similar to above Similar to above Flow from entire hole
measured. Provides
an average value

Artesian well ~ Confined aquifer Similar to above Similar to above Provides values for

(pervious under kineanKmean iN aquifer
thick impervious
layer)

mean
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Air hose

Inner and outer pipes
for water supply

(or single pipe for
packer testing only)

Drop pipes

sleeve

(Packer length
approximately 5
times boring
diameter)
Perforated outer pipe
to test between
packers

(Inner pipe provides
water to test

below packers)

Air hose to

lower packer

Lower test

section———___; Inner pipe

(unperforated) FIGURE 2.17
;%é?%ﬂ]lower Apparatus for determining rock permeability
in situ using pressure testing between packers.

pressure above the natural piezoelectric level should not exceed 1 psi for each
foot (23 kPa/m) of soil and rock above the upper packer.

Data Evaluation

Curves of flow vs. pressure are plotted to permit evaluation of changes in the rock mass
during testing:

¢ Concave-upward curves indicate that fractures are opening under pressure.

e Convex curves indicate that fractures are being clogged (permeability decreasing
with increased pressure).

e Linear variation indicates that no change is occurring in the fractures.

Approximate values for k are computed from the expressions (USBR, 1974)
k= (Q/2rnLH)(In L/r) for L. = 10r (2.8)
k = (Q/2xLH) sinh™{(L/2r) for 10r > L =r (2.9)

where k is the coefficient of permeability, Q the constant flow rate in the hole, L the length
of the test section, H the differential head on the test section (see explanation below), r the
hole radius and sinh™ the inverse hyperbolic sine.
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Head losses in the system should be accounted for in determining the value of H. Since
most head losses occur in the drop pipe, they can be minimized by using as large a diam-
eter pipe as practical. Head loss can be estimated from the relationship (Davis et al., 1970)

he = f(L/D)(©*/2g) (2.10)

where L is the pipe length, D the pipe diameter, v the flow velocity, g the gravitational
acceleration and f the frictional component (obtained from charts for various pipe diame-
ters, materials, and discharges).

Lugeon Test

In the Lugeon test, used commonly in Europe, the hole is drilled to test depth and a packer
installed about 15 ft (5 m) from the bottom. Flow is measured after 5 or 20 min of test
under pressure, and the test is performed under several pressures. The standard meas-
urement of pressure is 10 kg/cm? and the results are given in Lugeon units.

Lugeon unit is defined as a flow of 1 I of water/min of borehole length at a pressure of 10
kg/cm? (1 Lugeon unit is about 107° cm/sec).

Disadvantages of Pressure Testing

Values can be misleading because high pressures cause erosion of fines from fractures as
well as deformation of the rock mass and closure of fractures (Serafin, 1969).

Additional References
Dick (1975) and Hoek and Bray (1977) provide additional information.

2.4 Rupture Strength

2.4.1 Introduction

Basic Definitions

e Stress (o) is force P per unit of area, expressed as
c=P/A (2.11)

System Equivalent units for stress
English ~ 13.9 psi = 2000 psf = 2 ksf = 1 tsf = 1 bar
Metric 1kg/cm? =10 T/m? (=1 tsf)
SI 100 kN/m? = 100 kPa = 0.1 MPa (=1 tsf)
e Strain (&) is change in length per unit of length caused by stress. It can occur as
compressive or tensile strain. Compressive and tensile strain are expressed as

g€=AL/L (2.12)
e Shear is the displacement of adjacent elements along a plane or curved surface.

e Shear strain (§) is the angle of displacement between elements during displace-
ment.
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e Shear stress (1) is the stress causing shear.

e Shear strength (S or s) is a characteristic value at which a material fails in rupture
or shear under an applied force.

e Dilatancy is the tendency of the volume to increase under increasing shear or
stress difference.

Strength of Geologic Materials

Components: Friction and Cohesion

Friction is a resisting force between two surfaces as illustrated in Figure 2.18. It is often the
only source of strength in geologic materials and is a direct function of the normal force.
Cohesion results from a bonding between the surfaces of particles. It is caused by electro-
chemical forces and is independent of normal forces.

Influencing Factors

Strength is not a constant value for a given material, but rather is dependent upon many
factors, including material properties, magnitude and direction of the applied force and
the rate of application, drainage conditions in the mass, and the magnitude of the confin-
ing pressure.

Stress Conditions In Situ

Importance

A major factor in strength problems is the existence of stress conditions in the ground, pri-
marily because normal stresses on potential failure surfaces result from overburden pres-
sures.

Geostatic Stresses

Overburden pressures, consisting of both vertical and lateral stresses, exist on an element
in the ground as a result of the weight of the overlying materials. Stress conditions for

FIGURE 2.18

Frictional force f resisting shearing force T [P = force

applied in increments until slip occurs; N = normal

force component including block weight W; T =

T=N shearing stress component; f = frictional resistance; o

+— T = Ntan o .

’ |4_l:; = angle of obliquity [resultant of N and T7]; ¢ =

— Tmax=Nf=Ntan ¢ friction angle, or a,,,, at slip; S,., = maximum

shearing resistance = T,

max] .
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level ground are illustrated in Figure 2.19; sloping ground results in more complex condi-
tions. (Changes in geostatic stresses are invoked by surface foundation loads, surface and
subsurface excavations, lowering of the groundwater level, and natural phenomena such
as erosion and deposition). Vertical earth pressures from overburden weight alone are
found by summing the weights from the various strata as follows:

o, => % Z, (2.13)
0

Coefficient of lateral earth pressure “at-rest” K, is the ratio of the lateral to vertical stress in a
natural deposit that has not been subject to lateral strain, the values for which vary sub-
stantially with material types and properties (see Section 2.4.2). It is expressed as

K, = o,/ 0, (2.14)
or
o, = K, o, (2.15)
For an elastic solid
Ky=v/1-v (2.16)

In the above expressions, y is the material unit weight (3, above groundwater level, ¥,
below groundwater level) and v is the Poisson’s ratio (see Section 2.5.1).

Total and Effective Stresses
The total stress on the soil element in Figure 2.19 at depth z is
o, =YL (2.17)

If the static water table is at the surface, however, and the soil to depth z is saturated, there
is pressure on the water in the pores because of a piezoelectric head h,, and the unit weight
of water ¥,. This is termed the neutral stress (acting equally in all directions), or the pore-
water pressure u,, or u and is given as

u = ouh, (2.18)

The effective stress o, or actual intergranular stresses between soil particles, results from
a reduction caused by the neutral stress and is equal to the total stress minus the pore-
water pressure, or

ol=0,—u (2.19)

4
N
b

=N
N
N
N
N
N
N

9

B =

Koy
O =i [*=5h o= Kore — FIGURE 2.19

t The geostatic stress condition and “at-rest” earth
Oy pressures.
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or
o, = Kz (2.20)

where %, = % — %, is the effective or submerged soil weight.

In calculations, therefore, above the groundwater level, the effective soil weight is the
total weight ¥, and below the groundwater level (or any other water surface), the effective
soil weight is the submerged soil weight ¥,.

Prestress in Soil Formations

General: Soils compress naturally under the weight of overlying materials or some other
applied load, resulting in strength increase over values inherent as deposited, or shortly
thereafter. Three categories of prestress are defined according to the degree of compression
(termed consolidation) that has occurred.

Normally consolidated (NC): The soil element has never been subjected to pressures
greater than the existing overburden pressures.

Owerconsolidated (OC): The soil element has at some time in its history been subjected to
pressures in excess of existing overburden, such as resulting from glacial ice loads,
removal of material by erosion, desiccation, or lowering of the groundwater level.

Underconsolidated (UC): The soil element exists at a degree of pressure less than existing
overburden pressures. This case can result from hydrostatic pressures reducing overbur-
den load as illustrated in Figure 2.20. Such soils are normally relatively weak. Weakening
of strata can also occur due to removal of a cementing agent or other mineral constituents
by solution.

Principal Stresses and the Mohr Diagram
Importance

Fundamental to the strength aspects of geologic materials are the concepts of principal
stresses and the Mohr diagram on which their relationships may be illustrated.

Rainfall
Suge g P Solution of
(o~ & T 2 cementing agent
Hydrostatic uplift R el e

Cementing agent in
granular soils

AH
(approximate)

Cementing agent dissolved
leaving loose structure

Hydrdstatic head removes some effective overburden
pressure; load on soil can be less than existing
overburden load (under consolidated)

FIGURE 2.20
Soil profile weakening processes.
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Principal Stresses

Stresses acting on any plane passed through a point consist of a normal stress ¢ (com-
pression or tension) and a shearing stress 7. (Soil mechanics problems are normally con-
cerned with compressive stresses.) On one particular plane, the normal stress will be the
maximum possible value and the shearing stress will be equal to zero. On one plane per-
pendicular to this plane, the normal stress will be the minimum possible value, with shear
stress also equal to zero. On a second plane perpendicular to this plane, the normal stress
will have an intermediate value and the shearing stress will also be zero. These planes are
termed the principal planes.

The principal stresses are the stresses acting perpendicular to the principal planes
including the maximum (major) principal stress o;, the minimum (minor) principal stress
0, and the intermediate principal stress o,. The relationship between principal stresses
and the normal stress and the shear stress acting on a random plane through a point is
shown in Figure 2.21. The intermediate principal stress is the plane of the paper and, in
soil mechanics problems, is normally considered to be equal to o;.

The Mohr Diagram

To attain equilibrium, the sum of the forces given in Figure 2.21 should be zero. Therefore,
o, and 7 can be expressed in terms of the principal stresses and the angle 0 as

o,=[(o, +0,)/2 + (6,— 05)/2] cos 26 (2.21)
7= [(0,— 0;)/2] sin 26 (2.22)

If points are plotted to represent coordinates of normal and shearing stresses acting on a
particular plane for all values of 6 given in equations 2.21 and 2.22, their loci form a circle
which intersects the abscissa at coordinates equal to the major (o;) and minor (o;) principal
stresses. The circle is referred to as the Mohr diagram, or Mohr’s circle, given in Figure 2.22.

Applications of Strength Values

Stability Analysis

The values for strength are used in stability analyses; the discussion is beyond the scope of
this book, except for evaluations of slopes. In general terms, stability is based on plastic equi-
librium or a condition of maximum shear strength with failure by rupture imminent. When

the imposed stresses cause the shear strength to be exceeded, rupture occurs in the mass
along one or more failure surfaces. Analyses are normally based on the limit equilibrium

FIGURE 2.21
Stresses on a random plane through a point (o, is the plane
of the paper).




Measurement of Properties 167

4
/ A(G,7)
G4—03
Tmax = D)
w
[2]
3 e
= [ 0 Normal stress
17} c >
E’ Onf T
=
& I
Q
< |
@ 1
le—— O3 |
|
G4y + O3 ’
- (51

FIGURE. 2.22
The Mohr diagram relating 7, o, 0;, and o, (6, = 0 at failure; o,; = normal stress at failure).

approach, i.e., a limiting value that can be reached when the forces acting to cause failure
are in balance with the forces acting to resist failure. Resistance to failure is provided by
the shear strength mobilized along the failure surface.

Typical Problems

Some field conditions involving failure by rupture are illustrated in Figure 2.23, showing
the relationships between the force acting to cause failure, the strength acting along the
failure surface, and the principal and normal stresses.

2.4.2  Shear Strength Relationships

Basic Concepts

Shear strength may be given in several forms, depending on various factors, including the
drained strength, the undrained strength, the peak strength, the residual or ultimate
strength, and strength under dynamic loadings. In addition, strength is the major factor in
determining active and passive Earth pressures.

Under an applied force, a specimen will strain until rupture occurs at some peak stress;
in some materials, as strain continues, the resistance reduces until a constant minimum
value is reached, termed the ultimate or residual strength.

Factors Affecting Strength
Material type: Some materials exhibit only a frictional component of resistance ¢; others
exhibit ¢ as well as cohesion c. In soft clays, at the end of construction, it is normally the
undrained strength s that governs.

Confining pressure: In materials with ¢ acting, the strength increases as the confining
pressure increases.
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FIGURE 2.23
Some field conditions involving failure by rupture: (a) foundations; (b) retaining structures; (c) slopes;
(d) ground anchors; (e) wall anchors; (f) embankments.

Undrained or drained conditions: It relates to the ability of a material to drain under
applied stress and determines whether total or effective stresses act.

Loading direction: Forces applied parallel to weakness planes, as represented by stratifi-
cation in soils, foliation planes, or joints in rock masses, will result in lower strengths than
if the force is applied perpendicularly. Compressive strengths are much higher than ten-
sile strengths.

Displacement and normal stress: In some cohesive materials, such as overconsolidated fis-
sured clays and clay shales, the strain at which the peak stress occurs depends on the nor-
mal stress level and the magnitude of the peak strength varies with the magnitude of
normal stress (Peck, 1969) as shown in Figure 2.24. As strain continues the ultimate strength
prevails. These concepts are particularly important in problems with slope stability.

Angle of Internal Friction ¢

The stresses acting on a confined specimen of dry cohesionless soil, either in the ground or
in a triaxial testing device (see Section 2.4.4), are illustrated in Figure 2.25. p is the applied
stress, 03 is the confining pressure, and o, = p + 0, (in testing p is termed the deviator stress
0,). As stress p is gradually increased, it is resisted by the frictional forces acting between



Measurement of Properties 169

y\s kg/cm2

ey
\Sn = 3 kg/cm?

Th

o 6, = 1 kglem?
[T , FIGURE 2.24
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» AL (From Peck, R. B., Proceedings of ASCE, Stability and
I ] Performance of Slopes Embankments, Berkeley, CA,
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Stresses on a specimen in a confined state.

grains until some characteristic stress level is reached at which resistance is exceeded and
rupture occurs. This stress is termed the peak strength.

If 0; and o, (for the peak strength) are plotted to define a Mohr’s circle at failure, a line
drawn tangentially to the circle passes through the origin at an angle ¢ as shown in Figure
2.26 and Figure 2.27. Other specimens of the same material loaded to failure, but at different
confining pressures, will have Mohr’s circles tangent to the line defined by ¢. The circle tan-
gent line represents the limits of stability and is termed Mohr’s envelope. It defines shear
strength in terms of the friction angle ¢, and the normal or total stresses, and it expressed as

S =1,

= O, tan ¢ (2.23)

(In actuality, the envelope line will not be straight, but will curve downward slightly at
higher confining pressures.)

Total vs. Effective Stresses (¢ vs. ¢')

In a fully saturated cohesionless soil, the ¢ value will vary with the drainage conditions
prevailing during failure. In undrained conditions, total stresses prevail and in drained
conditions, only effective stresses act. The friction angle is expressed as ¢'.

Total Stresses

Saturated Soils

If no drainage is permitted from a fully saturated soil as load is applied, the stress at fail-
ure is carried partially by the pore water and partially by the soil particles which thus
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develop some intergranular stresses. The peak “undrained” strength parameters mobi-
lized depend on the soil type:

e Cohesionless soils — the envelope passes through the origin (Figure 2.26 and
Figure 2.27) and strength is expressed in terms of ¢ as in equation 2.23.

¢ Soils with cohesion — the envelope intercepts the shear stress ordinate at a value
taken as cohesion c, similar to the case shown in Figure 2.28, and the strength is
expressed by the Mohr—Coulomb failure law:

s=c¢+ o,tan ¢

(2.24)
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e Normally to slightly overconsolidated clays have no frictional component (¢ =
0) and the strength is expressed as the undrained strength s,, as will be discussed
later.

Applicable Field Conditions

e Initial phases of slope excavations or retaining wall construction in slowly drain-
ing soils, where time is too short to permit drainage. (Results are conservative if
drainage occurs.)

¢ Sudden drawdown conditions in the upstream slope of a dam embankment, or
when flood waters recede rapidly from stream banks and the soils remain satu-
rated.

¢ Rapid placement of embankments or loading of storage tanks over soft clays, or
high live loads applied to slow-draining soils.

Effective Stresses

Saturated Soils

If the soil is permitted to drain as load is applied, the stress is initially carried partly by the
pore water, but as drainage occurs the load is transferred to the soil grains, and the effec-
tive stresses (intergranular stresses) are mobilized. The effective stress is equal to the total
normal stress o, minus the pore-water pressure u, and the peak “drained” shear strength
is expressed as

s = (o, — w)tan ¢’ = o’ tan ¢’ (2.25)

As shown in Figures 2.26 and 2.27, ¢ values based on effective stresses are often higher
than those based on total stresses as long as u is positive. In dense sands, u is negative and
the undrained strength is higher, i.e., ¢ is higher. If pore pressures are measured during
undrained loadings, effective stresses can be computed.

For soils with a cohesion intercept (Figure 2.28), the drained strength is expressed by the
Coulomb-Terzaghi equation as

s=c" + (o, —utan ¢ =c'+ o, tan ¢’ (2.26)

Applicable Field Conditions

Drained strength prevails in the field under relatively slow loading conditions during
which pore pressures can dissipate. Such conditions generally exist in:

e Most foundations, except for cases involving rapid load application.

e Natural slopes, except for the sudden drawdown case.

e Cut slopes, embankments, and retaining structures some time after construction
completion.

Partially Saturated Soils

In partially saturated soils, strength is controlled by effective stresses, but the effective
stress concept cannot be applied directly because of pressures in the air or gas in the par-
tially saturated voids. Strength should be estimated from tests performed to duplicate in
situ conditions as closely as possible in terms of percent saturation, total stress, and pres-
sure on the liquid phase (Lambe and Whitman, 1969).
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Apparent cohesion results from capillary forces in partially saturated fine-grained granu-
lar soils, such as fine sands and silts, and provides a temporary strength which is lost upon
saturation or drying. The apparent cohesion has been expressed in terms of the depth D
to the water table (Lambe and Whitman, 1969) as

¢, = Dy, tan ¢/ (2.27)

Pore-Pressure Parameters

Definition

Pore-pressure parameters express the portion of a stress increment carried by the pore
fluid in terms of the ratio of the pore-pressure increment (Au) to the total stress increment

(Ao). As indicated in Lambe and Whitman (1969) and Bishop and Henkel (1962), the
parameters are

C = Au/Ac, (2.28)
for loading in the odeometer (one-dimensional compression),
B = Au/Ac (2.29)
for isotopic loading (three-dimensional compression),
A = (Au — Acy)/ (Ao, — Acy) (2.30)
for triaxial loading and
A = Au/Ac, (2.31)

for the normal undrained test where o; = 0.

Pore-pressure parameter A is the most significant in practice. Values depend on soil type,
state of stress, strain magnitude, and time. Typical values are given in Table 2.17 for con-
ditions at failure but important projects always require measurement by testing.

High values occur in soft or loose soils. Negative values indicate negative pore pres-
sures, which occur in dense sands and heavily preconsolidated clays as the result of vol-
ume increase during shear (dilatancy). Pore pressures are most responsive to applied

TABLE 2.17
Typical Values of Pore-Pressure Parameter A at Failure®

Soil Type Parameter A
Sensitive clay 1.5-2.5
Normally consolidated clay 0.7-1.3
Overconsolidated clay 0.3-0.7
Heavily overconsolidated clay —0.5-0.0
Very loose fine sand 2.0-3.0
Medium fine sand 0.0

Dense fine sand —0.3

Loess —0.2

2 From Lambe, TW., Proc. ASCE, ]. Soil Mech. Found. Eng. Div., 88, 19-47, 1962.
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stress in sensitive clays and loose fine sands that are subject to liquefaction. In soft or loose
soils, higher shear strain magnitudes result in higher values for parameter A.

Applications

Pore-pressure parameter A is used to estimate the magnitude of initial excess pore pres-
sure produced at a given point in the subsoil by a change in the total stress system. With
piezometers used to measure in situ pore pressures, the validity of the estimates can be
verified and the loading rate during surcharging or embankment construction can be con-
trolled to avoid failure caused by exceeding the undrained shear strength.

Undrained Shear Strength s,

Concepts

During undrained loading in soft to firm saturated clays, the applied stress is carried
partly by the soil skeleton and partly by the pore water. Increasing the confining pressure
does not increase the diameter of Mohr’s circle, since the pore pressure increases as much
as the confining pressure. The undrained strength, therefore, is independent of an increase
in normal stress (¢ = 0), and as shown in Figure 2.29, is given by the expression

s, = Y204 (2.32)

where o, = (0,—0;) is the applied or deviator stress. In the figure, U_ represents the uncon-
fined compressive strength where o; = 0. As shown, s, = 1/2U..

For NC clays, s, falls within a limited fraction of the effective overburden pressure
(o, or p'), usually in the range s,/p’ = 0.16 to 0.4 (based on field vane and K
triaxial tests). Therefore, if s, > 0.5p" the clay may be considered as overconsolidated (see
Section 2.5.2).

Factors Affecting s, Values

Time rate of loading: For soft clays, s, measured by vane shear tests, has been found to be
greater than the field strength mobilized under an embankment loading, and the differ-
ence increases with the plasticity of the clay (Casagrande, 1959; Bjerrum, 1969, 1972). The
difference is attributed to the variation in loading time rates; laboratory tests are per-
formed at much higher strain rates than those that occur during the placement of an
embankment in the field, which may take several months. A correction factor, therefore, is
often applied to test values for s, (see Section 2.4.4).

s o

| | o5 o1 FIGURE 2.29
| Ue e Undrained tests on saturated soil with cohesion.
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Direction of loading: Soil anisotropy may cause shear strength measured in a horizontal
direction to be significantly higher than when measured in a vertical direction (see In Situ
Vane Shear Test, in Section 2.4.4).

Residual or Ultimate Shear Strength s, or ¢,

Concepts

The lowest strength that a cohesive material can attain in the confined state is termed the
ultimate strength. In many cohesive materials, if strain continues past the peak strength
under continued stress, the strength will decrease until some minimum value is reached.
Thereafter, strength remains constant with increasing strain as shown in Figure 2.30.

Residual strength is a strength lower than peak strength remaining after failure has
occurred. It has become generally accepted that the residual strength is the lowest strength
that can be obtained during shear. In a normally consolidated clay the remolded undrained
shear strength is considered to be equal to the ultimate or residual strength s..

The envelope for the ultimate drained strength passes through the origin as a straight line
on the Mohr diagram and has no cohesion intercept (even in cohesive materials) as shown in
Figure 2.31 (Lambe and Whitman, 1969). The drained ultimate shear strength is expressed as

s= o, tan ¢, (2.33)

Other Factors

Natural slopes: The residual strength, rather than the peak strength, often applies. An
approximate relationship between ¢, and plasticity index for rock gouge materials is given
in Figure 2.32.

fh Peak strength—

/ overconsolidated clay
Peak strength—normally
consolidated clay

— Ultimate strength

» FIGURE 2.30
Displacement Peak and ultimate strength vs. displacement.
TA
N
~ Gﬂ\a
Rt
qg FIGURE 2.31
) Mohr’s envelope for ultimate drained

P G strength in clay.
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Sensitivity S, The ratio of the natural peak strength to the ultimate undrained strength
when a sample is completely remolded at unaltered water content is referred to as the soil
sensitivity, expressed as

S, =s,/s, (2.34)

A clay classification based on S, is given in Table 2.18. Soils termed as “quick” have high
sensitivities and are extremely sensitive to vibrations and other forms of disturbance. They
can quickly lose their strength, change to a fluid, and flow, even on very flat slopes.
Thixotropy refers to the regain in strength occurring in remolded soils because of a “reha-
bilitation of the molecular structure of the adsorbed layers” (Lambe and Whitman, 1969).

Dynamic Shear

Concepts

Under dynamic or cyclic loading a soil specimen subject to shear initially undergoes defor-
mations that are partially irreversible, irrespective of the strain amplitude; hence,
stress—strain curves in loading and unloading do not coincide. If strain amplitude is small,
the difference between successive reloading curves tends to disappear after a few loading

TABLE 2.18
Clay Classification by Sensitivity S2

Sensitivity s /s’ Classification

2 Insensitive

24 Moderately sensitive
4-8 Sensitive

8-16 Very sensitive

16-32 Slightly quick

32-64 Medium quick

64 Quick

@ From Skempton, A.W., Proceedings of the 3rd International Conference on Soil Mechanics and Foundation
Engineering, Switzerland, Vol. I, 1953, pp. 57-61.
b s, = peak undrained strength, s, = remolded strength.
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cycles of a similar amplitude and the stress—strain curve becomes a closed loop that can be
defined by two parameters as shown in Figure 2.33:

e Shear modulus (Section 2.5.2) is defined by the average slope and has been found
to decrease markedly with increasing strain amplitude.

e Internal damping refers to energy dissipation and is defined by the enclosed areas
as shown in the figure (damping ratio ).

In clay soils, if strain amplitude is large there is a significant reduction in the undrained
strength.

In cohesionless soils, pore pressure increases almost linearly with the number of cycles
until failure occurs. The simple shear device used for dynamic testing in the laboratory is
shown on Figure 2.34. Liquefaction occurs when pore pressures totally relieve effective
stresses.

Field Occurrence

Wave forces against offshore structures cause low-frequency cyclic loads. Seismic waves
from earthquakes cause low- to high-frequency cyclic loads.

At-Rest, Passive, and Active Stress States
At-Rest Conditions (K,)

The coefficient of lateral at-rest earth pressure has been defined as the ratio of lateral to
vertical stress, K, = ¢,/ 0, (Equation 2.15).

For sands and NC clays, K, is normally in the range of 0.4 to 0.5 and is a function of ¢ in
accordance with

K, =10 —sin ¢ (2.35)
3
Definitions: For G,
G
G 1
Shear modulus, G = TZ
! Gy _(1)
Damping ratio, D = A N
ping rafio, B = 2oa; ;

DI[]] AL = Loop area
AT = Triangle area

(1) = Locus of hysteresis
loops tips

Shear stress ©

(;2_.| Shear strain ¢ FIGURE 2.33
Hysteretic stress-strain relationship from

cyclic shear test at different strain
amplitudes. (After USAEC, National
Technical Information Service
Publication TID-25953, U. S. Department
of Commerce, Oak Ridge National
Laboratory, Oak Ridge, TN, 1972.)
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de = horizontal cyclic displacement amplitude

Fe = horizontal cyclic shear force

H = height of specimen

A = area of specimen

Yo = do / H = horizontal cyclic shear strain amplitude
Ty = F / A = horizontal cyclic shear stress amplitude

FIGURE 2.34
NGI-type simple shear device at the UCLA Soil Dynamics Laboratory. (From Vucetic, 2004.)

In clay soils, K, has been found to be directly related to the amount of prestress or pre-
consolidation in the formation, ranging from 0.5 to almost 3. The degree of prestress is
given in terms of the overconsolidation ratio (OCR), i.e., the ratio of the maximum past
pressure to the existing overburden pressure (see Section 2.5.4).

Passive State of Stress (K,)

The passive state exists when a force pushes against a soil mass and the mass exerts its
maximum resistance to the force. The principal stresses for the passive state are shown in
Figure 2.35a; as the soil element is pushed, the vertical stress remains unchanged but the
horizontal stress increases (g, > 0,). As movement continues the shear stress increases
from the at-rest condition (1) until o, = 0, (2), then continues to increase as slip lines (rup-
ture planes) form and finally failure occurs at (4). At this point of plastic equilibrium, the
passive state has been reached.

The relationship between ¢ and the principal stresses at failure, as shown on the Mohr
diagram of Figure 2.35a, may be expressed for a cohesionless granular soil with a hori-
zontal ground surface as

0,/03 = 0,,0, = (1 + sin ¢)/(1 — sin ¢) (2.36)
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FIGURE 2.35
Mohr diagrams for the (a) passive and (b) active states of stress.

or
o,,0, = tan® (45° + ¢/2) = K, (2.37)
where K, is the coefficient of passive stress.

Active State of Stress

The active state exists when a soil mass is allowed to stretch, for example, when a retain-
ing wall tilts and o, > ¢,,. In Figure 2.35b, as the mass stretches, o, remains unchanged and
0, decreases (2) until the induced shear stress is sufficient to cause failure (3). At this point
of plastic equilibrium, the active state has been reached.

The coefficient of active stress K,, (the ratio ¢,,/0,) represents a minimum force,
expressed for a cohesionless soil with a horizontal ground surface as

K, = tan® (45° — ¢/2) (2.38)
and

K, = 1/K, (2.39)

Applications

The at-rest coefficient K, has a number of practical applications. It is used to compute lateral
thrusts against earth-retaining structures, where lateral movement is anticipated to be too
small to mobilize K,. It is fundamental to the reconsolidation of triaxial test specimens
according to an anisotropic stress path resembling that which occurred in situ (CK_U tests).
It is basic to the computation of settlements in certain situations (Lambe, 1964). It has been
used for the analysis of progressive failure in clay slopes (Lo and Lee, 1973), the prediction
of pore-water pressure in earth dams (Pells, 1973), and the computation of lateral swelling
pressures against friction piles in expansive soils (Kassif and Baker, 1969).
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Coefficients of lateral earth pressure is the term often used to refer to K, and K,. When rup-
ture occurs along some failure surface, earth pressures are mobilized. The magnitudes of
the pressures are a function of the weight of the mass in the failure zone and the strength
acting along the failure surface. These pressures (P, or P,) are often expressed in terms of
the product of the weight of the mass times the active or passive coefficients, as follows:

P, = K,yz (2.40)
P,=K,yz (2.41)

Examples of the occurrence of P, and P, in practice are given in Figure 2.36.

2.4.3 Rock Strength Measurements
General

Intact Rock

The confined strength of fresh, intact rock is seldom of concern in practice because of the
relatively low stress levels imposed.

Brittle shear failure occurs under very high applied loads and moderate to high confin-
ing pressures, except for the softer rocks such as halite, foliated and schistose rocks, and
lightly cemented sandstones. In softer rocks, rupture occurs in a manner similar to that in
soils, and the parameters described in Section 2.4.2 hold.

Under very high confining pressures (approximately 45,000 psi or 3000 bar), some com-
petent rocks behave ductilely and failure may be attributed to plastic shear (Murphy,

. | ) Active wedge
Compression | \
| W
| ' Lo
Passive zone | P,
.~/ \-Failure
Ve surface
/
/
V4

(@)
lQ
7 777 V /4..--— """""""
. Fpm e W, / Active
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|| Pa Prandtl zone zone
\
\ W.
W—" 2
\
P&
Py }
/
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FIGURE 2.36
Examples of the occurrence of active and passive pressures encountered in practice: (a) slope; (b) retaining
wall; (c) anchored bulkhead; (d) anchor block; (e) foundation.
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1970). Intact specimens are tested in uniaxial compression or tension to provide data for
classification and correlations. Other tests include those for flexural strength and triaxial
compressive strength. Applied forces for the various tests are shown in Figure 2.37.

Rock Masses

Rock-mass strength is normally controlled either by the joints and other discontinuities or
by the degree of decomposition, and the strength parameters described in Section 2.4.2
here. Strength is measured in situ by direct shear equipment or special triaxial shear equip-
ment.

Uniaxial Compressive Strength U, (ASTM D2938)

Procedure

An axial compressive force is applied to an unconfined specimen (Figure 2.38) until fail-
ure occurs.

Data Obtained

A stress—strain curve and the unconfined or uniaxial compressive strength (in tsf, kg/cm?,
kPa) result from the test. Stress—strain curves for various rock types are given in Table 2.24.

Data Applications
Primarily used for correlations as follows:

* Material “consistency” vs. U, — Figure 2.39.

e Schmidt hardness vs. U. — Figure 2.40. The Schmidt hardness instrument
(Figure 3.1a) is useful for field measurements of outcrops to correlate variations
in U.. Corrections are available for inclinations from the vertical.

e Hardness classification.

(@) (b) (©) (d)

O,
Oy Od d

Od

i 7 rd

(e) ® ) (h)

FIGURE 2.37

Common laboratory tests to measure strength of rock cores: (a) uniaxial compression; (b) triaxial compression;
(c) direct shear for soft specimens; (d) direct shear for joints; (e) point load; (f) direct tension; (g) splitting
tension (Brazilian); and (h) four-point flexural.
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Uniaxial compression test.
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FIGURE 2.39

Relationship between “consistency” and U, (100 psi = 6.8 kg/cm? = 689.5 kN/m?). (After Jennings, J. E.,
Proceedings of ASCE, 13th Symposium on Rock Mechanics, University of Illinois, Urbana, 1972, pp. 269-302.)
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Correlation chart for Schmidt L. hammer, relating rock density, uniaxial compressive strength, and rebound
number R (Schmidt hardness). Hammer vertical downward; dispersion limits defined for 75% confidence.
(Note: 100 MPa = 14.5 X 10° psi = 1021 tsf; 1 kN/m? = 6.3 pcf.) (From ISRM, Rock Characterization

and Monitoring, E. T. Brown, Ed., Pergomon Press, Oxford, 1981. With permission. After Deere, D. U. and
Miller, R. P., Technical Report AFWL-TR-65-116, AF Special Weapons Center, Kirtland Air Force Base, New
Mexico, 1966.)

Uniaxial Tensile Strength

Cable-Pull Test

Caps are attached to the ends of a cylindrical specimen with resins. The specimen is then
pulled apart by cables exerting tension axially (Figure 2.37f). The method yields the low-
est values for tensile strength, which generally ranges from 5 to 10% of the uniaxial com-
pression strength.

Point-Load Test (Broch and Franklin, 1972) (ASTM D5731-95)

Compressive loads P are applied through hardened conical points to diametrically oppo-
site sides of a core specimen of length of at least 1.4D until failure occurs. The equipment
is light and portable (Figure 2.41) and is used in the field and the laboratory.

Point-load index is the strength factor obtained from the test, and is given by the empiri-
cal expression (Hoek and Bray, 1977)

I,=P/D? (2.42)

where D is the diameter.
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FIGURE 2.41
Point load strength test apparatus.

Values for I, are used to estimate U_ through various correlations as shown in Figure
2.42, and, for a core diameter of 50 mm,

U, =241 (2.43)

Flexural Strength or Modulus of Rupture

Procedure
A rock beam is supported at both ends and loaded at midpoint until failure (Figure 2.37h).

Data Obtained

The flexural strength is proportional to the tensile strength but is about three times as great
(Leet, 1960).

Uniaxial compressive strength U, psi x 108
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FIGURE 2.42

Relationship between point load strength index I, and uniaxial compressive strength U, . (After Bieniawski, Z.
T., Proceedings 3rd International Congress for Rock Mechanics, International Society for Rock Mechanics, Vol. IIA,
Denver, 1974, pp. 27-32. Reprinted with permission of National Academy Press.)
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Triaxial Shear Strength

Apparatus and Procedures

General description is given in Section 2.4.4 and, as applicable to rock testing, in Section
2.5.3 and in Table 2.28.

Strength Values

Studies have been made relating analysis of petrographic thin sections of sandstone to esti-
mates of the triaxial compressive strength (Fahy and Guccione, 1979). Relationships have
been developed for approximating peak strengths for rock masses (Hoek and Brown, 1980).

Direct Shear Strength

Purpose

The purpose is to obtain measurements of the parameters ¢ and c in situ. It is particularly
useful to measure strength along joints or other weakness planes in rock masses.

In Situ Test Procedure

A diamond saw is used to trim a rock block from the mass with dimensions 0.7 to 1.0 m?
and 0.3 m in height, and a steel box is placed over the block and filled with grout
(Haverland and Slebir, 1972). Vertical load is imposed by a hydraulic jack, while a shear
force is imposed by another jack (Figure 2.43) until failure. All jack forces and block move-
ments are measured and recorded. Deere (1976) suggests at least five tests for each geo-
logic feature to be tested, each test being run at a different level of normal stress to allow
the construction of Mohr’s envelope.

Laboratory Direct Shear Tests (See Section 2.4.4)

If the specimen is decomposed to the extent that it may be trimmed into the direct shear
ring (Figures 2.37c and 2.51) the test is performed similar to a soil test (Section 2.4.4). If pos-
sible, the shearing plane should coincide with the weakness planes of the specimen. Tests
to measure the characteristics of joints in fresh to moderately weathered rock are performed
by encapsulating the specimen in some strong material within the shear box as shown in
Figure 2.37d (ISRM, 1981). The specimen is permitted to consolidate under a normal force
and then sheared to obtain measures of peak and residual strength as described in Section
2.4.4. The normal stress is increased, consolidation permitted, and the specimen sheared
again. The process is repeated until five values of shear stress vs. normal stress is obtained,
from which a graph for peak and residual strength is constructed as shown in Figure 2.44.

Reaction
/ Load jack

Steel pad

Steel frame

o i
1-07m l FIGPRE 2.43
In situ direct shear test.
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Shear strength-normalized stress
graph for direct shear test on
rock specimen.
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Shear strength parameters ¢,, ¢,, ¢,, ¢’ and c are abstracted from the graph, which often
is a composite of several tests, as shown in Figure 2.44 where

e ¢, = residual friction angle.

e ¢, = apparent friction angle below stress o,; point A is a break in the peak shear
strength curve resulting from the shearing off of the major irregularities (asperi-
ties) on the shear surface. Between points O and A, ¢, will vary slightly and is
measured at the stress level of interest (¢, = ¢, + j where ¢, is the friction angle
obtained for smooth surface of rock and angle j is the inclination of surface
asperities) (Figure 2.45).

e ¢, = the apparent friction angle above stress level o, ; it is usually equal to or
slightly greater than ¢, and varies slightly with the stress level. It is measured at
the level of interest.

e ¢’ = cohesion intercept of peak shear strength which may be zero.

¢ = apparent cohesion at a stress level corresponding to ¢,.

Borehole Shear Test (BST) (ASTM D4917-02)

Purpose

The borehole shear test measures peak and residual values of ¢ and c in situ. Initially
developed at lowa State University by R.L. Handy and N.S. Fox for the U.S. Bureau of

YShear displacement & sjeigglc?i:g;r

o projections
g s
|

G

Average j angles
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c

Normal displacement &,
8, =0gtanj
T =0y tan (¢ +j)(3.59)

(a) (b)

FIGURE 2.45

The joint roughness angle j: (a) experiments on shearing regular projection and (b) measurements of j angles
for first- and second-order projections on rough rock surface. (From Patton, F. D., Proceedings of the 1st
International Congress of Rock Mechanics, Lisbon, Vol. 1, 1966, pp. 509-513. With permission.)
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Mines, it was designed for near-surface or in-mine testing of coal and other fractured rocks
that are difficult to core. It has been used in all soft to medium-hard rocks.

Procedure

The apparatus is shown in Figure 2.46. A shear head, consisting of opposing plates with
two carbide teeth, is lowered into a 3 in. (75 mm) borehole. Normal stress is applied
by pushing the shear plates into the sides of the hole using a hand-operated pump.
The pressure is then valved off so it remains constant, while the same pump is used to
pull the expanded shear head a short distance upward along the hole by means of a hol-
low-ram jack. Both the expansion pressure and the pulling resistance are recorded, and
the test is repeated with different preselected normal stresses. Up to four tests can be con-
ducted at the same depth by rotating the shear head 45° between tests. A plot of each test
is made to obtain a Mohr’s envelope of shear stress vs. normal stress providing meas-
urements of the angle of internal friction (¢) and cohesion (c) (Handy et al., 1976).
Comparison with data from in situ direct shear tests indicate that cohesion values from
the BST are lower although the friction angles are close (R. L. Handy, personal commu-
nication, 2004).

Applications

The apparatus is used in both rock (RBST) and soil (BST) in vertical, inclined, or horizon-
tal boreholes. The entire apparatus, including the shear head and pulling device, is easily
portable. A very significant advantage over other methods to measure shear strength is
that many tests can be run in a short interval of time, as many as ten per day, and yield
results on-site that can indicate if more tests are needed.

Threaded rod =-—

-

Half nut clamp - _ ,-Hollow jack
—-Dial gage
~_Shear hose E :
[
Retract hose ; - Tripod
: Normal hose _-Jack base

plate

Rod coupling -
Hose connector
RW drillrod ~ . _

NX hole

RW adapter

Shear plates -
FIGURE 2.46

i BST body Schematic of borehole shear strength tester (BST) in
the borehole. (From USBM, Bureau of Mines, U.S.
Department of Interior, New Technology No. 122,
1981. With permission.)
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2.4.4 Soil Strength Measurements
General

Selection of Test Method

A number of factors required for the selection of the method for testing soils, including the
following:

¢ Loading conditions: static or dynamic.

e Loading duration in the field: long-term (drained conditions) or short-term
(undrained conditions).

e Parameter desired: peak or ultimate (residual) strength.

* Material suitability for undisturbed sampling and the necessity or desirability
for in situ testing.

¢ Orientation of the field failure surface with that in the test; some cases are
shown in Figure 2.47 and Figure 2.48. Stability analysis is often improperly
based on compression tests only, whereas direct shear and extension tests are
often required. Their strength values may differ significantly from the com-
pressive parameters.

Testing Methods Summarized

¢ Soil laboratory static strength tests — Table 2.19.
e In situ static strength tests — Table 2.20.
e Laboratory dynamic strength tests — Table 2.33.

. Triaxial tension type
! Ko 7sZ active
o b
RAS Active pressure = Pp e d
=KaysZ T a Triaxial compression
passive
Passive Active

——= £

(@) (©

Triaxial compression
Triaxial tension  d
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Direct shear

1
O3 04| O3 04
Active Passive
point - a point-d
Passive ON Active
(b) (d)
isti Wolb + RS- L
Factor of safety = z rleS|st|r19 forces and masses _Wele
X active driving forces and masses Wil

FIGURE 2.47

Probable natural stress and strain restraint conditions: (a) Retaining wall influence of lateral yielding on
stresses. (b) Mass slide of excavated slope. Influence of lateral yielding. (c) Stress—strain relations
corresponding to lateral yield conditions in (b). (d) Angle of friction relations corresponding to lateral yield
conditions in (b). (From Burmister, D. M., ASTM Special Technical Publication No. 131, 1953. Reprinted with
permission of the American Society for Testing and Materials.)
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Summary of Soil Laboratory Static Strength Tests
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FIGURE 2.48

Relevance of laboratory tests to shear strength
along potential slip surface beneath offshore
gravity structure. (From Kierstad and Lunne,
International Conference on Behavior of Offshore
Structure, London, 1979. With permission.)

Test (F = also field test) Parameter Reference Comments
Measured
Triaxial compression
CD o,c_ Figure 2.28 Most reliable method for effective stresses
CuU ¢,c,0,c Figure 2.49 Strength values higher than reality because
Sy Figure 2.50 disturbance causes lower w% upon reconsol-
Table 2.21 dation (see footnote ¢ in Table 2.21)
uu Sy Figure 2.29 Most representative laboratory value for
undrained shear strength in compression
Triaxial extension 0,¢ s, Table 2.21 Normally consolidated clays yield values
approximately one-third those of
compression tests because of soil
anisotropy (Bjerrum et al., 1972)
Plain strain compression 0] Table 2.21 Values are a few degrees higher than those
or extension of normal triaxial test except for loose sands;
more closely approach reality for retaining
structure (Lambe and Whitman, 1969)
Direct shear box 0,5 ¢ Figure 2.51 Values most applicable where test failure
surface has same orientation with field
failure surface. Values generally lower than
triaxial compression values for a given soil,
but higher than triaxial extension. Most
suitable test for determination of residual
strength¢ ,, from UD samples
Simple shear 5, 0,C Figure 2.34 Horizontal plane becomes plane of
maximum shear strain at failure
Unconfined compression S, =1/2U, Table 2.22 Strength values generally lower than reality
Vane shear (F) Su Sy Table 2.22 Applies shear stress on vertical planes
Torvane (F) Sy S Table 2.22 Shear occurs in a plane perpendicular to
the axis of rotation
Pocket penetrometer (F) S,=1/2U, Table 2.22 Yields approximate values in clays.
Used primarily for soil classification by
consistency
California bearing ratio (F) ~ CBR value Figure 2.64 Used for pavement design. Empirical

strength correlates roughly with U,
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TABLE 2.20
Summary of Soil In Situ Static Strength Tests

Test Parameters Reference Comments
Measured
Vane shear Sy S, (direct test) Figure 2.56 Measures undrained strength by shearing two

circular horizontal surfaces and a cylindrical verti-
cal surface: therefore, affected by soil anisotropy
SPT 0, s, (indirect test) ~Section 2.4.5 D, is estimated from N and correlated with
soil gradation to obtain estimates of ¢
(Figure 2.93, Table 2.36)
Consistency is determined from N and
correlated with plasticity to obtain estimates
of U, (Figure 2.94, Table 2.37)
CPT 5, s, (indirect test) ~Section 2.4.5 Various theoretical and empirical relationships
have been developed relating g, to ¢,
(Figure 2.61) s, is expressed as in
Equation (2.50) where N, is the cone-bearing
capacity factor (deep foundation depth
correction factor) Pore-water pressure u is
measured by some cones (piezocones)

Pressuremeters s, (indirect test) Section 2.5.4 Affected by material anisotropy, s, is expressed
as in Equation (2.77)
California bearing  CBR value Section 2.4.5 Field values generally less than lab values
ratio because of rigid confinement in the lab mold

Triaxial Shear Test

Purpose

Total or effective stress parameters, either in compression or extension, are measured in the tri-
axial shear apparatus. The test method is generally unsuited for measuring ultimate strength
because displacement is limited and testing parallel to critical surfaces is not convenient.

Apparatus includes a compression chamber to contain the specimen (Figure 2.49) and a
system to apply load under controlled stress or strain rates, and to measure load, deflec-
tion, and pore pressures (Figure 2.50).

Specimens are usually 2.78 in. in diameter as extruded from a Shelly tube, or 1.4 in. in
diameter as trimmed from an undisturbed sample. Specimen height should be between 2
and 2.6 times the diameter.

General Procedures

Rate of loading or strain is set to approximate field-loading conditions and the test is run
to failure (Bishop and Henkel, 1962).

Confining pressures: Tests are usually made on three different specimens with the same
index properties to permit defining a Mohr diagram. Test method variations are numer-
ous. Specimens can be preconsolidated or tested at their stress conditions as extruded.
Tests can be performed as drained or undrained, or in compression or extension. The var-
ious methods, parameters measured, and procedures are summarized in Table 2.21. CU
tests are covered in ASTM D4767-02.

Direct Shear Test (ASTM D5607-02 for rock, ASTM D3080-03 for soils)

Purpose
The purpose normally is to measure the drained strength parameters ¢', ¢’, and ¢,’.
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TABLE 2.21
Triaxial Test Methods?

Test To Measure Procedure

Consolidated-drained (CD) or (S) Effective stress parameters ¢, ¢ Specimen permitted to drain and
compression test consolidate under confining
pressure until u = 0.
Deviator stress applied slowly
to failure while specimen
drains during deformation®
Consolidated-undrained (CU) or Total stress parameters ¢, ¢ Specimen permitted to drain and
(R) compression test (Figure 2.28) consolidate under confining
pressure until u = 0.
Deviator stress applied slowly
to failure, but specimen
drainage not permitted
Effective stress parameters ¢, ¢ Pore pressures are measured
during test (see Pore-Pressure
Parameters)
CK, U test Su See Notes ¢ and ¢ below
Unconsolidated-undrained (UU) Undrained strength s, Confining pressure applied but
or (Q) compression test (Figure 2.29) no drainage or consolidation
permitted to reduce test time.
Deviator stress applied slowly
to failure with no drainage
permitted
Extension tests as CD, CU, UU Lateral shear strength Maintain confining pressure
constant and reduce axial stress,
or maintain axial stress constant
and increase confining
pressure until failure
Plane strain compression or Parameter ¢ in cohesionless Modified triaxial apparatus in
extension test granular soils which specimen can strain only
in axial direction and one lateral
direction while its
dimension remains fixed in the
other lateral direction

2 See Table 2.19 for comments on test results and test comparisons.

Backpressure is applied to the pore water to simulate in situ pore-water pressures, or to saturate partially sat-
urated specimens.

¢ CK,U test: specimen anisotropically consolidated with lateral pressure at Kjp, and vertical pressure at p,,.
SHANSEP procedure (Ladd and Foott, 1974) attempts to minimize the effects of sample disturbance and
assumes normalized behavior of clay. Specimens are consolidated to p, stresses higher than p,, rebounded to
selected values of OCR, and then tested in undrained shear to establish the relationship between s /p, vs.
OCR for different modes of failure. Normalized behavior requires this relationship to be independent of p..
The s, profile is then calculated front the values of p, and OCR vs. depth (Baligh et al., 1980).

Apparatus
The test apparatus is illustrated in Figure 2.51.

Procedure

The specimen is trimmed to fit into the shear box between two plates, which can be per-
vious or impervious, depending upon the drainage conditions desired, and a normal load
applied which remains constant throughout the test. The test is normally run as a consol-
idated drained (CD) test (sample permitted to consolidate under the normal load), but it
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Porous stone

Lower box fixed
to base

FIGURE 2.51
LoadW i
-, Laboratory direct shear box.

has been performed as a consolidated undrained (CU) test when load application rates are
high, although some drainage always occurs during shear. The shear force is applied
either by adding deadweights (stress-controlled) or by operating a motor acting through
gears (controlled strain) and gradually increasing the load until failure occurs.

Mohr’s Envelope

Plotting the results for a sequence of tests under different normal stresses as points (7, 0)
results in a Mohr’s envelope. Because of the form of the test, only the normal and shear
stresses on a single plane are known. If it is assumed that the horizontal plane through the
shear box is identical with the theoretical failure plane (usually an inexact assumption), it
can be assumed that the stresses at failure are in the ratio of 7/ o = tan ¢ to provide a point
on the envelope.

Residual or Ultimate Shear Strength

The direct shear test is often used for measuring the residual strength. The test is per-
formed by a back-and-forth sequential movement of the shear box after the failure of an
undisturbed specimen has occurred, or by testing a remolded specimen.

An alternate method, the rotational shear test, is considered to provide the lowest possi-
ble values for the residual strength. The specimen is ground down to produce all particles
smaller than 0.74 mm (#200 sieve) and placed between two circular plates which are
rotated and the shearing resistance measured.

The relationship between peak and ultimate strength for normally consolidated and
overconsolidated clays is given in Figure 2.30, and Mohr’s envelope for the ultimate
drained strength ¢, in overconsolidated clay, is given in Figure 2.31.

Simple Shear Test (ASTM D6528-00 for CU direct simple shear)

Purpose
The purpose is to measure drained or undrained strength parameters.

Apparatus

The soil specimen is contained either in a cylindrical rubber membrane reinforced by wire,
which permits shear deformation to be distributed fairly uniformly throughout the specimen
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(NGI apparatus-Kjellman, 1951), or in a box which provides a rigid confinement as lateral
stress is applied (Roscoe, 1953). A vertical stress is applied to cause consolidation and a lat-
eral stress is applied to induce shear failure (Figure 2.34).

Procedure

The specimen is consolidated anisotropically under a vertical stress and then sheared by
the application of lateral stress. In the undrained test, zero volume change during shear
can be maintained by adjusting the vertical stress continuously during the test (Bjerrum
and Landva, 1966).

Principal Axis Orientation

Initially, the principal axes are in the vertical and horizontal directions. At failure, the hor-
izontal plane becomes the plane of maximum shear strain (the lower point on the failure
circle in Figure 2.47b).

Undrained Shear Tests: Laboratory

Laboratory tests used to measure the undrained shear strength, and in some cases the
residual or remolded shear strength, are described in Table 2.22. Included are unconfined
compression (Figure 2.52), miniature vane (Figure 2.53) (ASTM D4648-00), torvane

TABLE 2.22
Laboratory Tests for Undrained Shear Strength

Test Parameters Procedure Comments
Triaxial compression s, See Table 2.21 UU or CK,U test
Unconfined u. = 2s, Unconfined specimen Test yields stress—strain curve and U_.
compression (Figure 3.29) (05 = 0) strained to Slight drainage may occur during
(Figure 2.52) failure by axially shear. Values usually conservative
applied load because of nonrecovered decrease

in effective stress occurring from
disturbance during extraction

Vane shear Sy Sy Small two-bladed vane Test limited to clay soils of very
(miniature vane) is pushed about 2 in. soft to firm consistency
(Figure 2.53) into a UD-tube specimen (Table 2.37)

and then rotated, while
the torque indicated on
a gage is recorded to
measure peak and
ultimate strength

Torvane® (Figure 2.54) s, s, One-inch-diameter disk Test limited to clay soils of very
containing eight small soft to firm consistency. Tested
vanes is pushed about zone may be disturbed by sample
Y4 in. penetration in UD trimming and cutting

sample and rotated while
torque is recorded

Pocket penetrometer® U, = 2s,, Calibrated spring-loaded Penetration is limited to soils with
(Figure 2.55) rod (% in. diameter) is U.<<4.5 tsf. Data are representative
pushed into soil to a for soils with PI>12. Below this
penetration of 6 mm and value the ¢ of granular particles
the gage read for U, increases strength to above the

measured value of s,
Simple shear s See Section 2.4.4

u

2 These tests are considered generally as classification tests to provide an index of soil consistency (Table 2.37).
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FIGURE 2.52
Unconfined compression apparatus.

(Figure 2.54), pocket penetrometer (Figure 2.55), and the simple shear device. The uncon-
fined compression test (ASTM D2166-00) is described in Section 2.4.3. It provides very
conservative values used primarily for correlations.

In Situ Vane Shear Test (ASTM D2573-01)

Purpose

The purpose is to measure s, and s, in situ in normally consolidated to slightly overcon-
solidated clays in the field.

Apparatus
The field test apparatus is illustrated in Figure 2.56.

Procedure

A standard 4-in.-diameter boring is made and cased to the desired test depth. A 3-in.-wide
steel vane on a 1-in.-diameter rod is lowered to the test depth (other vane sizes are avail-
able for smaller casing). Spacers at 30 ft intervals center the rod in the casing. The vane is
pushed to a depth 2 1/2 ft below the casing and torsion applied at a constant rate through
a friction-free mechanism, while the torque is measured on a proving ring. Failure is evi-
denced by a sudden loss of torsion; the test is stopped for a short interval and then rerun
to measure s,. Charts give values for s, and s, for the measured torque and vane size used.
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FIGURE 2.53
Minijature vane-shear apparatus.

FIGURE 2.54
Torvane applied to the end of a Shelby
tube specimen.

Comments

The test is generally considered to give the most reliable values for s, and s, but since the
test applies shear directionally, the values are affected by soil anisotropy. Failure actually
takes place by the shearing of two circular horizontal surfaces and a cylindrical vertical
surface. Vanes of different height-to-diameter ratios have been used by the Norwegian
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FIGURE 2.55
Pocket penetrometer applied to a Shelby
tube specimen.

Geotechnical Institute (Aas, 1965) to evaluate anisotropy approximately. Relating s, as
measured by the field vane to s, as measured in triaxial tests, Bjerrum et al. (1972) found
that:

e 5, (compression) = 1.5 5, (vane).
e s, (extension) = 0.5 s, (vane) in low- to medium-PI clays.
e s, (extension) = 1.0 s, (vane) in highly plastic clays.

Field vane loading time rate is very rapid compared with actual field loadings, and dur-
ing construction values are generally lower (Section 2.4.2). Rate correction factor u is pro-
posed as a function of plasticity (Figure 2.57) by Bjerrum et al. (1972) as found by the
analyses of a number of embankment failures constructed over soft clays.

Borehole Shear Test (BST)

The borehole shear test (See Section 2.4.3) in soils is similar to the rock test, except that it
is a staged test and the soil reconsolidates after it is sheared, moving the shear surface out-
ward into fresh soil. In addition, the shear plate teeth are continuous rather than two car-
bide teeth, and regulated pressure from refillable CO, cylinders is used to expand the
plates tightly to the hole sides (Wineland, 1975). For greater portability, a hand pump may
also be used. Drainage is rapid, and the test is designed to be a drained test that yields
effective stress shear strength parameters. BST applications for bridge foundation design
is described by Handy et al. (1985) and for slope stability by Handy (1986). Because the
strength is measured vertically along a borehole it is particularly useful in obtaining val-
ues applicable to shaft friction along a pile. Very hard soils are tested using a two-teeth
adaption of the rock tester shear plates.
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Pressuremeter Testing
See Section 2.5.4.

Dynamic Strength Tests
Cyclic Triaxial Test (ASTM D5311-96, ASTM D3999-96)

Purpose: The purpose is to measure strength parameters under low-frequency loadings
(intermediate to large strain amplitudes). Cyclic compression modulus E, of cohesive soil
(dynamic shear modulus G, is computed from Eg, Table 2.27) and the liquefaction resist-
ance of undisturbed and reconstituted specimens of cohesionless soils under low-fre-
quency loadings.
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Loading time-rate correction factor vs. plasticity index for undrained shear strength as measured by the field
vane. (From Bjerrum, L. et al., Proceedings of the 5th European Conference on Soil Mechanics and Foundation
Engineering, Madrid, Vol. II, 1972, pp. 169-196. With permission.)

Apparatus: The apparatus is similar to standard triaxial equipment except that the devi-
ator stress is applied cyclically. Sophisticated equipment allows variation in the frequency
of applied load as well as control of the waveform (sinusoidal or square, ramp or random).
In random loadings, actual earthquake histories are imposed.

Procedure: The specimen is placed in the chamber and subjected to all-around confining
pressure. Backpressure may be applied to the pore water to saturate partially saturated
specimens and to simulate in situ pore pressures. Constant-amplitude cyclic axial load is
applied while specimen drainage is prevented, and pore-water pressure, axial load, and
axial deformations are recorded. For many soils, after a number of stress cycles, the pore
pressure increases to a value approximately equal to the cell pressure at which point the
soil will begin to deform excessively.

Limitations: The test only approximately duplicates field stress conditions during earth-
quake loadings (USAEC, 1972).

Cyclic Simple Shear Test

Purpose: The purpose is to measure strength parameters under intermediate to large strain
amplitudes and to measure the dynamic shear modulus G, and the damping ratio of cohe-
sive and cohesionless soils.

Apparatus: The simple shear device, described previously, in which the lateral load is
applied cyclically. Loading frequency and waveform are controlled.

Procedure: The specimen is placed in the chamber and subjected to confining pressure.
Backpressure may be applied. A vertical stress is applied, and a cyclic shear force is
applied laterally while no drainage is permitted.

Comment: The test most nearly duplicates field conditions for soils subject to strong
earthquake motion (large strains), although test boundary conditions will cause values to
be somewhat lower than reality (USAEC, 1972).
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2.4.5 Soil Penetration Tests

Standard Penetration Test (SPT) (ASTM D1586)

Purpose

SPT values are correlated with the compactness of granular soils, from which ¢ values are
estimated and correlated with the consistency of cohesive soils.

Test Method

The split-barrel sampler (see Section 1.4.2), 2-in. O.D. and 1-in. I.D., is driven into the ground
by a 140-Ib hammer dropping in free fall from a height of 30 in. (energy = 4200 in. Ib). The
number of blows required to advance the sampler each 6 in. of penetration is recorded.
Standard penetration resistance, N is taken normally as the penetration of the second plus
the third 6 in. to provide “blows per foot of penetration.” The first 6 in. is disregarded
because of the possibility of cuttings in the hole or disturbance during washing. The pene-
tration resistance is composed of end resistance plus shaft friction. End resistance is the
larger component in granular soils, and shaft resistance is the larger component in clay soils.

Operational Factors Affecting N Values

Driving energy: Standard hammer weight and drop should always be used. The weight is
lifted by various methods: rope or cable on a drum, block and tackle, or by automatic ham-
mers. Common weights include a mass with a “stinger” rod that fits into the drill rod, or
a “doughnut”-shaped weight that slides over the drill rod. A quick-release grab is shown
in Figure 2.58. The weight is “grabbed,” raised 30 in., and automatically released. To
ensure that the fall is always completely free of any resistance requires care by the opera-
tor, especially with the rope-and-drum method.

In recent years, automatic drop hammers have been developed. They are activated by a
hydraulically powered chain lift device.

Sampler: The sampler is illustrated in Figure 1.61. Diameters larger than the standard
2 in. sampler require correction. The adjusted blow count B for the measured blow count
B’ can be determined by the equation (Burmester, 1962a).

B=B' (4200/WH) [(D2—D;?)/(2.0>—1.375%)|=B=B'(4200/ WH) [(D2—D2)/2.11]  (2.44)

where W is the hammer weight variation, H the drop height variation and D, and D; are
the sampler diameter variations.

The damaged or blunt cutting edge on a sampler will increase resistance. Liner-designed
tubes will produce lower N values when used without liners (Schmertmann, 1979).

Drill Rods and Casing: One study indicates that the difference in weight between N and
A rods has negligible effect on N values (Brown, 1977), although there are differences of
opinion in the literature regarding the effects. Drill rods that are loosely connected or bent,
or casing that is out of plumb, will affect penetration resistance because of energy absorp-
tion and friction along casing walls. The rod length, i.e., weight, also affects the N value.

Hole bottom conditions: (see Section 1.4.2 and Figure 1.60): Soil remaining in casing, even
as little as 2 in. of sand, will cause a substantial increase in N (plugged casing). The boil-
ing and rising of fine sands in casing when the tools are removed, which causes a decrease
in N, is common below the water table and is prevented by keeping the casing filled with
water unless conditions are artesian. Gravel particles remaining in the mud-cased hole
will increase N values by 30 to 50, and can result in a loose sand that should only be ten
blows. Overwashing or washing with a bottom-discharge bit with high pressure will
loosen the soils to be sampled.
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FIGURE 2.58
Quick-release drop hammer used in
Israel and Europe for SPT sampling.

Natural Factors Affecting N Values

Soil type and gradation: Gravel particles in particular have a very significant effect on N as
shown in Figure 2.59.

Compactness and consistency: Compactness of granular soils (D) and consistency of clay
soils affect N values.

Saturation: In gravels and coarse sands, saturation has no significant effect. In very fine
or silty sands, pore-pressure effects during driving are corrected approximately for test
values N” > 15 by the expression (Terzaghi and Peck, 1948; Sanglerat, 1972)

N =15+ 1/2(N' — 15) (2.45)

Depth correction factor (Cy): Effective overburden pressures cause a fictitious increase in N

values with increasing depth as shown by the studies of various investigators (Gibbs and

Holtz, 1957; Bazaraa, 1967; Marcuson and Bieganousky, 1977a, 1977b). Various investiga-

tors have proposed relationships to correct N for depth (Cy) (Peck et al., 1973; Seed, 1976,
1979; Liao and Whitman, 1986; Kayen et al., 1992):

N1 = CyN, Cy = (1/0,,)*® (Liao and Whitman, 1986) (2.46)

Cy=22/(12+ o,,/P,) (Kayen et al., 1992) (2.47)
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Relationship between sampler blows per 6 in, sampler diameter, gradation, and compactness. (From Burmister,
D. M., ASTM Special Technical Publication No. 322, 1962, pp. 67-97. With permission. Reprinted with
permission of the American Society for Testing and Materials.)

where Cy is a correction factor, o, the effective overburden pressure (%—7%,)z, (in tsf) and
P, =1 tsf (95 kN/m?). N value at a depth corresponding to o, is considered to be a stan-
dard.

Seed (1979) presented recommended curves for the determination of Cy based on aver-
ages for results obtained in various studies (Marcuson and Bieganousky, 1977a, 1977b) as
given in Figure 2.60. For practical applications, the curves resulting from equations 2.46
and 3.47 approximate the curves of Figure 2.60. Investigators have proposed that the max-
imum value for Cy should not exceed 1.7.
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5 Div., 105, 201255, 1979. With permission.)
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SPT N-Value Corrections

In recent years, it has become a practice to adjust the N value by a hammer-energy ratio or
hammer efficiency of 60%, and much attention has been given to N-values because of its
use in liquefaction studies. Additional corrections have been proposed (Skempton, 1986;
Robertson and Wride, 1998) for hammer type (donut and safety), borehole diameter, rod

lengths, and sampler. The largest correction factor appears to be for the donut hammer
(Cg = 0.5-1.0). Therefore

(N1 = N Cy Cg (2.48)

Applications of the N value

e Correlations with compactness and Dp — see Table 2.23. Marcuson and
Bieganousky (1977) give an expression for computing Dy which accounts for N,
o,, and C, the coefficient of uniformity. (equation. (2.3)) as follows:

Dy = 11.7 + 0.76{|222N + 1600 — 535, — 50C 2|}/ (2.49)

From Dy, and gradation curves estimates can be made for E (Young’s modulus) from Table
2.25, k from Figure 2.14 and ¢ from Table 2.36.

e Correlations with consistency and U, — Table 2.37 and Figure 2.94.
e Allowable soil-bearing value for foundations — correlations with N (see,
e.g., Terzaghi and Peck, 1967, p. 491)

Limitations

The value of N must always be considered as a rough approximation of soil compactness
or consistency in view of the various influencing factors. Even under controlled laboratory
testing conditions, a single value for N can represent a spread of +15% in Dy (Marcuson
and Bieganousky, 1977b).

Cone Penetrometer Test (CPT) (ASTM D5778)

Purpose

The correlations for strength properties are made between the cone tip resistance g, ¢ and
s,. Determinations of deformation property are discussed in Section 2.5.4. Test method and
soil classification are discussed in Section 1.3.4.

TABLE 2.23
Correlations for Cohesionless Soils between Compactness, Dy, and N

Compactness Relative Density D N (SPT)
Very loose <0.15 <4
Loose 0.15-0.35 4-10
Medium dense 0.35-0.65 10-30
Dense (compact) 0.65-0.85 30-50
Very dense 0.85-1.0 >50

2 From Gibbs, H]. and Holtz, W.G., Proceedings of the 4th International Conference on Soil Mechanics and
Foundation Engineering, London, Vol. I, 1957, pp. 35-39.
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Estimating ¢

Numerous studies have been published for assessing ¢ from the CPT in clean sands.
Robertson and Campanella (1983) reviewed calibration chamber test results to compare
cone resistance to measured peak secant friction angle from drained triaxial compression
tests. The triaxial tests were performed at the confining stress approximately equal to the
horizontal stresses in the calibration chamber before the CPT.

The recommended correlation for uncemented, unaged, moderately compressible, pre-
dominantly quartz sands proposed by Robertson and Campanella (1983) is shown in
Figure 2.61 (Robertson, 2000).

Estimating Undrained Shear Strength s,
As discussed in Section 2.4.2, the measured value of s, depends on a number of factors
including loading direction, soil anisotropy, strain rate and stress history. Since anisotropy
and strain rate influence the results of all in situ tests, their interpretation requires some
empirical measure.

Robertson (2000) gives

Sa = ("7t — 0,)/ Ny (2.50)
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where g, is the total cone resistance (Section 1.3.4), o, the total overburden pressure at
depth z and N, the depth correction factor varying from 10 to 20. Ny, tends to increase with
increasing plasticity and decrease with increasing soil sensitivity. For a more conservative
estimate, higher values of Ny, are selected; N, should be confirmed by other strength tests
for each new location.

Correlations between q. and SPT N value

Correlations provide approximate values because many factors affect the SPT N values
Robertson et al. (1983) proposed the correlations given in Figure 2.62 relating the ratio
q./ Ng with the mean grain size Dy, N, represents an average energy ratio of about 60%,
which reflects the average energy efficiency of the SPT test.

Flat-Plate Dilatometer Test (DMT)

Purpose

Correlations for strength properties are made to provide estimates of ¢ and s,.
Deformation property determinations are discussed in Section 2.5.2.

Test Method

A flat blade with a steel membrane on one face (Figure 2.63) is pushed into the ground
using a CPT or drill rig as a reaction. At test depth, the operator inflates the membrane and
applies gas pressure to expand the flat-lying membrane. In about 1 min, two pressure
readings are taken and electronically recorded: A, the pressure required just to begin to
move the membrane; and B, the pressure required to move the center of the membrane.
The blade is then advanced typically for a distance of 20 cm and the test repeated.

The pressure readings A and B are corrected by values determined by calibration to
account for membrane stiffness. Corrected values for A and B are given as p, and p,. These
values are used to define several dilatometer indices:

Ep = 34.7(p — p,) (dilatometer index) (2.51)

Ky = (py — uy)/(0) (horizontal stress index) (2.52)

qc (bars), (1 bar = 100kPa = 1.04 tsf), N(blows/ft)

Clay Clayey silts Sandy silt  Silty sand Sand
& silty clay & silt
10 — *

G RS § LR S A [
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FIGURE 2.62

CPT-SPT correlations with mean grain
size. Based on an SPT energy ratio of
0 PRSI e T TV 1 T | ikt lizaa 60% (After RObertson,P.K. and

0.001 0.01 0.1 1 Campanella, R. G., Can. Geotech. |., 20,
718-733, 1983. Permission of National
Research Council of Canada.)
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FIGURE 2.63

The flat dilatometer. (From Manchetti, S. et al., IN SITU 2001,
International Conference on In Situ Measurement of Soil Properties, Bali,
Indonesia, 2001. With permission.)

where o, is the overburden stress and u, the pore pressure, both preinsertion.
In=(py — p1)/ (py — Uy) (material index) (2.53)

Estimating ¢
The friction angle

0 wrepnr = 28° + 14.6° log Ky — 2.1°log?Ky, (2.54)

Estimating s, (c,)
The undrained shear strength

Copr = 0.22 & (0.5 Kp) 125 (2.55)

See Manchetti (1980), Totani et al. (2001), and Manchetti et al. (2001).

Pressuremeter
The pressuremeter is used to estimate the undrained shear strength (see Section 2.5.4).

California Bearing Ratio (CBR) Test

Purpose

A penetration test is performed to determine the California bearing ratio (CBR) value for
base, subbase, and subgrade materials upon which pavement design thicknesses are based.

Laboratory Test Procedure (ASTM D1883)

A series of specimens are compacted in 6-in.-diameter molds to bracket either the standard
or modified optimum moisture (see Section 2.2.3). A surcharge weight is placed on the soil
surface and the specimens immersed in a water tank for 4 days to permit saturation while
swelling is measured. A mold is placed in the testing apparatus (Figure 2.64) and a plunger
1.91 in. in diameter is forced to a penetration of 0.1 to 0.2 in. (penetrations to 0.5 in. are
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Laboratory CBR loading device (electric motor is
often used to drive jack at a rate of 0.05
in./min).

used) while the penetration resistance is recorded. The CBR is determined as the ratio of
the test resistance at 0.1 in. penetration to the standard resistance of crushed stone at the
same penetration (1000 psi or 70.3 tsf) (Asphalt Institute, 1969).

Field Test Procedure (ASTM D4429-93)

The plunger is jacked against the reaction of a truck weight. The test should not be per-
formed during the dry season because resistances will be higher than those to be relied
upon for pavement support. Field values are usually lower than laboratory values, prob-
ably because of the effect of confinement in the lab.

Soil Rating System

A soil rating system for subgrade, subbase, or base for use in the design of light traffic
pavements in terms of CBR values is given in Figure 2.65. Typical CBR values for com-
pacted materials are given in Table 2.39.

2.5 Deformation without Rupture

2.5.1 Introduction

Forms of Deformation

Ideal Materials

Elastic deformation: Stress is directly proportional to strain; the material recovers all defor-
mation upon the removal of stress (Figure 2.66a).
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Approximate correlation of soil ratings based on CBR values for use in design of light-traffic pavements. (From
Asphalt Institute, Thickness Design, The Asphalt Institute, Manual Series No. 1, College Park, MD, 1970. With
permission.)
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Plastic deformation: Permanent and continuous deformation occurs when the applied
stress reaches a characteristic stress level (Figure 2.66b). Geologic materials often combine
deformation modes under stress (Figure 2.66c).

Viscous deformation: The rate of deformation is roughly proportional to applied stress.

Geologic Materials

Compression: Varies from essentially ideal to less than ideal, i.e., elastic compression under
relatively low stress levels followed by plastic compression resulting from the closure of
soil voids or rock fractures. Some materials may deform only plastically, others may
exhibit plastic—elastic—plastic deformation at different stress levels.
Creep: A time-dependent deformation at constant stress level below failure level.
Expansion: An increase in volume from swelling, or elastic or plastic extension strain.

Geotechnical Parameters Used to Define Deformations

Deformation moduli are quantities expressing the measure of change in the form of the
dimensions of a body occurring in response to changing stress conditions. The quantities
include the elastic modulus (static and dynamic), moduli from the stress—strain curve,
compression modulus from pressure-meter testing, and the modulus of subgrade reaction.

Consolidation parameters define various aspects of the slow process of compression under
applied stress that occurs as water is extruded from the voids of clay soils.
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Influencing Factors

Magnitude and form of deformation in geologic materials are influenced by material
properties; in situ stress conditions; the level, direction, and rate of application of applied
stress; temperature of environment; and time interval under stress.

Deformation in Practice

Foundations undergo settlement or heave; bending occurs in mats, continuous footings,
and piles from differential deflection.

Flexible retaining structures undergo bending; deflections may result in significant back-
slope subsidence.

Tunnels, particularly in rock masses, result in arching, which affects loads on support
systems; in soils, deformations may result in ground surface subsidence.

Pavements undergo settlement or heave, and bending.

Elastic Body Characteristics
Elastic Media

In an elastic medium, strain is instantly and totally recoverable. Stress is directly propor-
tional to strain as related by Hooke’s law, expressed by Young’s modulus E (or modulus of
elasticity) as

E = o/¢ (in tsf, kPa) (2.56)

Poisson’s ratio vis the inverse ratio between strain in the direction of applied stress Ecand
the induced strain €L in a perpendicular direction:

v=c¢eL/e=¢eL/Ec (2.57)

Young’s modulus and Poisson’s ratio are referred to as the elastic constants.

Dependent Factors for Elasticity

For a body to exhibit elastic characteristics defined by only a single value of E and v it must
be isotropic, homogeneous, and continuous.

Isotropic: Particles are oriented so that the ratio of stress to strain is the same regardless
of the direction of applied stress, i.e., the elastic properties in every direction through any
point are identical.

Homogeneity: The body has identical properties at every point in identical directions.

Continuity: Refers to structure; if a mass is continuous it is free of planes of weakness or
breaks.

Validity for Geologic Materials

Sound, intact, massive rock approaches an elastic material under most stress levels prior to
rupture.

Generally, most rocks are, to some extent, anisotropic, nonhomogeneous, and discontin-
uous, and are termed as quasielastic, semielastic, or nonelastic. In intact rock specimens,
deformation varies with the rock type as shown in Table 2.24 with regard to mineral hard-
ness, grain bonding, and fabric. Nonintact rock or rock masses are basically discontinuous,
usually undergoing plastic deformation as fractures close, then elastic deformation, often
followed by plastic deformation.
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TABLE 2.24

Deformation Characteristics of Intact Rock in Uniaxial Compression to Failure®

Deformation Stress vs.  Rock Type Failure Form
Strain
1. Elastic Fine-grained, massive, Basalt, quartzite, Sudden, explosive, brittle
I diabase dolomite, some strong limestones
b
[—
II. Elastic—plastic Fine-grained sedimentary. Softer Plastic yielding

limestones, siltstone, tuff

<

€ —»
III. Plastic—elastic Sandstone, granite, some diabases, schist Brittle fracture — stiffness increases as
T cored parallel to foliation microfissures close
b
€ —»
IV. Plastic—elastic-plastic Metamorphic — marble, gneiss Inelastic yielding — stiffness increases

as microfissures close

ﬁ.

V. Plastic-elastic-plastic ~ Schist cored perpendicular to foliation Inelastic yielding — stiffness increases
as microfissures close

b
€ —»
VI. Elastic—plastic creep  Rock salt Inelastic yielding and continuous
T creep
b
€ —»

@ After Miller, R.P,, Ph.D. thesis, University of Illinois, Urbana, 1965.

Creep deformation occurs in some rocks over long time intervals at stress levels substan-
tially less than those required to cause short-term deformation or failure. In rock masses,
the problem has most practical significance in soft rocks such as halite or in overstressed
rocks (high residual stresses), where relaxation occurs along joints (Hendron, 1969).

Soils are essentially nonelastic, usually plastic, and occasionally viscous. They demon-
strate pseudo-elastic properties under low stress levels, as evidenced by initial stress-
strain linearity. “Elastic” deformation, however, is immediate deformation, and in many
soil types does not account for the total deformation occurring over long time intervals
because of consolidation.

Elastic Constant Values

Typical values for the elastic constants for a variety of materials are given in Table 2.25.
Typical values for various rock types are also given in Figure 2.92.

Poisson’s ratio for soils is evaluated from the ratio of lateral strain to axial strain during
a triaxial compression test with axial loading. Its value varies with the strain level and
becomes constant only at large strains in the failure range (Lambe and Whitman, 1969). It
is generally more constant under cyclic loading: in cohesionless soils it ranges from 0.25 to



210 Geotechnical Investigation Methods

TABLE 2.25

Typical Ranges for Elastic Constants of Various Materials?

Material Young’s Modulus Es,”® (tsf) Poisson’s Ratio v¢
Soils
Clay
Soft sensitive 25-150
Firm to stiff 150-500 0.4-0.5
Very stiff 500-1000 (undrained)
Loess 150-600 0.1-0.3
Silt 20-200 0.3-0.35
Fine sand:
Loose 80-120
Medium dense 120-200 0.25
Dense 200-300
Sand
Loose 100-300 0.2-0.35
Medium dense 300-500
Dense 500-800 0.3-0.4
Gravel
Loose 300-800
Medium dense 800-1000
Dense 1000-2000
Rocks
Sound, intact igneous and metamorphics 6-10 X 10° 0.25-0.33
Sound, intact sandstone and limestone 4-8 X 10° 0.25-0.33
Sound, intact shale 1-4 X 10° 0.25-0.30
Coal 12 X 10°
Other Materials
Wood 1.2-1.5 X 10°
Concrete 2-33 X 10° 0.15-0.25
Ice 7 X 10° 0.36
Steel 21 X 10° 0.28-0.29

2 Lambe and Whitman (1969).

b E, (soil) usually taken as secant modulus between a deviator stress of 0 and % to 1/3 peak deviator stress in

the triaxial test (Figure 2.70) (Lambe and Whitman, 1969). E, (rock) usually taken as the initial tangent modu-

lus (Farmer, 1968) (Section 2.5.2). E, (clays) is the slope of the consolidation curve when plotted on a linear

Ah/h vs. p plot (CGS, 1978).

¢ Poisson’s ratio for soils is evaluated from the ratio of lateral strain to axial strain during a triaxial compres-
sion test with axial loading. Its value varies with the strain level and becomes constant only at large strains in
the failure range (Lambe and Whitman, 1969). It is generally more constant under cyclic loading; cohesion less
soils range from 0.25 to 0.35 and cohesive soils from 0.4 to 0.5.

Note: kPa = 100 tsf.

Source: From Lambe, T.W. and Whitman, R.V., Soil Mechanics, Wiley, New York, 1969. Reprinted with permis-

sion of Wiley.

0.35 and in incohesive soils from 0.4 to 0.5. Values above 0.5 can indicate dilatant material,
i.e., the lateral strain under applied vertical stress can exceed one half the vertical strain.

Induced Stresses

Evaluation of deformation under imposed loads requires the determination of the magnitude
of stress increase (or decrease) at some depth below a loaded (or unloaded) area with respect
to the existing in situ stress conditions. The determination of these stresses is based on elastic
theory.
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Equations were presented by Boussinesq in 1885 expressing stress components caused
by a perpendicular point surface load at points within an elastic, isotopic, homogeneous
mass extending infinitely in all directions below a horizontal surface, as shown in Figure
2.67. The stresses are directly proportional to the applied load and inversely proportional
to the depth squared (a marked decrease with depth).

Distributions of stresses beneath a uniformly loaded circular area are given in Figure
2.68 and have been determined for other shapes, including square and rectangular areas,
and uniform and triangular loadings (Lambe and Whitman, 1969). Distributions vary
from the Boussinesq with thinly layered soil formations as given by the Westergaard dis-
tribution (Taylor, 1948). Other stress distributions include layered soil formations (strong
over weak layer [Burmister 1962b], rigid base under weak layer [Burmister 1956], and
jointed rock masses [Gaziev and Erlikhman, 1971]).

Although geologic materials are essentially nonelastic, the theory is considered applica-
ble for relatively low stress levels, although the magnitude and distribution of stresses are
significantly affected by soil layering and fracture patterns in rock masses.

2.5.2 Deformation Relationships
Deformation Moduli

General

Deformation moduli are expressed in a number of ways that relate to either the form of
deformation or the stress—strain relationships obtained from a particular test method, as
summarized in Table 2.26.

Op

FIGURE 2.67

C,= — ;s Ng = ;6,=—Ng Stresses in an elastic medium caused by
2 215/2 215/2 2
2% [1+(r/2)7] [1+(r/2)7] z a surface, vertical point load.

Q 32r . Na = 32r . Q
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Elastic Moduli

Young’s modulus, shear modulus, bulk modulus, and constrained modulus are defined
in Figure 2.69. In general, settlement may be expressed crudely in terms of elastic mod-
uli as

S =AH = Ap (H/E) (in, cm) (2.58)

where Ap is the pressure increase over effective overburden pressure at the midpoint of the
“pressure bulb” (zone of influence or stress distribution zone beneath the loaded area as
shown in Figure 2.68, H the depth of pressure bulb upto some arbitrary boundary such as
o,/p = 0.05 (insignificant stress), or the stratum thickness, if less and E = o/¢€ as deter-
mined by in situ or laboratory testing with € = AL/L; in in situ testing AL is measured but
L is not known; it is estimated, on the basis of Boussinesq stresses, as the depth to which
the significant stress occurs.

Note: If Ap is applied over a large area compared with the stratum thickness, the con-
strained modulus (D) is used to account for the effect of confining pressures (Figure 2.69d).

Dynamic Elastic Moduli

Compression and shear wave velocities of sonic waves (see Section 1.3.2) are functions
of the elastic properties and mass density of the transmitting medium. Measurements
of V, and V,, therefore, provide the basis for computing the dynamic properties
of Poisson’s ratio, Young’s modulus, shear modulus, and bulk modulus as given in
Table 2.27.

Moduli from the Stress—Strain Curve

Derived from the triaxial compression or uniaxial compression test, these moduli include
the initial tangent modulus, tangent modulus, and secant modulus defined in Figure 2.70.
The initial tangent modulus E; is usually reported as the elastic modulus for rock (given
as E,), whereas the secant modulus E, is usually reported as the elastic modulus for soils,
E,, to be used for calculating deformations. The secant modulus E_, is used also for defin-
ing a stress or limiting deformation.
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TABLE 2.26

Parameters of Deformation

213

Parameter® Reference

Definition

Normal Application

Elastic Moduli (ST) Expression

Young’s modulus Figure 2.69

Shear modulus Figure 2.69

Bulk modulus Figure 2.69

Constrained Figure 2.69
modulus

Relates stress to strain E=o0/¢

E
Relates shear strain to shear G

force (modulus of rigidity)
E

Ratio of all-around pressure to B = 3(1-20)

change in volume per unit
volume (modulus describing
incompressibility)

E(1 — o)
D ="110)1-20)

Deformation occurring in
confined compression

Dynamic Elastic Parameters — See Table 2.27

Moduli From The Stress—Strain Curve

Initial tangent Figure 2.70
modulus

Secant modulus Figure 2.70

Tangent modulus Figure 2.70

Other Moduli

Compression Figure 2.87
modulus

Modulus of subgrade Figure 2.90
reaction

Initial portion of curve E,=o/¢
Ao
6 and ¢ taken between E.= Ac
two particular points €
e do
Modulus at specific point. E = —
) de
Often taken at point of
maximum curvature before
rupture

Lateral deformation caused  E.=E,
by applied stress from (tons/ft3)
pressure meter

A unit of pressure to produce k, =p/y
a unit of deflection

T 20 +0)

Rock masses, sands,
strong granular
cohesive soils

Not commonly
used statically

Not commonly
used statically

Structure of large
areal extent under-
lain by relatively
thin compressible
soil deposit

Usually taken as E for
geologic materials

Define E for a partic-
ular stress limit

The lowest value for
E usually reported

In situ measures of E
for materials
difficult to sample

Beam or plate on an
elastic subgrade
problems

2 Unless noted, units are tsf, kg/cm?, kN/m?

Other Moduli

These include the compression modulus, as determined by pressuremeter testing, which
varies in its relationship to Young’s modulus with soil type and the modulus of subgrade
reaction, measured by plate load test.

Plastic Deformation

Compression in Clays

Compression in clay soils is essentially plastic deformation defined in terms of consolida-
tion, i.e., the decrease in volume occurring under applied stress caused primarily by the
expulsion of water from the interstices (see Section 2.5.4). Most soils exhibit primary and
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FIGURE 2.69

Various types of elastic moduli: (a) Young’s modulus — E = 0, /¢, = 6/ &6, = &, = —ve,; (b) shear modulus
— G =r,/(, =E/2(1 + V); (c) bulk modulus — B = ¢,/ 3¢, = E / 3(1 — 2V); (d) constrained modulus —D =
o0,/¢,=E1 —v)/ (1 +v) (1 — 20). (From Lambe, T. W. and Whitman, R. V., Soil Mechanics, Wiley, New York,
1969. Reprinted by permission of John Wiley & Sons, Inc.)

TABLE 2.27

Dynamic Elastic Parameters

Parameter Expression

Compression-wave velocity V, = {[K + (4/3)G]/p)"/2 m/s (Section 2.3.2)

Shear-wave velocity V, = (G/p)> m/s (Section 2.3.2)

Mass density of materials p = y/g kg/m?® (determined by gamma probe, Section 2.3.6)

Dynamic Poisson’s ratio v = (V2,/2V% = 1)/(V?,/V* — 1) Appropriate values
Igneous rocks — 0.25
Sedimentary rocks — 0.33
Soils — see Section 11.3.2

Dynamic Young’s modulus® Eq =pBV?, —4V%)/(V2,/V% — 1) or Eq + 2p V2 (1 + m)

Dynamic shear modulus? Gq = pV?% = E/2(1 + V)

Dynamic bulk modulus® K=p(V?, — 4V2/3) = E4/3(1 — 20)

Note: Units are tsf, kg/cm?, kN/m?

secondary consolidation and, in some soils, the latter phenomenon, which is not well
understood, can be of very significant magnitude. A substantial time delay in compression
occurs in clay soils under a given applied stress that increases generally as the plasticity of
the clay increases.

Compression in Sands

Sands and other cohesionless granular materials undergo a decrease in void volume under
applied stress, caused primarily by the rearrangement of grains (Section 2.5.4). Small elastic
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Initial tangent modulus E;

- FIGURE 2.70
Strain Forms of moduli from the stress—strain curve.

v

compression of quartz grains may occur. In most cases, the greater portion of compression
is essentially immediate upon the application of load.

Expansion

An increase in volume occurs as a result of reduction in applied stress, increase in moisture
content, or mineralogical changes in certain soil and rock materials (see Section 2.5.4).

2.5.3 Rock Deformation Measurements
Methods Summarized

Laboratory Testing

Intact specimens are statically tested in the laboratory in the triaxial and unconfined com-
pression apparatus; dynamic properties are measured with the resonant column device or
by ultrasonic testing (ASTM 2845). A summary of parameters measured, apparatus
description, and test performance for intact rock specimens is given in Table 2.28. The data
are normally used for correlations with in situ test data.

In Situ Testing

In situ testing provides the most reliable data on the deformation characteristics of rock
masses because of the necessity of accounting for the effects of mass defects from discon-
tinuities and decomposition.

The determination of moduli in situ requires that the deformation and the stress
producing it are measurable and that an analytical method of describing the geometry of
the stress deformation relationship is available. Analytical methods are governed by the
testing method. Modulus is the ratio of stress to strain, and since strain is the change in
length per total length, the deflection that is measured during in situ testing must be
related to the depth of the stressed zone to determine strain. The depth of the stressed zone
may be determined by instrumentation (see Chapter 3), or the Boussinesq equations may
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Materials, Philadelphia, PA, 1970,
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the American Society for Testing and
NX drill hole with REX-7P Materials.)

reyssi float jack

be used to determine stress distributions. The values for the modulus E are given in terms
of the test geometry, the applied pressure, the deflection, and Poisson’s ratio.

Static moduli are determined from plate-jack tests, radial jacking and pressure tunnel
tests, flatjack tests, borehole tests (dynamometer and Goodman jack), and triaxial com-
pression tests.

Dynamic moduli are determined from seismic direct velocity tests (see Section 1.3.2) and
the 3-D velocity probe (sonic logger) (see Section 1.3.6). Relationships between seismic
velocities and dynamic moduli are given in Table 2.27. In moduli computations, the shear
wave velocity V is used rather than the compression-wave velocity V, because water in
rock fractures does not affect V,, whereas it couples the seismic energy across joint open-
ings, allowing much shorter travel times for P waves than if an air gap existed. Dynamic
moduli are always higher than static moduli because the seismic pulse is of short duration
and very low stress level, although the ratio of E ;. to E4 will normally approach unity as
rock-mass quality approaches sound, intact rock. E; as determined from field testing is
often referred to as E;, and is correlated with other field and laboratory data to obtain a
design modulus, as will be discussed.

Plate-Jack Test (In Situ Compression Test)

Performance

A load is applied with hydraulic jacks to a plate in contact with the rock mass using the
roof of an adit as a reaction, as illustrated in Figure 2.71.

When the tests are set up, areas representative of rock-mass conditions are selected,
and the size of the loaded area is scaled to the structural elements of the rock. (Depending
on mass-defect spacings, the larger the loaded area the more representative are the
results). Borehole extensometers (see Section 3.3.4) are grouted into the rock mass for
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measurements of strain vs. depth beyond the upper and lower plates, and concrete fac-
ing is poured over the rock mass to provide flat-bearing surfaces. As load is applied, the
extensometers sense compression strains that are recorded on electronic readouts.

See also ASTM D4394 and D4395 (Plate load tests).

Computing Moduli

Theoretical basis is the Boussinesq solution. The Young’s modulus E, and surface dis-
placement y are related to the applied load P (Jaeger, 1972) as

y=P@1 — v?/nEr (2.59)

where r is the plate radius.

Moduli E;, E,,, and E, are determined from the stress—strain curve. A recovery modulus
E,, can be taken from the unload portion of the curve to provide a measure of rock elas-
ticity. If E, = E,, the material is perfectly elastic. A value of E,, much lower than E, usually
indicates the closure of fractures and plastic deformation.

Test Limitations

Rock-mass response is affected by disturbance during excavation and surface preparation
for testing. It is also affected by the relatively small stressed zone, often to the degree that
results are not representative of response under construction loading, although the results
will usually be conservative (Rocha, 1970).

Radial Jacking and Pressure Tunnel Tests

Performance

Radial jacking test: The pressure to cause deformation of the wall of an adit excavated into
the rock mass is applied mechanically. Displacements are measured with extensometers or
other strain-measuring devices.

Pressure tunnel test: A portion of the adit is sealed with concrete and water is pumped in
under high pressure to cause deformation. Displacements are measured with extensome-
ters or some other strain-measuring device. Flow into the rock mass may cause large errors
from pressure drop.

Computing Moduli

Analysis is based on the Boussinesq stress distribution and theories of stresses and deflec-
tions about a circular hole, or a hole cut in a plate (Wallace et al., 1970; Misterek, 1970).

Comments

Although both tests are relatively costly to perform, larger areas are stressed than is pos-
sible with plate-jack tests, which allows a better assessment of rock-mass deformation.
Measurements of differential wall movements permit the assessment of the anisotropic
properties of the rock mass. Excavation, however, results in straining of the rock mass,
which affects its properties.

Flat-Jack Tests

Performance

A slot is cut into rock with a circular diamond saw or by a series of line-drilled holes.
A steel flat jack Freyssinet jack (Figure 2.72) is grouted into the slot to ensure uniform
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The flat jack or Freyssinet jack used in slots sawed
into rock. (From Rocha, M., ASTM STP 477,
! | American Society for Testing and Materials,

Philadelphia, PA, 1970. Reprinted with permission
- 100 cm ——————= of the American Society for Testing and Materials.)

contact with the rock face. Jacks measuring 1 m in width by 1.25 m in depth and capable
of applying pressures of 100 kg/cm? (100 tsf) have been used (Rocha, 1970). Strain meters
measure the increase in distance between points on opposite sides of the slot as pressure
is applied (see also Section 3.4.4). Jacks at different orientations provide a measure of rock
anisotropy.

Computing Moduli

The increase in distance between points in the rock arranged symmetrically on opposite sides
of the slot can be related to the pressure in the jack by elastic theory. E, is determined from

E, = c(P/§) (2.60)

where P is the pressure in the flat jack, ¢ a laboratory constant for the jack and test geom-
etry and 6 the measured increase in distance between points.
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The constant ¢ depends on the position, shape, and size of the area under pressure as
well as the location of the measured points, and has the dimension of length. It may be
determined by model tests in large plaster blocks for a given jack and strain gage arrange-
ment.

Borehole Jack Tests

Apparatus

The dilatometer (Figure 2.73) and the Goodman jack (Goodman et al., 1968), devices similar
to the pressuremeter (see Section 2.5.4), are lowered into boreholes to measure moduli in situ.

Hydraulic pressure is applied between a metal jacket and a deformable rubber or
metallic jacket in the apparatus which presses against the borehole walls. Linear variable
differential transducers (LDVTs) in the instrument allow the measurement of four diam-
eters, 45° apart, to account for lateral rock anisotropy. Designed to operate underwater
in NX-size boreholes, Interfel dilatometers upto 6-in. in diameter are available.
Dilatometers measure Young’s modulus up to about 25 GPa and the Goodman jack up
to about 50 GPa.

Computing Moduli

Rocha (1970) gives the following expression for computing E.:
E.=2r(1—-v/A)P (2.61)

where 2 7 is the hole diameter, v the Poisson’s ratio, and A the deformation when pressure
P is applied

Methods Compared

A series of tests was performed in jointed granite for the Tokyo Electric Power Company
using a number of methods (Hibino et al., 1977) including in situ triaxial testing, and the
results were compared. The in situ triaxial compression test was performed on a 1m? block
of rock carved out of the rock mass but with its base remaining intact with the mass. The
block was surrounded with 1500-ton-capacity flat jacks to provide confinement, the space
between the rock and the jacks was backfilled with concrete, and loads were applied to the
rock by the jacks.

Moduli values measured by the various tests are summarized in Figure 2.74. A wide
range in values is apparent. The largest values were obtained from laboratory sonic col-
umn and uniaxial compression tests, which would not be expected to be representative of
mass conditions. The larger plate-jack test resulted in less deflection (higher modulus)
than did the smaller plate and would be considered as more representative of deformation
characteristics, as would the water chamber test.

Modulus and Rock-Quality Relationships
Selection of Design Moduli

Deformation is related to rock-mass quality, which, because of fabric, discontinuities, and
decomposition, can be extremely variable. Most practical problems involve poor-quality
rock, which is the most difficult to assess.

The various test methods, in general, individually often do not yield representative val-
ues for E,. All static methods disturb the rock surface during test setup, and most stress a
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FIGURE 2.73

Simplified section of the dilatometer probe IF 096. (Courtesy of
Interfels.)

1 — Reinforced rubber sleeve;

2 — Displacement transducers;

3 — Pressure line;

4 — Electric cable plug;

5 — Protection tube with; connection for string of setting rods;
6 — Hook for drilling rig rope;

7 — Connection.

relatively small area. Dynamic tests apply short-duration pulses at very low stress levels.
Laboratory tests are performed on relatively intact specimens, seldom providing a repre-
sentative model except for high-quality rock approaching an elastic material. Various
investigators have studied relationships between rock quality and moduli as determined
by various methods and correlative procedures in the attempt to provide bases for estab-
lishing design moduli.
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Modulus of deformation E, 105 kg/cm?

1 2 3 4 5 6 7

Elastic wave velocity test — Wet condition
(cylindrical specimen)

Uniaxial compression test Wet condition

(cylindrical specimen) 6 = 0~100 kg/cm?
Water chamber test in situ - Cr;arznk;%r~dé%r1‘§7<:r;22 m
Plate-jack test - c = 50~60 kg/cm?
(100 cm square)
Triaxial Hydrostatic - 6 = 50~75 kg/cm?

compression pressure

testin situ .

Uniaxial - G = 80~100 kg/cm?
pressure
Plate-jack test = 50~60 ka/cm?
(30-cm disk) T ° g/em
FIGURE 2.74

Deformation moduli obtained by various types of tests in a jointed granite. (From Hibino, S. et al., Proceedings
of the International Symposium on Field Measurements in Rock Mechanics, Zurich, Vol. 2, 1977, pp. 935-948. With
permission.)

Measuring Rock Quality

Rock-quality designation (RQD) as determined from core examination (see Section 1.4.5)
provides an index to rock quality.

Modulus ratio E,/ U, is defined by Deere and Miller (1966) as the ratio of the tangent
modulus E,;, taken at a stress level of one half the ultimate strength, to the uniaxial com-
pressive strength U, as obtained by laboratory test. It was selected as a basis for the engi-
neering classification of intact rock because it is related to deformation and strength and
provides a measure of material anisotropy. Low modulus values result from large deforma-
tions caused by the closure of foliation and bedding planes; high modulus values are repre-
sentative of material with interlocking fabric and little or no anisotropy.

Modulus ratio E,/E, is defined (Coon and Merritt, 1970) as the ratio of the in situ static
modulus E, to the intact static modulus E,g,.

Velocity ratio V/ V| is defined (Coon and Merritt, 1970) as the ratio of the field P-wave
velocity, as determined by uphole or crosshole seismic methods or the 3-D velocity logger,
to the laboratory P-wave velocity as determined by the resonant column device or ultra-
sonic testing (ASTM 2845). The velocity ratio approaches unity in high-quality massive
rocks with few joints.

Velocity index (V/ V) is defined (Coon and Merritt, 1970) as the square of the ratio of the
field seismic velocity to the laboratory seismic velocity, or the square of the ratio of the in
situ velocity to the intact velocity. The velocity ratio is squared to make the velocity index
equivalent to the ratio of the dynamic moduli.

Modulus Reduction Factor

Proposed by Deere et al. (1967), the modulus reduction factor  expresses the extent to
which E, is always lower than E_; because of the short duration pulse and low stress level
of the in situ seismic test. It is given as

ﬁ = Er/Eseis (262)
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Variation in modulus reduction factor  with rock quality
[E, = static rock modulus (from load tests); E ,,, = modulus
from seismic velocity; V,, = field seismic velocity
(compressional); V; = laboratory sonic velocity of sound
cores] (From Deere, D. U. et al., Proceedings of the 8th

0 k Symposium on Rock Mechanics, University of Minnesota,

0 0.2 0'4 0.6 5 0.8 1.0 American Minerals and Metal Engineers, 1967, Chap. 11.
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B approaches unity as the rock quality approaches an elastic material. A relationship
among B, RQD, and the velocity index is given in Figure 2.75. The reduction factor is
applied to E, to arrive at a design value for E,. Note that below an RQD = 60% (poor to
very poor rock quality) the correction does not exceed 20% of E,;.. The application of such
relationships requires substantial judgment and experience, and should be developed for
a particular site on important projects.

2.5.4 Soil Deformation Measurements (Static)
Methods Summarized

Laboratory Testing

Undisturbed specimens are statically tested in the laboratory in the triaxial compression
apparatus to obtain measures of moduli (E; or E,, E;, and E_,), and in the consolidometer to
obtain measures of consolidation and expansive properties. The dynamic deformation
moduli (Ey4, Gy, and K) are usually measured in the cyclic triaxial, cyclic simple shear, or res-
onant column devices. Soils suitable for testing undisturbed samples include intact clays
and cohesive granular soils containing a minimum of fine gravel and coarser particles.

Specimens of sand may be reconstituted at various values of Dy and tested in the con-
solidometer for static compression characteristics, or in the shaking table device or other
devices for dynamic properties.

In Situ Testing

Materials in which undisturbed sampling is difficult or impossible, such as cohesionless sands

and gravels, or materials with coarse particles such as some residual soils, decomposed rock,

or glacial till, and fissured clays, are tested in situ to measure deformation characteristics.
Tests include:

Pressuremeter tests for compression modulus.

Penetration tests (SPT) for correlations for estimating moduli.

Penetration tests (CPT, DMT) for estimating consolidation coefficients.
Full-scale load tests for the compression of sands, organic soils, and other materials.
Plate-load test to measure the vertical modulus of subgrade reaction.

Lateral pile-load tests to measure the horizontal modulus of subgrade reaction.
Dynamic tests to measure shear modulus or peak particle velocity.
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Consolidation Test for Clays

General

Purposes: The laboratory consolidation test is performed to obtain relationships for com-
pression vs. load and compression vs. time for a given load.

Validity: The one-dimensional theory of consolidation of Terzaghi (1943) is valid for the
assumptions that strains are small, the soil is saturated, and flow is laminar.

Apparatus: The consolidometer (oedometer), a one-dimensional test, includes a ring
to contain the specimen, a small tank to permit sample submergence, a device for apply-
ing loads in stages, and a dial gage for deflection measurements as illustrated in Figure
2.76 and Figure 2.77. In the apparatus shown, loads are applied by adding weights to a
loading arm. Some machines apply loads hydraulically through a bellows arrangement;
these apparatus are often designed to permit application of back-pressure to the
specimen to achieve saturation, or to permit the measurement of pore pressures.
Compression and loads are monitored and recorded digitally with hydraulically loaded
consolidometers.

7
&= \\ /\ ;

\koading hezh\ Metal fipd
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Water /// Soil sample

s

Ny

- Porous stone. .-

/ .
// / / / ;Lil;lzitzirz;head-type consolidometer.

FIGURE 2.77
Reading deflection vs. time with the
consolidometer.




Measurement of Properties 225

Procedures (ASTM D2435-02, D4186-98)

A specimen from an undisturbed clay sample is trimmed carefully into a rigid ring (brass
for most soils; Teflon for organic soils because of corrosion), and porous stones are placed
on top and bottom to permit vertical drainage. (A variation to permit horizontal drainage
uses a ring of porous stone and solid-end platens.)

The assembly is placed in a loading frame and subjected to a sequence of loads starting
initially with very small loads. Then (normally) the load is increased by doubling until the
test load significantly exceeds the anticipated field load, and the “virgin” compression
curve and preconsolidation stress (p.) have been defined (Figure 2.78). Usually, three loads
beyond the range of p_ are required to define the virgin compression.

After the initial seating loading, the specimen is immersed in water to maintain satura-
tion (unless the clay is expansive, as will be discussed). Each load remains until pore pres-
sures are essentially dissipated and consolidation terminated; for most clays, 24 h is
adequate for each load cycle. When first applied, the load is carried by the pore water. As
water drains from the specimen, the voids close, the soil compresses, and the strength
increases until it is sufficient to support the load and the extrusion of water ceases. At this
point “primary compression” has terminated and the next load increment is applied (see
the discussion of secondary compression below.) Measurements are made and recorded
during the test of deflection vs. time for each load increment. (Plotting the data during the
test shows the experienced technician when full consolidation under a given load has
occurred, at which point, the next load is applied. This practice eliminates the need to wait
24 h between loadings. If pore-water pressures are measured, when they reach zero the
next load increment is applied.)

Pressure vs. Void Ratio Relationships

The total compression that has occurred after the application of each load is plotted to yield
a curve of either pressure vs. strain or pressure vs. void ratio (e-log p curve), where pres-
sure is plotted on a log scale, and strain or void ratio on an arithmetic scale (Figure 2.78).
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FIGURE 2.78
Consolidation test: pressure—void ratio curve (e-log p).
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Curve shape significance: A truly undisturbed specimen will yield a curve with a rela-
tively flat initial portion to the range of prestress, then a distinct change in slope near the
maximum p, and thereafter a steep drop under loads causing virgin compression.
Disturbed samples or samples with a large granular component yield a curve with a grad-
ual change in slope and a poorly defined p, as shown in Figure 2.78.

Methods to determine p. The Casagrande construction (Casagrande, 1936) is given in
Figure 2.79 and the Burmister construction (Burmister, 1951b) in Figure 2.78. In the
Burmister construction, a triangle from the unload-reload cycle is moved upward along
the e-log p curve until the best fit is found, where the pressure is taken to be p.. The
method compensates for slight disturbances during sampling and laboratory handling,
which cause the initial curve to be steeper than in situ.

Settlement analysis curve correction: Unload-reload cycles, usually made soon after p. has
been identified, provide data for the correction of the settlement curve to reduce conser-
vatism caused by the slight sample expansion occurring during sampling and handling.
The recompression portion of the unload-reload curve is extended back from the initial
curve at p, to form a new curve with a flatter initial slope.

Stress—Strain Relationships

When a series of increasing loads is applied to a clay soil, the amount of compression occur-
ring up to the magnitude of the maximum past pressure or preconsolidation pressure p, is rel-
atively small to negligible. Stresses exceeding p. enter the “virgin” portion of a stress—strain
curve, and substantially greater compression occurs. It may be expressed by the compression
index C,, the slope of the virgin compression or void ratio vs. log;, time curve expressed as

C.=(e;—ey)/ log(p,/p,) (2.63)

C. is useful for correlating data for normally consolidated clays of low to moderate sensi-
tivity, or for computing settlements when data from a number of consolidation tests are
available. It can be estimated from the expression (Terzaghi and Peck, 1967)

C.=0.009(LL — 10%) (2.64)

where LL is the liquid limit.
o
2
8
8
S

FIGURE 2.79

Casagrande construction for determining p.. (From

0'1 1' 1'0 1(')0 Casagrande, A., Proceedings of the 1st Conference on Soil

Mechanics and Foundation Engineering, Cambridge, MA,
Pressure, tsf Vol. 3, 1936, p. 60. With permission.)
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Overconsolidation ratio (OCR) is defined as the ratio of the maximum past pressure p. to
the existing effective overburden pressure p.. In general, for NC clay, p./p, = 0.8 to 1.5 and,
for OC clay, p./p, > 1.5 (Clemence and Finbarr, 1980). OCR is used to estimate consolida-
tion in clays (Schmertmann, 1977) for correlation of strength properties (Terzaghi and
Peck, 1967) and for estimating K in terms of PI (Brooker and Ireland, 1965). K as a func-
tion of OCR and Pl is given in Figure 2.80.

The undrained shear strength s, of NC clay normally falls within a limited fraction of
the effective overburden stress, usually ranging from s,/p’ = 0.16 to 0.4 (Section 2.4.2). It
can be estimated as an average value of

(s,/p")NC = 0.33 (2.65)
or in terms of PI (Terzaghi and Peck, 1967) as
s,/p’ = 0.11 + 0.0037PI (2.66)

Typical e-log p curves for various soil types are given in Figure 2.81. They serve to illus-
trate that soils of various geologic origins have characteristic properties.

Compression vs. Time Relationships

Significance: The e—p curve provides an estimate of the compression occurring at 100% con-
solidation. In practice, it is important to estimate the amount of settlement that will occur
under a given stress increment in some interval of time (end of construction, 15 years). The
time rate of consolidation is analyzed from the compression vs. log time curve for a par-
ticular load increment (Figure 2.82).

Curve characteristics: The curve is divided into two portions for analysis: primary con-
solidation occurs while the excess pore pressures dissipate and consolidation proceeds in
accordance with theory; secondary consolidation is a slow, continuing process of com-
pression beyond primary consolidation after the excess pore pressures have been dissi-
pated. The phenomenon is not clearly understood.

Primary consolidation: The time f to reach a given percent consolidation U is expressed as

t = (T,/c,) H? (2.67)

where T, is the theoretical time factor.
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FIGURE 2.81
Typical pressure-void ratio curves for various clay soils.
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H is the one half the stratum thickness if there is drainage at both interfaces, or the stra-
tum thickness if there is a drainable layer at only one interface, and c, the coefficient of
consolidation.

The theoretical time factor T, is a pure number that has been determined for all condi-
tions of importance, given in terms of percent consolidation U. The values given in Figure
2.83 apply to the common cases of (1) a consolidating stratum free to drain through both
its upper and lower boundaries, regardless of the distribution of the consolidation pres-
sure, or (2) a uniform distribution of the consolidation pressure throughout a layer free to
drain through only one surface. The cases of consolidation pressure increasing or decreas-
ing through a consolidating stratum with an impervious boundary can be found in
Terzaghi and Peck (1967, p. 181).

The coefficient of consolidation c, is found from the compression-log time curve. Tangents
are drawn to the primary section of the curve at its point of inflection and to the second-
ary sections of the curve to locate ¢, of primary consolidation. The initial void ratio e, is
found by taking the amount of compression between 0.25 and 1.0 min and adding this
value to the void ratio for 0.25 min. The void ratio corresponding to U = 50% is midway
between ¢, and ¢,, and the corresponding time t5, represents the time for 50% consolida-
tion. The theoretical time factor for U = 50% is 0.197 (Figure 2.83), and c, is found from

c, = T,h*/t = 0.197 h?/t 5, (cm?/sec, in?/min, {t?/day) (2.68)

where & is one half the thickness of the sample, since it has double drainage. The square
root of time method is an alternative procedure (Lambe and Whitman, 1969).

Analysis of time rates: Consolidation is essentially complete at t,, (time factor = 0.848)
since T, for U '% is infinity. Field time rates of consolidation can be quickly determined
from c, with the nomograph given as in Figure 2.84 or computed from Equation 2.67. The
values are usually only approximations because field time rates are normally much higher
than laboratory rates because stratification permits lateral drainage. Studies where time
rates are critical employ piezometers to measure in situ pore pressures (see Section 3.4.2).

Computing coefficient of permeability k: The relationship between k and c, may be
expressed as

U, % consolidation
(42
o

—
k- ==
0 0102 030405060708 09 101112

Time fractor T,

u T, U T,

10 0.0077 60 0.286

20 0.0314 70 0.403

30 0.0707 80 0.567

40 0.126 90 0.848 FIGURE 2.83

50 0.197 100 Infinity Theoretical time factor T, vs. percent
consolidation U.
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FIGURE 2.84
Nomograph for consolidation with vertical drainage (1em?/sec = 93 ft?/day). (From NAVFAC, 1982.)

c, = k(1 +e)/y,a, = k/y,m, (cm?/sec) (2.69)

where a, is the compressibility coefficient, or the ratio between the change in void ratio
and the change in vertical effective stress for the given increment, expressed as

a, = — (80 - el/pl - po) (CmZ/g) (270)

and m, is the coefficient of volume change, or the ratio of the change in vertical strain to
the change in vertical stress, expressed as

m, = Ae /Ao, =a,/(1 +e) cm?/g (2.71)

Settlement Analysis

Settlement from primary consolidation (S or p) is determined from the e-log p curve
(Figure 2.78) from the expression

S = (Ae/1 + e )H (2.72)

or, if representative values for C_ have been obtained from a number of tests on similar
materials, from the expression

§=H(C/1+ e,)log(p, — Ap/p,) (2.73)

where Ap is the average change in pressure resulting from the imposed stress (see Section
2.5.1).

Secondary compression can result in substantial compression in addition to primary
consolidation in very soft clays and organic soils. It can be estimated from the compression
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vs. log time curve for a desired load. Since the relationship between compression and time
on the semilog plot is essentially a straight line, it can be expressed (Perloff, 1975) as

Ae =— C, log (t,/t,) (2.74)

where C, is the coefficient of secondary compression represented by the slope of the time
curve, t, the time at which secondary compression is desired and ¢, the time at the start of
secondary consolidation.

Secondary compression is a form of creep.

Lateral Strains

Lateral strains, prevented in the one-dimensional consolidation test, can be significant
under conditions of relatively rapid loadings of soft clays. Analysis is based on triaxial test
data of Lambe and Whitman (1969), Lambe (1964, 1973), Skempton and Bierrum (1957),
Hansen (1967), and Davis and Poulos (1968).

Expansion of Clay Soils
General

Usually, clays with expansion potential are less than 100% saturated in the field; therefore,
the consolidation theory does not apply. Tests are performed in the consolidometer or the
California bearing ratio mold to obtain measures of percent swell or volume change under
a given load, or the maximum swell pressure that may be anticipated.

Consolidometer Testing of Undisturbed Samples
Percent Swell Measurements:

e Place specimen in consolidometer at natural moisture (w) content and provide
protection against changes in w.

¢ Add loads in the same manner as the consolidation test, although initial loads
may be higher, measuring and recording compression until the final design
foundation load is attained.

e Immerse specimen in water, permitting saturation, and measure the volume
increase as a function of time, until movement ceases.

Maximum Swell Pressure:

e Place specimen in consolidometer under an initial seating load.
e Immerse in water and add loads as necessary to prevent specimen from swelling
to determine the maximum swell pressure.

CBR Mold Testing of Compacted Samples
Procedures are similar to the percent swell test in the consolidometer.

Compression in Cohesionless Sands

Measurements

Cohesionless sands are seldom tested in the laboratory for compression characteristics
since undisturbed samples cannot be obtained; they are occasionally tested in the con-
solidometer as reconstituted specimens placed at various values of Dy.

Evaluations of compression are normally based on in situ test data such as obtained with
the pressure meter, SPT or CPT, or load test.
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Load vs. Compression Characteristics

Under normal loading conditions, compression in quartz sands is essentially plastic and
results from void closure. Compression of individual grains is insignificant except for
sands composed of soft materials such as shell fragments, gypsum, or lightly cemented
calcareous sands.

Compression magnitude in quartz sands is related to Dy, gradation characteristics, and
the magnitude of applied static load or the characteristics of dynamic loadings. A family
of curves representing pressure vs. void ratio for various values of Dy obtained by testing
reconstituted samples in a consolidometer, is given in Figure 2.85.

Compression vs. Time

Compression under applied load results in the immediate closure of the voids as the
grains compact, although in saturated silty soils some time delay will occur as pore pres-
sures dissipate. The normal process of consolidation, however, does not occur. Swiger
(1974) reports a case where primary settlements occurred within 1 h of load application
during large-scale field load tests, but secondary compression, ultimately as large as pri-
mary compression, continued over a period of several years (see Section 2.5.5).

Pressuremeter Testing
General

Pressuremeters are used for in situ measurements of deformation moduli and strength.
There are several types:

¢ Menard pressuremeter for soils and soft rock (ASTM D4719)
¢ Camkometer for soils
e Dynamometer and Goodman jack for rock (see Section 2.5.3)

Menard Pressuremeter
See Menard (1963, 1965, 1975), CGS (1978), and Terzaghi et al. (1996).
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Applicability: Although used in all soil types and soft rocks, the Menard pressuremeter
is most useful in materials for which undisturbed sampling is difficult or not possible,
such as sands, residual soils, glacial till, and soft rock (in a smooth borehole).

Procedure: The apparatus is illustrated in Figure 2.86. A cylindrical flexible probe is low-
ered into an NX-size borehole to the test depth, and increments of pressure are applied to
the probe by gas, while radial expansion of the borehole is measured in terms of volume
changes. The test can be performed up to failure of the surrounding materials; the limit of
the radial pressure is in the range of 25 to 50 tsf.

Test Data: The volume of the expanded probe is plotted vs. the “corrected” pressure,
which is equal to the gage pressure at the surface minus the probe inflation pressure plus
the piezoelectric head between the probe and the gage, as shown in Figure 2.87. The quan-
tities obtained from the test include:

e P, in the initial or seating pressure at the beginning of the elastic stress stage, gen-
erally considered equal to P,, the at-rest horizontal stress, P, the creep pressure
at the end of the elastic stress stage,

e P, the limiting pressure, or ultimate pressure; the failure pressure,

e E_the compression modulus; obtained from the slope of the compression curve
between P; and P; Equation 2.73,

e E. the rebound modulus, obtained from the slope of the rebound curve.

Computing the compression modulus E_:
E. = K (dp/dv) (psi, kg/cm?) (2.75)

where K = 2(1 + v)(V, + V) is a constant of the pressuremeter accounting for borehole
diameter, probe size, and Poisson’s ratio (usually taken as 0.3-0.4), V the initial hole vol-
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valve

Gas line —a Pressure

volumeter

Compressed gas ~

lat— Manometer

Water
line

‘\\
Concentric
tubing ,_j_ | I,
o 5 S

ORI
k2— NX diameter core hole FIGURE 2.86
—~— Exterior guard cell

Schematic of pressuremeter

equipment. (From Dixon, S. J.,

Zone of core hole Determination of the In Situ Modulus of

under measurement Deformation of Rock, ASTM Special

Technical Publication 477, American

Interior measuring cell Society for Testing and Materials,
Philadelphia, PA, 1970. Reprinted
With permission of the American

Core hole expansion device (probe)  Society for Testing and Materials.)

Zone of core hole
under stress
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Typical pressuremeter test results. (From Dixon, S. J., Determination of the In Situ Modulus of Deformation of Rock.
ASTM Special Technical Publication 477, American Society for Testing and Materials, Philadelphia, PA, 1970.
Copyright ASTM International. Reprinted with permission.)

ume over length of cell (790 cm? for NX hole), and V,, the fluid volume injected into cell
for the average applied pressure. K = 2700 cm? typically, for an NX hole and v = 0.33.

Moduli and Strength Parameters

Typical values for E_ and P, for various materials are given in Table 2.29.
Estimating Young’s modulus E from E_.: Menard (1965) suggests the use of a “rheological”
factor o to convert the compression modulus into Young’s modulus, expressed as:

E=EJ/a (2.76)

Menard'’s values for « are given in Table 2.30 in terms of the ratio E./P;, which have been
found to be related to the amount of precompression in the material. There is some con-
troversy over the selection of the o factor (Silver et al., 1976), but most practitioners appear
to use Menard’s values.

Data Applications:

e Estimating values for deformation modulus E..
e Estimating the undrained shear strength from the expression (Menard, 1975)

s, = (P, — P,)/2K, (2.77)

where P, is the limiting pressure, P, the at-rest horizontal stress o, K, and
K, the coefficient varying with E_/ P, typically 5.5 (Lukas and deBussy, 1976).

e Estimating allowable bearing value for foundations (CGS, 1978).
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TABLE 2.29

Values of Compression Modulus E_ and Ultimate Pressure P; from Menard Pressuremeter Testing?

Soil Type E, (tsf) P, (tsf)
Peat and very soft clays 2-15 0.2-15
Soft clays 5-30 0.5-3.0
Firm clays 30-80 3.0-8.0
Stiff clays 80-400 6-25
Loose silty sands 5-20 1-5
Silts 20-100 2-15
Sands and gravels 80—400 12-50
Till 75-400 10-50
Recent fill 5-50 0.5-3
Ancient fill 40-150 4.0-10
Glacial till (Ohio) 600-1500 Ward (1972)
Residual soil (schist) 20-160 Ward (1972)
Decomposed schist 200-500 Ward (1972)
Residual soils (schist and gneiss: SM, ML, saprolite) 50-2000 Martin (1977)

@ After Canadian Foundation Engineering Manual, Part 1 1978, unless otherwise noted. (Reprinted with permis-
sion of the National Research Council of Canada.)

TABLE 2.30
Rheological Factor o for Various Soil Conditions?

Peat Clay Silt Sand Sand and
Gravel
Material E /P, oa EJ/P, o E /P, o E /P, o EJ/P, o
Preconsolidated 1 >16 1 >14 067 >12 0.5 >10 0.33
Normally consolidated 1 9-16 0.67  8-14 0.5 7-12 0.33 6-10 0.25
Underconsolidated 7-9 0.5 5-8 0.5 5-7 0.50 0.25

3 Menard, L.F., Proceedings of the 6th International Conference on Soil Mechanics and Foundation Engineering,
Montreal, Vol. 2, 1965, pp. 295-299.

e Settlement analysis of shallow foundations (CGS, 1978; Menard, 1972).
¢ Analysis of deep foundations (CGS, 1978; Menard, 1972).
e Estimating horizontal subgrade reaction modulus k, (Poulos, 1971):

k, = 0.8 E./d (2.78)

where d is the pile diameter.

Limitations of Pressuremeter Test Data

The modulus is valid only for the linear portion of soil behavior (P; in Figure 2.87).
Stratified or otherwise anisotropic materials may have modulus values much lower in the
vertical direction than in the horizontal direction. Since foundation stresses are applied
vertically in most cases, values for E may be overestimated from pressuremeter tests.

Stiffness of the device may be significant compared with the compressibility of the
tested material, as in very loose sands, soft clay, or organic soils. Borehole wall disturbance
and irregularities greatly affect test results. Modulus values should be correlated with data
obtained by other test methods.
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Camkometer

Description: The Camkometer is a self-boring pressuremeter developed in the early 1970s
by Cambridge University (Clough and Denby, 1980). The 80-mm-diameter device is cov-
ered by a rubber membrane that incorporates two very small cells for pore-pressure meas-
urements. It is drilled into position and the membranes expanded; transducers permit the
pressure response to be converted into electrical impulses. An effective stress—strain curve
is plotted from the data.

Applicability: It is used primarily in soft clays and sands for in situ measurements of
shear modulus, shear strength, pore-water pressure, and lateral stress K. Formerly, values
for K, were obtained only by empirical methods or laboratory tests.

Advantages over conventional pressuremeter: Lateral stress is measured directly because
the instrument is self-boring and stress relief is not permitted. Records are obtained from
precise electrical impulses, whereas conventional pressuremeters record total volume
changes of hydraulic fluid within the flexible membrane and furnish only average values.

Disadvantages: As with all pressuremeters, soil anisotropy is not accounted for. Smear
caused by drilling in soft clays reduces the true permeability and affects the pore-pressure
measurements. To reduce drainage effects, undrained tests are performed at high strain rates.

Penetration Tests (SPT, CPT, and DMT)

General

SPT, CPT and FDT are discussed in Section 2.4.5. Intercorrelations between SPT and CPT
test values are given in Figure 2.62. Data from the CPT, in particular point resistance g,
have been correlated with various soil properties.

CPT Test Correlations

Estimating E: Values for the elastic modulus can be obtained from correlations with the
cone resistance g, and the normalized cone resistance g,, and the shear wave velocity meas-
ured in the CPT containing an accelerometer (Section 1.3.4) (Robertson, 2000).

Consolidation parameters: ¢, and c¢,, and OCR can be estimated from CPTU tests (Section
1.3.4) (Robertson, 2000).

Flat Dilatometer Test (DMT)
Consolidation parameters c, and OCR can be estimated from DMT tests (Section 2.4.5).

Plate-Load Test (ASTM D1196)

Purposes

Vertical modulus of subgrade reaction k., is obtained from plate-load tests. Results are used
occasionally for estimating settlements in sands. In direct application, however, it must be
considered that the depth of the stressed zone is usually much smaller than the zone that
will be stressed by a larger footing, and the results will not necessarily be representative.
This constraint is overcome by performing tests at various depths to stress the entire zone to
be stressed by the footing or by performing full-scale load tests. Plate-load tests are not per-
formed on clay soils for settlement measurement because of long-term consolidation effects.

Procedure

A 12- or 30-in.-diameter plate is jack-loaded against a reaction to twice the design load,
and the plate deflection measured under each load increment. The test setup is shown in
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Figures 2.88 and 2.89, and a plot of the test results in terms of load vs. deflection is given
in Figure 2.90, from which the test modulus k, is determined.

Modulus of Vertical Subgrade Reaction, k,, and k,

7 v
Determination: kg, is defined as the unit pressure required to produce a unit of deflection
expressed as

ky, = p/y (force/length® = tons/ft%) (2.79)

where p is the pressure per unit area between the contact surface of the loaded area and
the supporting subgrade, and y the deflection produced by the load; length® = area X y in
the denominator.

Values for p and y are taken at onehalf the yield point as estimated on a log plot of the
field data (Figure 2.90) to determine subgrade modulus test value k,. Values for k,, depend
on the dimensions of the loaded area as well as the elastic properties of the subgrade;
therefore, the test value k, always requires adjustment for design. Various expressions
(Terzaghi and Peck, 1967) have been presented for converting k, to k.

Value ranges of k,: For a given soil, the value of k, decreases with increasing plate diam-
eter, and the modulus for sands is reduced substantially below the water table. Typical
value ranges for plates 1ft square or beams 1 ft wide have been given for sands by
Terzaghi (1955) as shown in Table 2.31 and for clays as shown in Table 2.32. In sands, the
modulus increases with depth. In overconsolidated clays, the modulus remains more or

Steel plates S y

{; A e el FIGURE 2.89

e \T ; f T_ T 7 f—T Y T f _f E Load applied to plate in increments while
3 ) i N RO e sl | 2 deflection is measured.
p.psi
Yield point estimated
A from log plot
£
> 12 (tjh;a );?elt;:i poin(; k.= ply, tons/ft3
used o find p and y FIGURE 2.90

for k Load-deflection curve for load test on 1 ft? plate

to find the subgrade modulus k,.
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TABLE 2.31
Values of Vertical Modulus of Subgrade Reaction (k) for Plates on Sand?®

Relative Density of Sand Loose® Medium® Dense®
Dry or moist sand, limiting values for k, 20-60 60-300 300-1000
Dry or moist sand, proposed values for k, 40 130 500
Submerged sand, proposed values for k, 25 80 300

@ From Terzaghi, K., Geotechnique, 4, 1955.
k,in ton/ft® for square plates, 1 X 1 ft, or beams 1 ft wide (1 ton/ft> = 0.032 kg/cm® = 32 ton/m?3).

TABLE 2.32
Values of Vertical Modulus of Subgrade Reaction (k) for Plates on Preconsolidated Clay?

Consistency of Clay Stiff? Very stiff® Hard®
Values of U (ton/ft?) 1-2 2-4 >4
Ranges for k,, square plates 50-100 100-200 >200
Proposed values, square plates 75 150 300

@ From Terzaghi, K., Geotechnique, 4, 1955.
k. in ton/ft® for square plates 1 X 1 ft, or long strips 1 ft wide (1 ton/ft> = 1.15 Ib/in.3).

less constant as long as the consistency remains constant. The test is not applicable to
weaker clays because of the effect of consolidation.

Applications

The modulus of vertical subgrade reaction is used to determine shears and bending
moments resulting from deflections of pavements, mat foundations, and continuous foot-
ings by employing the concept of a beam or plate on an elastic subgrade.

The modulus of horizontal subgrade reaction is determined by a pile-load test. It is used
for the evaluation of shears and bending moments in flexible retaining structures and lat-
erally loaded piles, employing the concept of a beam or plate on an elastic subgrade.

Full-Scale Load Tests

Footings

The test is performed in a manner similar to the plate-load test except that a poured con-
crete footing is used rather than a plate. Tests performed on various sizes and at various
depths provide much useful information on the compressibility of sand subgrades, and

offer the most reliable procedures for measuring settlements in these materials if repre-
sentative sites are tested.

Pile-Load Tests

Vertical pile-load tests are performed to obtain measures of E and shaft friction in large-
diameter piles, or end-bearing capacity and shaft friction on slender piles. A load test
setup is illustrated in Figure 3.36.

Lateral load tests are performed on piles to obtain data on the horizontal modulus of
subgrade reaction K.
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Embankment Tests

Embankments are constructed to obtain information on the compressibility of loose fills,
or thick deposits of soft clays and weak organic soils, and are often designed to preload
weak soils. An embankment with height and width, adequate to stress the weak soils to a
substantial depth, is constructed with earth fill. Instrumentation is installed to monitor
deflections and pore pressures as functions of time (see Section 3.5.2). Interpretation of the
field data and correlations with laboratory test data provide information on the magnitude
and time rate of settlements to be anticipated, as well as on the height limitations during
actual construction required to avoid shear failures. This is the most reliable procedure for
evaluating the characteristics of weak organic deposits.

2.5.5 Dynamic Deformation Moduli (Soils)
Methods Summarized
Laboratory Methods

Dynamic deformation moduli are measured in the laboratory in the cyclic triaxial and
cyclic simple shear (see Section 2.4.4), and cyclic torsion, ultrasonic, and resonant column
devices as summarized in Table 2.33.

To date, the shaking table test has been used primarily in university research studies and
is described in Novacs et al. (1971) and De Alba et al. (1976). Dynamic testing procedures
are described in detail in USAEC (1972).

In Situ Methods

Dynamic moduli are measured in the field by seismic direct methods and steady-state
vibration methods. Vibration monitors obtain data on ground motion (see Section 3.2.5).

Resonant Column Devices

Apparatus
Several types are in use as described in USAEC (1972).

Procedure

The specimen is placed in a chamber, subjected to a confining pressure stimulating over-
burden pressure, vibrated first in the torsional mode and then in the longitudinal mode,
while end displacements are monitored.

Shear-wave velocity is computed from the torsional test results and the compression-
wave velocity from the longitudinal test results as functions of specimen and end dis-
placements. Dynamic Young’s modulus E; and dynamic shear modulus G, are computed
from equations given in Table 2.27. When applicable, factors are applied to include the
effects of damping and end conditions during test.

See also ASTM D4015-92(2000).

Seismic Direct Methods

Purpose

As described in Section 1.3.2, seismic direct methods are used to obtain values of E; and
G4 and have been used for estimating values of E, in medium-dense to dense sands for
settlement computations where small strains are critical.



Geotechnical Investigation Methods

240

£y07PA aaeM-Teays = * ‘K)oo[aa aaem-uorssarduod = % ‘oner Surdurep = g ‘snmpour 1eays dSTureukp = 95 ‘snmnpour s, UNox dTureudp = 4

‘F U0 ‘9/6] “WEPIISUTY “ISTAIS[H ““SPH “UISN[qUISOY PUe ZITUWOT ‘SU0ISI0a(] SULidaurSuyg pup Ysryf o1usiag WoL] .

01 03901

¢-0T

0T X €03;4_01

01 03401

1-0T 03501

urens apmdure
-JUeISUOD :$S3I3S (JeUOISIO))
1eays 10 [erxe Sunesmng

aAem
astnd o[3urs “reays 10 uone[iq
uoneIqIa
9913 10 (urens) ssans apnjrdure
-JuRISUOD :SS21}S 1LIYS Sunes[ng
uoneIqIA
9313 10 ssaxs apmypdure
-JUBJSUOD “SS13S Teays Sunes[nJ
ssans apnyrdure-juejsuod :Ssaxys
Sururyuod 10 Terxe Junesmg

UOTJEPI[OSU0D
oLjowwASIxe
10 WLIOJTU()

UOTJePI[OSU0D
OLIPWWASIXY

uonepIoSuod °y

UOTEPI[OSU0d
OLIPOWWASIXY

UOTJEPI[OSU0D
OLIJOWWASIX Y

amwog b

S510%

puans :urens
“SA 882138 ‘(] ‘O

urens
*SA SS313S ‘(] ‘D
p3uamns :urens
'SA SsaIs (1 ‘g

(o6t
‘TIJY) UWm{od Jueuosay
(2961
“10[Ae], pue 1dEN ‘G961
‘9dUDIMET) JTUOSBII )

(£961 "uoSTIM pue
paag) reays adws d1AD
(q "egs61 "YorasuIq

pue urpIeH '£4961
‘}19BAIZ) UOISIO} DIPAD
(6961 ‘onseD 9961 ‘UeyD
pue pasg) [eIxXers dIPAD

Kouanbary ySrpy

Aduanbary mo

apmdury ureng

orureud(q

renruy

SUONIPUO)) Ureng 10 SSaIg

qPaImseaN
sanppadorg

2DUDI3JY pue 1S3,

SuonIpuoD 3S3L

(SanIador T1og orureudq SurunuuIala(] 10§ SPOYISIA AToyeroqe]

€€°71149vL



Measurement of Properties 241

Estimating Values of E

Moduli for strain levels in the order of 107® can be estimated from shear-wave velocities
from crosshole or uphole seismic surveys (Swiger, 1974). Shear-wave velocities are used
because they can be measured above and below the groundwater level, whereas com-
pression-wave velocity can be measured only above groundwater level, since it is
obscured by the compression-wave velocity for water.

Under loads of the order of 2 to 3 tsf, strains in dense sands are small, approximately
1073, but higher than the strains occurring during seismic testing that require adjustment
for analysis. In granular soils, E; and G, have been found to decrease with increasing
strain levels (Hardin and Drnevich, 1972). A relationship between shear strain and axial
strain as a function of strain level is given in Figure 2.91. The ratios given on the abscissa
are used to reduce the field shear and compression modulus for use in analysis.

Case Study

In a study reported by Swiger (1974), good agreement was found between settlements com-
puted from seismic direct surveys and large-scale in situ load tests and the actual settlements
measured on the structure for which the study was made. For a Poisson’s ratio of 0.3, the val-
ues of E, were of the order of 4 X 10° psf (2000 tsf). The primary settlements occurred within
about 1 h of load application, but the magnitude of the secondary settlement appeared to
approximate that of the primary and to continue over a period of some years. Approximately
25% occurred in the first year after load application (about 4-8 tsf foundation pressure).

Steady-State Vibration Methods
Purpose

Steady-state vibration methods are performed to obtain in situ values of E; and Gg.

Principles

Ground oscillations are induced from the surface causing Rayleigh waves. The Rayleigh wave
velocity V, is used directly as the shear-wave velocity because, for Poisson’s ratios of 0.35 to
0.45, V, =0.935 to 0.95 V, a difference which is of little engineering significance (Richart, 1975).
E4 and G, are then computed from V, (for V) using equations given in Table 2.27.

1.0N
wNE

® A,
= VN
% 'H 0.8 AN
gl AN
2ls A\ i
S| = \ Shear strain
) Y Lb B
sle \ A
] \
2 é \\ N
- \
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< Axial strain £ =7 \ FIGURE 2.91
3 § \ N % Strain modulus relations for sands. (After
wis o2 A N b ‘_:- Seed, H. B., Proceedings of the 7th International
] \\\‘ Conference on Soil Mechanics and Foundation
[ h o . . .
-t Engineering, Mexico City, 1969; from Swiger,

Ratio

0 W. E,, Proceedings of ASCE, Conference on

106 108 10 108 1 0—2 10 Analysis and Design in Geotechnical Engineering,
University of Texas, Austin, Vol. II, 1974, pp.
Strain 79-92. With permission.)
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Procedure

An electromagnetic vibrator located on the surface generates the Rayleigh waves. The wave-
lengths of these surface waves are determined by measuring the distance between two
points vibrating in phase with the source. The generated vibrations are measured with a
velocity or acceleration transducer and the wavelengths are measured by comparing the
phase relationship of vibrations at various radii from the source with the vibrations of the
source. Velocities are computed from the measured wavelength and the vibrating frequency.

2.6 Typical Values of Basic, Index, and Engineering Properties
2.6.1 Rock Masses

Relationships between the uniaxial compressive strength and the deformation modulus
for various rock types are given in Figure 2.92.

640 [~
320 I ! Steel
1608 7. Granite 2. Diabase
4. Limestone and dolomite
1a. Granite
80 I 8a. Schist, steep foliations Vd
8a # 3
a0 F Concrete =171) _1b. Granite,
Chalk: blocky, medium hard coarse,
o0k [Hobbs, (1975)] altered
3. Basalt, andesite,
10 F dacite, rhyolite
5F 5. Sandstone

Chalk: weathered, fractured,
25 soft-filled joints
[Hobbs, (1975)]

6. Shale

8a. Schist, flat foliations

Trials [Hobbs (1975)]

0.3 Keuper marl

0.15

Deformation modulus Er (tsf x 10%)

0.07

0.035
0.017
0.009
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0.0015 T T ! T T T ] T r 1
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0.9 35 15 60 250 1000 4000

Uniaxial compressive strength U, (tsf)

FIGURE 2.92

Relationships between uniaxial compressive strength and deformation modulus for various rock types and
clays. (After Peck, R. B., Proceedings of ASCE, New York, Vol. 2, 1976, pp. 1-21; and Deere, D. U., Rock Mechanics
in Engineering Practice, Stagg and Zienkie-Wicz, Eds., Wiley, New York, 1968, chap. 1.)
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Typical permeability values for intact and in situ rocks are given in Table 2.12.
Typical strength values for rock mass discontinuities (joints and shear zones) for use in
preliminary analysis are given in Table 2.34.

2.6.2 Weathered Rock and Residual Soil

Shear strength parameters for various rock types and in situ conditions are given in Table
2.35. Typical engineering properties of residual soils of basalt and gneiss are given in
Table 7.5.

2.6.3 Cohesionless Soils

Common properties including relative density, dry density, void ratio, and strength as
related to gradation and N are given in Table 2.36. Relationships between ¢ and Dy, for var-
ious gradations are given in Figure 2.93.

Typical values for the permeability of soils are given in Tables 2.10- 2.14.

2.6.4 Clay Soils

Common properties, including relationships between consistency, strength, saturated
weight and N, are given in Table 2.37. Correlation of N with U, for cohesive soils of vari-
ous plasticities are given in Figure 2.94.

TABLE 2.34
Typical Strength Values for Rock-Mass Discontinuties for Use in Preliminary Stability Analysis®”

Defect Condition Strength Parameter®
Joint surface: smooth, Hard massive, well-interlocked or ¢, = 30-35°
unweathered rockd® cemented(granite, basalt, gneiss,
sandstone, limestone)
Hard shaley or schistose (hard shale, ¢, = 25-30°
slate, phyllite,mica-schist)
Soft, laminated or schistose ¢, = 20-25°

(clay shale, talc schist,
chlorite schist)

Asperity angle j (add to ¢,)° Very irregular surface j = 30-40°
Average surfaces j=5-15°
Smooth, planar surface j=0-=2°
Gouge or mylonite from Sandy material ¢, = 24-32°
fault or shear zones Intermediate material ¢; = 16-23°
Clayey material ¢, = 8-15°

@ After Deere, D.U., Proceedings of ASCE, Rock Engineering for Foundations and Slopes, Speciality Conference,
Boulder, CO, Vol. 11, 1976, pp. 55-85.

b For FS = 1.5 t0 2.0, ¢, = basic friction angle, ¢, = drained test.

¢ Generally assume ¢ = 0 for weak zones (weathered, altered, sheared), and in no case >1 tsf even (or hard)

rock surfaces when tested.

To ¢, add asperity angle j, or for analysis, ¢ = ¢, + j. Joint roughness angle j defined in Figure 2.45.

¢ Reduce E), = ¢, + jby 5 to 10° for weathered surfaces (Equation 2.59).

Values for ¢, are generally 5 to 10° or more lower than values for, ¢.
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TABLE 2.35

Geotechnical Investigation Methods

Shear Strength Parameters of Residual Soil, Weathered Rocks, and Related Materials®

Strength Parameters

Rock Type Weathering Degree ¢, C (tsf) 0 9, ¢r Remarks
(deg)
Igneous Rocks
Granite Decomposed C=0 ¢ =27-31 500 tests, Cherry Hill
Oy = 29 Dam
Quality index i C ] In situ direct shear tests.
15 1 41 Alto Rabagao
10 2 45-46
7 3 49-52
5 5 57
3 6-13 62-63
Weathered, zone IIB ¢, = 26-33 Lab direct shear tests.
Partly weathered, zone IIB ¢, = 27-31 Alto Lindosa
Relatively sound, zone III ¢, = 29-32
Red earth, zone 1B ¢ =28
Decomposed, zone IC Oy = 35
Decomposed, fine-grained c=0if ¢ =25-34
Decomposed, coarse-grained saturated ¢ = 36-38
Decomposed, remolded ¢ = 22-40
Quartz diorite Decomposed; sandy, silty c=01 ¢=230 + Lab tests, UD samples
Diorite Weathered c=03 =22 CU triaxial tests
Rhyolite Decomposed ¢ =30
Metamorphic Rocks
Gneiss (micaceous) Zone IB c=0.6 ¢ =23 Direct shear tests
Decomposed c=03 ¢ =37
Gneiss Decomposed, zone IC ¢ =185 CU triaxial tests
Decomposed (fault zone) c=15 ¢ =27 Direct shear tests on
concrete-rock surfaces
Much decomposed c=40 ¢ =29
Medium decomposed c=65 ¢ =35
Unweathered c=125 ¢ =60
Schist Weathered (mica schist soil) ¢ =24 From analysis of slides
Partly weathered mica schists c=07 ¢ =35 Perpendicular to
and phyllites (highly fractured) B schistosity
Weathered, intermediate ¢, =05 0,0, =15 CU tests, S = 50%
zone IC ¢, =07 ¢=18 CU tests, S = 100%
¢, =21
Weathered ¢ = 26-30 Compacted rock fill,
field direct shear tests
Phyllite Residual soil, zone IC c=0 ¢=24 Perpendicular to
schistosity
c=0 ¢=18 Parallel to schistosity
(both from
analysts of slides)
Sedimentary Rocks 3
Keuper marl Highly weathered ¢,<0.1 ¢ = 25-32; 2% carbonates
¢, =18-24
Intermediately weathered ¢,<0.1 ¢ = 32-42 14% carbonates
¢, = 22-29
Unweathered ¢,<0.3 74) =40 20% carbonates (all
triaxial tests, D
and CU and
¢, = 23-32 cut planes)

(Continued)
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TABLE 2.35
Continued
Strength Parameters
Rock Type Weathering Degree ¢, C (tsf) 0 9, ¢r Remarks
(see Table 6.15) (deg)
London clay Weathered (brown) ¢, = 0.1-0.2 (7) =19-22
¢, =14
Unweathered ¢, =09-1.8 ¢ =23-30
¢, =15
Joint Filling
“Black seams” In zone IC ¢, =105 Seam with slickensides
¢, =145 Seam without slicken
sides (both CU tests)
Shear Zones®
Metamorphic rocks ¢, = 15-25 Foliation shear
Shales ¢ =10-20 Mylonite seam
Fault gouge, general ¢, = 15-30

@ From Deere, D.U. and Patton, Proceedings of the 4th Panamerican Conference on Soil Mechanics and Foundation

Engineering, San Juan, Vol. I, 1971, pp. 87-100.

> From Deere, D.U., Foundation for Dams, ASCE, New York, 1974, pp. 417-424.

TABLE 2.36

Common Properties of Cohesionless Soils

ydry ydry Void  Strength®
Material Compactness  Dp (%) N? (g/em®®  (pcf)®  ratioe ©
GW:well-graded gravels, Dense 75 90 221 138 0.22 40
gravel-sand mixtures Medium dense 50 55 2.08 130 0.28 36
Loose 25 <28 1.97 123 0.36 32
GP: poorly graded gravels, Dense 75 70 2.04 127 0.33 38
gravel-sand mixtures Medium dense 50 50 1.92 120 0.39 35
Loose 25 <20 1.83 114 0.47 32
SW: well-graded sands, Dense 75 65 1.89 118 0.43 37
gravelly sands Medium dense 50 35 1.79 112 0.49 34
Loose 25 <15 1.70 106 0.57 30
SP: poorly graded sands, Dense 75 50 1.76 110 0.52 36
gravelly sands Medium dense 50 30 1.67 104 0.60 33
Loose 25 <10 1.59 99 0.65 29
SM: silty sands Dense 75 45 1.65 103 0.62 35
Medium dense 50 25 1.55 97 0.74 32
Loose 25 <8 1.49 93 0.80 29
ML: inorganic silts, very fine ~ Dense 75 35 1.49 93 0.80 33
sands Medium dense 50 20 1.41 88 0.90 31
Loose 25 <4 1.35 84 1.0 27

2 N is blows pet loot of penetration in the SPT. Adjustments for gradation are after Burmister (1962). See Table

2.23 for general relationships of Dy vs. N.
Density given is for G, = 2 65 (quartz grains).

¢ Friction angle ¢ depends on mineral type, normal stress, and grain angularity as well as Dy and gradation (see

Figure 2.93).
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FIGURE 2.93

Friction angle and relative density relationships for granular soils: (a) chart for the approximate evaluation
of the peak angle of internal friction from relative density — Schmertmann modification of Burmister (1948);
(b) in problems where the sand may strain past the peak strength value before a general failure occurs, then
a reduced value of ¢ must be used, particularly in the denser cohesionless soils. (Note: (1) For quartx sands.
(2) Angular grains can increase ¢ by about 15% in the loose state and 30% in the dense state over rounded
grains.) (Reprinted with permission of the Federal Highway Administration.)

TABLE 2.37

Common Properties of Clay Soils

Strength®

Consistency N Hand Test Yoar (pf)? U, (tsf)
Hard >30 Difficult to indent >125 >4.0
Very stiff 15-30 Indented by thumbnail 130-140 2.04.0
Stiff 8-15 Indented by thumb 120-130 1.0-2.0
Medium (firm) 4-8 Molded by strong pressure 110-120 0.5-1.0
Soft 24 Molded by slight pressure 100-110 0.25-0.5
Very soft <2 Extrudes between fingers 90-100 0-0.25

e
a —
Yeat = ydry + J/w( 1+e )
Unconfined compressive strength U, is usually taken as equal to twice the cohesion c or the undrained shear
strength s,. For the drained strength condition, most clays also have the additional strength parameter ¢,

although for most normally consolidated clays ¢ = 0 (Lambe and Whitman, 1969). Typical values for s, and
drained strength parameters are given in Table 2.38.

Typical properties of cohesive materials classified by geologic origin, including
density, natural moisture contents, plasticity indices, and strength parameters, are given
in Table 2.38.
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Correlations of SPT N values with U for cohesive soils of varying plasticities. (After NAVFAC, Design Manual
DM-7.1, Soil Mechanics, Foundations and Earth Structures, Naval Facilities Engineering Command, Alexandria,

VA, 1982.)

TABLE 2.38

Typical Properties of Formations of Cohesive Materials

vd PL s,

Material Type* Locations (pcf) W (%) LL(%) (%) (sf) csf) ¢ Remarks

Clay shales (Weathered)

Carlisle (Cret.) CH Nebraska 924 18 0.5 45 ¢ extremely
variable

Bearpaw (Cret) CH Montana 899 32 130 90 0.35 15

Pierre (Cret.) South Dakota 91.7 28 0.9 12

Cucaracha (Cret.) CH Panama Canal 12 80 45 ¢, = 10°

Pepper (Cret.) CH Waco, Texas 17 80 58 0.4 17 ¢, =7°

Bear Paw (Cret.) CH Saskatchewan 32 116 92 0.4 20 ¢,=8°

Modeio (Tert.) CH Los Angeles 899 29 66 31 1.6 Intact speci-
men

Modelo (Tert.) CH Los Angeles 899 29 66 31 0.32 27  Shear zone

Martinez (Tert) CH Los Angeles 103.6 22 62 38 0.25 26  Shear zone

(Eocene) CH Menlo Park, 103.0 30 60 50 Free swell 100%; P = 10 tsf

California

Residual Soils

Gneiss CL Brazi; buried  80.5 38 40 16 0 40 e =123

Gneiss ML Brazil; slopes  83.6 22 40 8 0.39 19 «¢¢

Gneiss ML Brazil; slopes  83.6 40 8 0.28 21 Unsoaked

Colluvium

From shales CL West Virginia 28 48 25 0.28 28 ¢, =16°

From gneiss CL Brazil 68.6 36 40 16 0.2 31 ¢, =12°

(Continued)
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TABLE 2.38
Typical Properties of Formations of Cohesive Materials (Continued)

Material Type* Locations vd W (%) LL(%) PL s, c(tsf) ¢ Remarks
(pcf) (%) (tsf)

Alluvium

Back swamp OH Louisiana 35.6 140 120 8 015

Back swamp OH Louisiana 624 60 85 50 01

Hack swamp MH Georgia 59.9 54 61 22 03 e, =17

Lacustrine CL Great Salt Lake 48.7 50 45 20 034

Lacustrine CL Canada 693 62 33 15 0.25

Lacustrine CH Mexico City 181 300 410 260 0.4 e.=7,5=13

(volcanic)

Estuarine CH Thames River 48.7 90 115 85 0.15

Estuarine CH Lake Maricaibo 65 73 50 0.25

Estuarine CH Bangkok 130 118 75 0.05

Estuarine MH Maine DO 60 30 02

Marine Soils (Other than Estuarine)

Offshore MH Santa Barbara, 52.0 80 83 44 0.15 e, =228
California

Offshore CH New Jersey 65 95 60  0.65

Offshore CH San Diego 362 125 111 64 0.1 Depth =2m

Offshore CH Gulf of Maine 36.2 163 124 78 0.05

Coastal Plain CH Texas 86.7 29 81 55 10 0.2 16 ¢,=14,¢,=0.8
(Beaumont)

Coastal Plain CH London 99.8 25 80 55 2.0

Loess

Silty ML Nebraska- 768 9 30 8 0.6 32 Natural w%
Kansas

Silty ML Nebraska 76.8  (35) 30 8 0 23 Prewetted
Kansas

Clayey CL Nebraska- 780 9 37 17 2.0 30 Natural w%
Kansas

Glacial Soils

Till CL Chicago 1323 23 37 21 3.5

Lacustrine CL Chicago 1055 22 30 15 1.0 e,=0.6 (OC)

(varved)

Lacustrine CL Chicago 24 30 13 01 e,=1.2 (NC)

(varved)

Lacustrine CH Chicago 736 50 54 30 01

(varved)

Lacustrine CH Ohio 60.0 46 58 31 0.6 S, =4

(varved)

Lacustrine) CH Detroit 749 46 55 30 08 e,=13 (clay)

(varved)

Lacustrine CH New York 46 62 34 1.0 e,=1.25

(varved) City (clay)

Lacustrine CL Boston 842 38 50 26 0.8 5, =3

(varved)

Lacustrine CH Seattle 30 55 22 30 ¢, =13°

(varved)

Marine® CH Canada- 555 80 60 32 0.5 S, =128
Leda clay

Marine® CL Norway 83.6 40 38 15 013 5,=7

Marine® CL Norway 80.5 43 28 15 0.05 S, =75

?  See Figure 2.12.
b Marine clays strongly leached.
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Relationships between the uniaxial compressive strength and the deformation modulus
for clays are given in Figure 2.92.

2.6.5 Compacted Materials

Typical properties for compacted soils, including maximum dry weight, optimum mois-
ture content, compression values, strength characteristics, coefficient of permeability, CBR
values and range of subgrade modulus are given in Table 2.39.
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Field Instrumentation

3.1 Introduction

3.1.1  Methods and Instruments Summarized

Monitoring methods and some instruments available are summarized for general refer-
ence in the following tables:

e Table 3.1 — method or instrument vs. condition to be monitored
e Table 3.2 — applications of simple vs. complex instruments
e Table 3.3 — methods or instrument summarized on basis of category of application

Comprehensive references on instrumentation have been prepared by Cording et al.
(1975) and Dunicliff (1988). Catalogs available from Boart Longyear Interfels GmbH,
Geokon, Soil Instrumentation Ltd., and Slope Indicator Co. are very informative.

3.1.2  Objectives

Instrumentation is installed to measure and monitor field conditions that are subject to
changes including:

Surface movements

Subsurface deformations

In situ earth and pore pressures
Stresses on structural members

3.1.3 Applications

Foundation Design Studies

Measurements are made of deflections and stresses during load tests and preloading oper-
ations.

Construction Operations

During construction of buildings, embankments, retaining structures, open excavations,
tunnels, caverns, and large dams, instrumentation is installed to monitor loads, stresses,
and deformations to confirm design assumptions and determine the need for changes or
remedial measures.
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TABLE 3.2

Instrumentation: Simple vs. Complex Methods and Devices
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Applications

Simple?

Complex®

Surface movements

Subsurface deformations

In situ pressures and stresses

Residual rock stresses

Optical surveys of monuments,
settlement plates
Water-level device
Simple strain meter
Wire extensometer
Settlement points
Borros points
Rock bolt and rod-type
MPBX extensometers
Shear-strip indicator
Tell tales (pile load tests)
Open-system piezometers

Strain meter on rock surface
Flat jacks

Global positioning system (GPS)

Electrical tiltmeter

Electrical strain meter

Vertical extensometer
Inclinometer

Deflectometer

Wire-type MPBX (extensometer)

Acoustical emissions

Pneumatic and electric piezometers
Strain gages

Pressure cells

Vibrating-wire stress meter
Borehole devices

2 Simple types are read optically or with dial gages. They are less costly to install and less subject to malfunction.

Complex devices are attached to remote readouts, and many can be set up to monitor and record changes con-

tinuously. The device and installation are more costly, and reliability will usually be less than that of the sim-
pler types. In many cases, however, there is no alternative but to use the more complex type.

TABLE 3.3

Instrumentation of Movements, Deformations, and Stresses

Method/Instrument

Applications

Surface Movements

Survey nets

Water-level device

Settlement plates

Remote settlement monitor
(settlement extensometer)

Tiltmeters

Pendulums
Convergence meters

Surface extensometers
or strain meters

Terrestrial
stereophotography

Vibration monitoring

Subsurface Deformations

Vertical rod extensometer

Vertical and horizontal movements of slopes, walls; settlements by precise
leveling, theodolite, or laser geodimeter. Requires stable bench mark. Slow
except with laser. GPS to monitor slope movements

To monitor building settlements optically

Installed at base of fills and read optically for settlement monitoring
Installed at base of fills, over tunnels in soft ground, adjacent to excavations

to monitor vertical deflections

Reference point installed below in rock or strong soils

Instrument connected electrically to readout or recorder

Measure rotational component of deflection electronically

Used in buildings, on walls, and rock-cut benches

Monitor tilt in buildings adjacent to excavations

Measure convergence in tunnels, between excavation walls, and down cut

slopes in rock

Measure linear strains downslope or across faults. Small

strain meters for joints

Monitor movements of slopes, retaining structures, and
buildings. Less accurate than optical systems
Monitor vibrations caused by blasting, pile driving, traffic, etc.

Settlement points installed at various depths allow measurement of
increments of vertical deflection. Borros points, cross-arm device, and the
remote settlement monitor also are used

(Continued)
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TABLE 3.3

Geotechnical Investigation Methods

Instrumentation of Movements, Deformations, and Stresses (Continued)

Method/Instrument

Applications

Subsurface Deformations

Inclinometer

Deflectometers

Shear-strip
indicators

Borehole
extensometers

Subsurface Deformations

Electrical strain meters

Acoustical emissions device

In Situ Pressures and Stresses

Piezometers

Stress or pressure cells

Load cells
Tell tales

Strain gages

Strain meters

Stress meters

Residual Rock Stresses

Shallow-Depth Methods
Strain meters or rosettes

Flat Jacks
Deep Methods
Borehole devices
Deformation gage
Inclusion stress meter
Strain gage
Hydraulic fracturing

Measure lateral deflections. Used behind walls, in lateral pile-load tests, for
measuring deflections beneath loaded areas over soft soils, and to locate
the failure surface in a slope and monitor slope movements

Used in rock as permanent installation to monitor movements perpendicular

to the borehole in rock slopes, open-pit mines, and fault zones

Used to locate failure surface in earth mass and to send an
alarm when failure occurs

Installed singly or in series (MPBX) in boreholes to monitor
deflections occurring parallel to hole. Used to monitor slopes in rock,
tunnels, and caverns. Installed in any orientation

Installed below the surface in earth dams to monitor longitudinal strains
between embankment and abutment and to locate transverse cracks

Detect and monitor subaudible noise in soil and rock resulting from distress
caused by slope movements and mine collapse, and along faults. Also
used to locate leakage paths in dams

Monitor pore-water pressures in slopes, dewatered excavations, beneath
embankments, in dams, beneath buildings, and during preloading.
Various systems available. Application depends on soil or rock
conditions, response time required, and necessity for remote readout
and recording

Measure stresses behind walls, in tunnel linings, beneath foundations during
load test, and in embankments

Measure loads in anchors, wall braces, and tunnel lining

Measure deflections at various depths in a pile during load test. Used to
compute side friction and end bearing

Measure strains in piles during load test, bracing for retaining structures,
earth and rock anchors, and steel storage tank walls during hydrostatic
testing

Purposes similar to tiltmeters above, but meters tire encased so as not to be
susceptible to short circuits, and are welded to the structure so as to not be
subject to long-term creep of a cementing agent

Installed in borehole to measure stress changes during tunneling and mining
operations

Stresses a short distance behind the wall remain unknown and excavation
for test relieves some residual stress

Relatively low costs. Used in good-quality rock

Permits deep measurement of residual stresses by borehole
overcoring techniques. Any borehole orientation is possible,
but installation and overcoring are difficult operations.

Practical depth limit is about 10 to 15 m

Allows very deep measurement, about 300 to 1500 m
Boreholes are limited to vertical or near-vertical. Technique is in
development stages
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Postconstruction

After construction has been completed, stresses and deformations may be monitored to
provide an early warning against possible failure of slopes, retaining structures, earth
dams, or concrete dams with rock foundations and abutments.

Existing Structures

Structures undergoing settlement are monitored to determine if and when remedial meas-
ures will be required and how stability will be achieved.

Instrumentation is installed to monitor the effects on existing structures of (1) dynamic
loadings from earthquake forces, vibrating machinery, nearby blasting or other construc-
tion operations; and (2) deformations resulting from nearby tunneling or open excavations.

Slopes

Instrumentation is installed to monitor movements of rock and soil slopes, to locate fail-
ure surfaces and monitor their deflections, and to monitor groundwater conditions.

Mineral Extraction

The extraction of oil, gas, water, coal, or other minerals from the subsurface can result in
surface deformations that require monitoring.

Tectonic Movements

In areas of crustal activity, movements and stresses related to surface warping and fault-
ing are monitored.

3.1.4 Program Elements

General

In planning an instrumentation program, the initial steps involve determining what quan-
tities should be measured and selecting the instrument or instruments. The choice of
instruments requires consideration of a number of factors, followed by a design layout of
the instrumentation arrays for field installation.

Execution requires installation and calibration, data collection, recording, processing,
and interpretation.

Instrumentation Selection

Conditions to be Monitored

Instrumentation types and methods are generally grouped by the condition that has to be
monitored, i.e., surface movements, subsurface deformation, and in situ pressures and
stresses.

Application

Instruments vary in precision, sensitivity, reliability, and durability. The relative impor-
tance of these factors varies with the application or purpose of the program, such as col-
lecting design data or monitoring construction and postconstruction works, existing
structures, or the effects of mineral extraction or tectonic activity.
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Instrumentation Characteristics

Precision refers to the degree of measurement agreement required in relation to true or
accepted reference values of the quantity measured.

Sensitivity refers to the smallest unit detectable on the instrument scale, which generally
decreases with variations in the instrument measurement range.

Repeatability refers to obtaining sequential readings with similar precision. It can be the
most significant feature, since it indicates the trend in change of the measurement quan-
tity and is often more important than sensitivity or precision.

Drift refers to the instrument error progression with time and affects precision.

Reliability refers to the resistance to large deformations beyond the desired range, high
pressures, corrosive elements, temperature extremes, construction activities, dirty envi-
ronment, humidity and water, erratic power supply, accessibility for maintenance, etc. For
a particular application, the less complicated the instrument the greater is its reliability.
Thus, mechanical instruments are preferred to electrical; stationary parts are preferred to
moving parts. Electrical instruments should be battery-powered for greater reliability.

Service life required can vary from a few weeks, to months, to a year, or even several years
and is influenced by the reliability factors.

Calibration

Instrument Precision

Precision is verified upon the receipt of an instrument from the manufacturer by checking
it against a standard and corrections are considered for temperature and drift. After instal-
lation, precision is verified, then checked periodically during monitoring and upon proj-
ect completion.

Bench Marks or Other Reference Data

Reference points such as bench marks are installed or established and protected to ensure
reliability against all possible changes that may occur during the project life. Care should
be taken to ensure that the bench mark does not move. The best bench marks are sup-
ported on sound rock; Borros points (Section 3.3.2) set in hard soil are an option where the
rock is very deep. “Temporary” reference points that require transfer to permanent refer-
ences should be avoided.

Installation and Maintenance

Some systems are relatively simple to install and maintain, since they are portable and
require only surface reference points; others require boreholes or excavations and are
therefore difficult to install and maintain. These factors substantially affect costs.

Operations

Data Collection and Recording

Data collection should take place on a planned basis. Data may be collected and recorded
manually or automatically, directly or remotely, and on a periodic or continuous basis.
Automatic collection and remote recording can be connected to alarm systems and are
useful in dangerous situations, or in situations where long periods of inactivity may be fol-
lowed by some significant occurrence such as an earthquake or heavy rainfall. Readout
systems measure and display the measured quantity.
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Frequency of Observations

Construction progress, data trends, and interpretation requirements influence the fre-
quency of the observations. Periodic monitoring is always required. The frequency of
readings increases when conditions are critical.

Data Processing and Interpretation

Data are recorded, plotted, reviewed, and interpreted on a programmed basis, either peri-
odic or continuous. Failures have occurred during monitoring programs when data were
recorded, collected, and filed, but not plotted and interpreted.

3.1.5 Transducers

General

Transducers, important elements of complex instruments, are devices actuated by energy
from one system to supply energy, in the same or some other form, to a second system. They
function generally on the membrane principle, the electrical resistance gage principle, or the
vibrating-wire principle. Occasionally they function on the linear-displacement principle.

Membrane Principle

Pressure against a membrane is measured either hydraulically (e.g., by hydraulic
piezometers) or pneumatically (e.g., by the Gloetzl pressure cell, the pneumatic piezome-
ter, or geophones).

Resistance Strain Gages

Applications

Resistance strain gages are cemented to structural members or used as sensors in load
cells, piezometers, extensometers, inclinometers, etc.

Principle

The straining of a wire changes its cross-sectional area and consequently its electrical
resistance. When a strain-gage wire is attached to a structural member, either externally or
as the component of an instrument, measurements of changes in electrical resistance are
used to determine strains in the structural element. There are several types of gages.

Bonded Gages

The most common form is the bonded gage, which consists of a thin wire filament or metal
foil formed into a pattern and bonded to a backing of paper or thin plastic (Figure 3.1). The
backing is then cemented to the surface where the measurements are to be made.

Gage lengths range from 1/16 to 6 in., and strain sensitivity is usually of the order of 2
to 4 microstrains, with ranges up to 20,000 to 50,000 microstrains (2-5% strain) for normal
gages. High elongation gages ranging up to strains of 10 to 20% are available.

Encapsulated Gages

Bonded gages mounted and sealed in the factory into a stainless steel or brass envelope
are termed as encapsulated gages. They are welded to the measurement surface or embed-
ded in concrete. Encapsulated gages provide better protection against moisture than
unbonded gages.
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Unbonded, Encapsulated Gages

A fine wire is strung under tension over ceramic insulators mounted on a flexible metal
frame to form a resistance coil in unbonded, encapsulated gages (Figure 3.2). Usually two
coils are used and arranged so that one contracts while the other expands when the frame
is strained. The coils and the frame are factory-sealed into a tubular metal cover to provide
moisture protection. Mounting is achieved by bolting the gage to saddle brackets previ-
ously tack-welded or bolted to the measuring surface. The Carlson strain meter is one ver-
sion of the unbonded, encapsulated resistance gage.

Readouts

Strain indicators measure the resistance changes of the gages. They consist of a power sup-
ply, various fixed and variable resistors, a galvanometer, and a bridge circuit that can be
switched to connect the strain gages, resistors, and galvanometers in various configura-
tions.

Temperature Compensation

Temperature compensation is always required and can be achieved by a dummy gage
mounted so that it responds only to temperature-induced resistance changes or by the use
of self-compensating gages.

Vibrating-Wire Devices

Applications
Vibrating-wire devices are used for measurements of:

Strain with the transducer mounted on steel or embedded in concrete
Displacement and deformation with extensometers and joint meters
Tensile and compressive forces

Pore and joint water pressures

Changes in rock stresses

Changes in surface or subsurface inclinations

Temperature changes

Fine wire Insulators

under tension

_ > :ﬁ:gmfm FIGURE 3.2
TeIeSCQplng Unbonded resistance strain gage. (From
tube with AAM o

VYWY Cording, E.J. et al., University of Illinois,
i

bellows Urbana, Vols. 1 and 2, 1975. With
810 20in. .
permission.)
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Principle

A vibrating steel wire is attached to the object on which a measurement has to be made. A
change in the quantity to be measured causes a change in stress in the measuring wire and
consequently a change in its frequency. The measuring wire oscillates within a magnetic
field, inducing in a coil an electrical oscillation of the same frequency, which is transmit-
ted by cable to a receiving instrument.

Types

Intermittent vibrating-wire systems, used for static and semistatic measuring systems, con-
sist of a transducer containing the measuring wire and an electromagnet, and a receiver.
Continuous vibrating-wire systems contain the measuring wire, an oscillator, and two elec-
tromagnets in the transducer, and are used for static and dynamic measuring devices and
for alarm and control systems (Dreyer, 1977).

Characteristics

Gage lengths generally range from 4 to 14 in., and strain sensitivity has typical maximum
ranges from 600 to 7000 microstrains.

Linear-Displacement Transducers

Applications

Linear-displacement transducers are generally used in extensometers.

Linear Potentiometer

Resistance devices, linear potentiometers, consist of a mandrel wound with fine wire or
conductive film. A wiper attached to a shaft rides along the mandrel and divides the man-
drel resistance into two parts. The resistance ratio of these parts is measured with a
Wheatstone bridge circuit to determine the displacement of the wiper and shaft.
Movement ranges are generally about 0.5 to 24 in. with an average sensitivity of 0.01 to
0.001. Linear potentiometers are extremely sensitive to moisture and require absolute sealing.

Linear Variable Differential Transformer (LVDT)

The LVDT converts a displacement into a voltage change by varying the reluctance path
between a primary coil and two or more secondary coils when an excitation voltage is
applied to the primary coil. Variations in the output signal are calibrated to displacements
of the LVDT core.

Movement ranges are generally about 0.1 ft to several feet; sensitivity is about 10 micros-
trains. LVDTs are much less sensitive to moisture and less affected by temperature than are
linear potentiometers.

3.2 Surface Movements

3.2.1 Forms and Significance

Vertical Displacements

Settlement or heave is a vertical surface displacement that results in detrimental distortion
of structures, especially if differential, when significant magnitudes are reached (see also
Section 3.3.2).
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Tilt
Tilt can indicate differential settlement of a structure, impending failure of walls and
slopes, or major tectonic movements.

Lateral Displacement

Lateral surface displacements can signify slope failure or fault activity. The surfaces of tun-
nels and other underground openings undergo convergence from stress relief, which may
lead to failure.

Vibrations

Construction activity or earthquakes can induce vibrations in structures, resulting in over-
stress and failure.

Summary

Forms of surface movement, their occurrence, and applicable monitoring methods are
summarized in Table 3.4.

TABLE 3.4

Surface Movements: Forms, Occurrence, and Monitors

Movement Occurrence Monitoring Method Reference

Settlement or subsidence  Fills, surcharge: buildings ~ Optical survey nets with monuments  Section 3.2.2
or settlement plates

Over tunnels, behind Settlement extensometers Section 3.3.2
walls
Heave or rebound Fills, surcharge: Optical survey nets Section 3.2.2
buildings
Settlement extensometers Section 3.3.2
Differential settlement Within buildings Optical survey nets Section 3.2.2
Water-level device Section 3.2.2
Tilt Retaining structures, Portable electric tiltmeter Section 3.2.3
buildings, rock-slope
benches
Pendulums Section 3.2.3
Terrestrial Section 3.2.2
stereophotography
Ground surface Mercury pools set in piers Section 3.2.3
Lateral Slopes Survey nets and GPS Section 3.2.2
displacement
Terrestrial photography Section 3.2.2
Wire extensometer Section 3.2.4
Precision electric strain meter Section 3.2.4
Sliding wire contact Section 3.2.4
Tension cracks, joints Simple strain meter with pins Section 3.2.4
Faults Survey nets Section 3.2.2
Precision electric strain meter Section 3.2.4
Convergence Tunnels Wire extensometer Section 3.2.4
Vibrations Blasting, pile driving, Vibration monitors Section 3.2.5

etc.
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3.2.2  Surveying
GPS (Global Positioning System)

Applications

GPS is one of the most important instrumentation systems to have been developed in the
past 20 years. Its applications in geotechnical engineering will increase as the system
sensitivity increases. At present it is used to monitor slope movements and surface move-
ments in seismically active areas.

Method

GPS is a worldwide radio-navigation system at present made up of a constellation of 24
satellites and their ground stations. GPS receivers have been miniaturized to just a few
integrated circuits. Positioned on a surface, the antennas measure the travel time of radio
signals from at least three of the 24 satellites. Antenna locations are determined by trian-
gulation and by applying complex geometric relationships and very accurate timing to the
radio signals from the satellites. Antenna positions are calculated accurately to a matter of
meters with standard equipment, and with advanced forms of GPS the positions can be
calculated to about 1 cm.

The GPS receiver locations and elevations can be read when the data are received,
or the data can be sent by a radio modem and antenna to a personal computer
where a graphical output of vertical and horizontal movements are stored and can be dis-
played.

Survey Nets

Applications

Survey nets making use of optical systems are used to monitor deflections of slopes, walls,
buildings, and other structures, as well as ground subsidence and heave.

Methods

Ranges, accuracy, advantages, limitations, and reliability of various surveying methods
are summarized in Table 3.5.

Procedures

Reference points are installed to provide a fixed framework. They include ground monu-
ments, pins in structures, and immovable bench marks.

Close-distance surveys are usually performed with a first-order theodolite, and critical
distances are measured by chaining with Invar or steel tapes, held under a standard
tension.

Long-distance surveys, such as for slope movements, are more commonly performed with
the geodimeter (electronic distance-measuring unit or EDM) because of a significant
reduction in measurement time and increased accuracy for long ranges. Distances are
determined by measuring the phase difference between transmitted and reflected light
beams, using the laser principle. Calculation and data display can be automated by using
an electronic geodimeter with a punched-tape recorder. The accuracy for slope monitoring
is about 30 mm (as compared with 300 mm for the theodolite) (Blackwell et al., 1975),
depending on the sight distance. An example of a scheme for geodetic control of a land-
slide is given in Figure 3.3. Sequential plotting of the data reveals the direction and veloc-
ity of the movements.



270

TABLE 3.5

Surveying Methods Summarized?®

Geotechnical Investigation Methods

Method Range Accuracy

Advantages

Limitations
and
Precautions

Reliability

Chaining Variable 1 1

=+

“+__
~5000 *© ~10,000

Ordinary (third
order) survey

1 1

+ +
©20,000 *© ~200,000

Precise (first-order)
survey

1 1

Electronic 50 to
distance 10,000 ft

measuring of distance

Optical leveling
Ordinary-second
and third order

+0.01 to +0.02 ft

Precise parallel- +0.002 to £0.004 ft
plate micrometer

attachment,

special rod, first-

order technique

Offsets from a
baseline
Theodolite and 0to 5 ft
scale off-
baseline

+ +
~50,000 ©© ~300,000

+0.002 to +0.005 ft

Simple, direct
observation

Inexpensive

Precise, long
range, fast

Usable over
rough terrain

Simple, fast
(particularly
with self-
leveling
instruments)

More precise

Simple direct
observation

Requires Excellent
clear,
relatively flat
surface
between
points and
stable
reference
monuments

Corrections
for
temperature
and slope
should be
applied and
a standard
tension used

Accuracy Good
influenced
by atmospheric
conditions
Accuracy at
short ranges
(under 100-
300 ft) is
limited

Limited Excellent
precision.

Requires

good bench

mark nearby

Requires Excellent
good bench

mark and

reference

points, and

careful

adherence to

standard

procedures

Requires Excellent
baseline
unaffected
by
movements
and good
monuments.
(Continued)
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TABLE 3.5
(Continued)
Method Range Accuracy Advantages Limitations Reliability
and
Precautions
Accuracy can
be improved
by using a
target with a
vernier and
by repeating
the sight
from the
opposite end
of the
baseline
Laser and Oto5ft  *+0.005 ft Faster than Seriously Good
photocell off- transit affected by
detector baseline atmospheric
conditions
Triangulation +0.002 to 0.04 ft Usable when Requires Good
direct precise
measurements measurement
are not of base
possible. distance and
Good for angles. Good
tying into reference
points outside monuments
of are required
construction
area
Photogrammetric 1 1 Can record Weather Good
methods im to im hundr?ds of cond}tl(?ns
potential can limit use

movements at

one time for
determination

of overall
displacement pattern

Note: GPS becoming standard surveying practice (Section 3.2.2). Current precision about 1 cm.
2 From Cording, E. J. et al., Department of Civil Engineering, University of Illinois, Urbana, Vols. 1 and 2, 1975.

Water-Level (Hose-Level) Device
Application

Floor, wall, or column deflections inside structures undergoing settlements or heave may
be monitored with the water-level device. Its accuracy ranges from +0.001 to 0.5 in.

Procedure

Monument pins are set at a number of locations on walls, columns, and floors. Elevations
relative to some fixed point are measured periodically with the device, which consists of
two water-level gages connected by a long hose. In operation, one gage is set up at a
bench-mark elevation and the other is moved about from pin to pin and the elevation read
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Boundary of old landslide
Demarcation of potential landslide
Sance Reservoir on the Ostravice River

Fixed reference points on the opposite stable slope

O
®
®
®
®

Concrete monuments set in monitored slope

FIGURE 3.3

Scheme of geodetic control of the Recice landslide. Note that a laser geodimeter was used in the survey
because of significant reduction in measurement time and increased accuracy. (From Novosad, S., Bull. Int.
Assoc. Eng. Geol., 17, 71-73, 1978. With permission.)

at the control gage. The principle is similar to that of the theodolite, except that the water-
level device is quicker and simpler for working around walls and columns inside build-
ings. Temperature differential, as might be caused by radiators or sunshine affecting the
hose, may introduce considerable error.

Data Reduction

Plots of movements measured periodically reveal the rate and magnitude of differential
settlement or heave within the structure. Determination of total movements requires an
immovable reference point such as a bench mark set into rock.
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Settlement Plates
Application

Ground surface settlements under fills and surcharges are monitored with settlement plates.

Procedure

Plates, at least 3 ft (90 cm) square, made of heavy plywood or steel, are placed carefully on pre-
pared ground. A 1 in. rod is attached to the plate and its elevation is determined by survey.

As fill is placed, readings of attachments are taken, and when necessary, additional rod
sections are attached. A relatively large number of plates should be installed on a given
site, not only to provide data on differential movements, but also because some will invari-
ably be disturbed or destroyed during filling operations.

Data Reduction

Plots of movements provide data on the rate and magnitude of settlement when refer-
enced to an immovable bench mark.

Terrestrial Photography

Applications

Slopes, retaining structures, buildings, and other structures experiencing movements may
be monitored on a broad basis with terrestrial photography.

Procedure

A bench-mark reference point is established and photographs are taken periodically from
the same location, elevation, and orientation with a high-resolution camera and film. After
each photo, the camera is moved a short distance laterally (about 1 m) to obtain at least a
60% overlap of adjacent photos. Sequential photos provide pairs suitable for stereoscopic
viewing when enlarged. Phototheodolites provide a sophisticated system.

Data Obtained

The direction and relative magnitude of movements are detected by comparing sequential
photos. The precision is not equal to that of the standard survey techniques, but it may be ade-
quate for detecting changes in the locations of survey reference points and providing for
approximate measurements if a reference scale is included in the photo. Stereo-terrestrial
photographs are extremely useful for mapping joints and other discontinuities on rock slopes.

3.2.3 Tiltmeters
Electrical Tiltmeter
Application

Tilting or rotational movements of retaining walls, structures, and rock benches are mon-
itored with electrical tiltmeters.

Instrument

The portable tiltmeters utilize a closed-loop force-balanced servo-accelerator to measure
tilt. Accuracy is reported to be equivalent to a surface displacement of 0.06 in. of a rock
mass rotating on an axis 100 ft beneath the surface, or a displacement of 200 pin. over the
4-in. length of the instrument.
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Procedure

Ceramic plates are cemented to the surface at locations to be monitored. The plates contain
pegs that which serve as reference points for aligning the tiltmeter and measuring the
angular deflection. Changes in tilt are found by comparing the current reading to the ini-
tial reading.

Pendulums
Application

Pendulums are used to measure the horizontal distance between two points at different
elevations. They are installed in the highest elevations of structures adjacent to open exca-
vations areas or over tunneling operations, where ground subsidence may cause differen-
tial settlement and tilting.

Instrument

The two general pendulum types, direct and inverted, are illustrated in Figure 3.4.

Mercury Pools Set in Piers
Application

Mercury pools set in piers were installed by National Oceanic and Atmospheric
Administration’s (NOAA) Earthquake Mechanism Laboratory, Stone Canyon, California,
adjacent to the San Andreas Fault to monitor ground surface movements over a large area
(Bufe, 1972).

Anchorage

& —— Pendulum
Injected plug

Concrete

base
Borehole,

150-mm
casing

™\ Oil tank

(a) (b)

FIGURE 3.4
Pendulums of Soil Instruments Ltd: (a) direct pendulum, (b) inverted pendulum. (From Franklin, J.A., Int. |. Rock
Mech. Miner. Sci. Geomech. Abstr., 14, 163-192, 1977. With permission.)
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Instrument

Similar in principle to the water-level device, mercury pools were set in piers 20 m
apart in an interconnected array and attached to Invar rods driven to resistance in the ground.

3.2.4 Extensometers
Simple Strain Meter

Application

Joint or tension crack deformations in rock masses may be monitored with simple strain
meters; they are particularly useful on slopes.

Installation

Pins are installed in a triangular array adjacent to the crack and initial reference measure-
ments are made. Periodic measurements monitor vertical, lateral, and shear displacements
along the crack.

Simple Wire Extensometer
Application

Slope movements are monitored with simple moving wire contacts that can give warning
of large deformations, a particularly useful feature for open-pit mine and other rock slopes.

Installation

A stake is driven into the ground, upslope of the crack, and is attached to a tensioned wire
that becomes the measurement station. The wire is attached to a stake driven into an unsta-
ble area. The wire passes over guides in the measurement station to connect to a weight to
maintain wire tension. At the measurement station, trip blocks are attached to the wire that
passes along a steel scale. Displacements are measured periodically from the locations of
the trip blocks along the scale. A trip block can be placed on the scale at the location of the
desired maximum movement and can be connected to an alarm (see Figure 3.5).

Electrical Crack Gage
Application

An electrical crackmeter continuously monitors rock slope joint movements when con-
nected to a data logger. The initial reading is used as a datum. Subsequent readings pro-
vide data on magnitude, rate, and acceleration of movements across the joint.

Installation

A displacement transducer is connected to anchors or steel pins set in the rock on
each side of the joint. A change in distance across the joint causes a change in the fre-
quency signal produced by the transducer when excited by the readout or data logger.
The readout device processes the signal, applies calibration factors, and displays a read-
ing in millimeters or inches.

Wire Extensometer (Convergence Meter)

Applications

Wire extensometers are used to measure the movements of soil- or rock-cut benches in the
downslope direction as indicators of potential failure or to monitor convergence in tunnels,
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particularly along shear zones where movements are likely to be relatively large. In tunnels
they provide data based on the need for additional supports (Hartmann, 1966).

Instrument

An Invar steel wire is attached to a tensioning device and dial indicator as shown in Figure
3.6. Reference pins are grouted into tunnel walls or mounted on monuments on slopes. One
end of the wire is connected to a pin (Figure 3.6) and the instrument is attached to the oppo-
site pin (Figure 3.7). The wire is adjusted to a calibrated tension and the distance between
pins is measured with the dial gage. Well-made instruments, such as those of Interfels, used
properly, have an accuracy of 1X107 times the measurement length (Silveira, 1976).

Slope Monitoring

As shown in Figure 3.8, pins are set in monuments on slope benches in a series of parallel
lines running up- and down-slope, with each line starting well behind the slope crest and

Measurement station on stable ground
Tensioned wire  Anchor on crest of slope

To alarm

Not to scale
Steel rule Trip switch

| K Tensioned wire

: Measurement Wire guide
block | I
v | | Trip block

Tensioning weight

FIGURE 3.5
Wire extensometer on crest of rock slope. (From FHWA, USDOT, FHA, Pub. No. FHWA-TS-89-045,
September 1989. With permission.)

FIGURE 3.6
Tensioning device and dial indicator used to measure convergence.
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FIGURE 3.7

Convergence meter. (From Silveira, ].F.A., Proceedings of the 1st Congress, Brasileira de Geologia de Engenharia,
Rio de Janeiro, August, Vol. 1, 1976, pp. 131-154. With permission.)

FIGURE 3.8
Installation of convergence monuments
on a cut slope in a mine.

any potential failure surface, and extending to lower bench levels (Figure 3.41). Either pos-
itive or negative movements will be measured between any two adjacent pins.
Interpretation of where the movements are occurring along the slope requires plotting the
readings between any two pins on a section showing all the pins.

Tunnel Convergence Monitoring

There are two basic layouts for positioning the pins in the tunnel walls: one provides for
measurements across the diameter but has the often serious disadvantage of interfering
with operations, and the other provides for measurements around the perimeter with less
interference in tunneling operations.

For making measurements across the diameters of tunnels in rock, the pins are installed in
arrays positioned on the basis of the geologic structure. In Figure 3.9, an array for horizontally
bedded rock provides a concentration around the roof arch, since roof deflections are likely to
be the most significant movements. The base pins at points I and II are reference pins. In
Figure 3.10, the pin array is positioned for measurements when the rock structure is dipping.
The pins are concentrated where the structure dips out of the tunnel wall, since failure is most
likely at this location. These arrays provide relatively precise measures of tunnel closure.

Stringing the wire through a series of rollers attached to pins located around the tunnel
wall, as in Figure 3.11a, leaves the tunnel unobstructed for construction activities.
Measurements of the net change in tunnel diameter are made but the locations of maximum
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FIGURE 3.9

Convergence meter pin array for
horizontally bedded rock in a tunnel. (From
Silvera, J.EA., Proceedings of the 1st Congress,
Brasileira de Geologia de Engenharia, Rio

! de Janeiro, August, Vol. 1, 1976, pp.
131-154. With permission.)

Convergence meter

ili

FIGURE 3.10

Convergence meter pin array for dipping
rock structure in a tunnel. (From Silvera,
J.EA., Proceedings of the 1st Congress,
Brasileira de Geologia de Engenharia, Rio
de Janeiro, August, Vol. 1, 1976, pp.
131-154. With permission.)

deflection are not known. If creep occurs in the wire, accuracy reduces to values of about 0.2
to 0.8 in. (Silveira, 1976).

The Bassett convergence system is a more sophisticated system. Tilt sensors are used to
monitor the position of reference pins installed around a tunnel section (Figure 3.11b). The
sensors are linked to pins by a system of arms. Spatial displacement of the pins results in
changed tilt readings that are recorded on a data logger. A computer calculates displace-
ment data and generates a graphic display of tunnel displacements. Deformations as small
as 0.02 mm can be detected.

3.2.5 Vibration Monitoring

Purpose

Ground motion is monitored to obtain data for the evaluation of vibration problems asso-
ciated with blasting, road and rail traffic, pile driving, the operation of heavy equipment,
and rotating or reciprocating machinery.

Equipment

Small portable seismographs (particle-velocity seismographs) are used to determine fre-
quency, acceleration, and displacement of surface particles in three rotational directions of
vibration motion. They also record sound pressure levels.
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FIGURE 3.11

Monitoring tunnel wall movements (a) Stringing an Invar wire through a series of rollers attached to pins
around the tunnel wall leaves the tunnel unobstructed for construction activity. (From Silvera, ].EA.,
Proceedings of the 1st Congress, Brasileira de Geologia de Engenharia, Rio de Janeiro, August, Vol. 1, 1976,
pp- 131-154. With permission.) (b) The Bassett system uses tilt sensors to monitor changes in the position of
reference pins. A data-logger automatically records tilt readings. (Courtesy of Slope Indicator Co.)

Principles

Frequency and amplitude are the basic elements of the waveform of harmonic motion
from which acceleration, force, particle velocity, and kinetic energy can be determined.
Acceleration or displacement, when combined with the measured frequency, can be
used to control or measure vibration damage by providing a measure of the energy
transmitted by the vibration source. Some instruments directly measure the peak parti-
cle velocity. The energy transmitted is directly proportional to the square of the peak
velocity.

Ground motion is the result of the induced vibrations. A scale of vibration damage to
structures and the limits of human perception in terms of amplitude and frequency is
given in Figure 3.12.

3.3 Subsurface Deformations

3.3.1 Forms and Significance

Vertical Displacements

Compression or consolidation of strata under applied stress results in surface settlements
as described in Section 3.2. In some cases, it is important to determine which strata are con-
tributing most significantly to the vertical displacements.
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FIGURE 3.12

Scale of vibration damage to structures and limits of human perception. (From Richart, FE., Jr., Proc. ASCE ].
Soil Mech. and Found. Eng. Div., 86, 1960. With permission.)

Lateral Displacements

Slopes, retaining structures, pile foundations, soft ground beneath embankment loads,
and faults all undergo lateral deformations. Earth pressures against retaining walls cause
tilting or other wall deflections. Slope failures often occur along a zone or surface, result-
ing in lateral displacements. Surface loads can cause lateral displacement of buried, weak
soil strata. Foundation piles deflect laterally during load tests and while in service.

Strain Gradients

Differential deflection of earth dam embankments and reinforced earth walls, the closure
of excavations in rock masses, and the imposition of high loads in rock masses result in
strain gradients.

Internal Erosion

Seepage forces through, around, or beneath earth embankments or beneath or around con-
crete dams or cofferdams cause internal erosion.

Summary

The monitoring methods are summarized in terms of the type of ground movement and
its occurrence in Table 3.6.

3.3.2  Vertical Displacement

Borehole Extensometers

Various types of borehole extensometers are available to provide settlement profiles. They
are commonly based on lowering a probe down the borehole that can contain flush-coupled
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TABLE 3.6

Subsurface Deformations: Forms, Occurrence, and Monitors

Movement Occurrence Monitoring Method Reference
Vertical Ground compression at Vertical-rod extensometer Section 3.3.2
displacement various depths

Borros points
Cross-arm device

Mine roof deflection Acoustical emissions device Section 3.3.5
Lateral Slope failure zone (4, b, ¢, d) (a) Inclinometer for soil and rock Section 3.3.3
displacement masses
Wall or pile deflection (1) (b) Deflectometers for rock
(c) Shear strip indicators
Weak soils under stress (a) (d) Slope failure sensor
Fault movements (g, b, d) (e) Acoustical emission device
Linear strain Dam foundations or Rock bolt extensometers Section 3.3.4
gradients abutments
Open or closed rock Multiple position borehole
excavations extensometers (rod or wire)
Differential settlement of dam Electrical strain meters Section 3.3.4
bodies and foundations
Piping erosion Through, around, or beneath dams Acoustical emission device Section 3.3.5

pipe, corrugated plastic pipe, or inclinometer casing. The probes record depths by sensing
magnets or other sensor rings set in the borehole, or by a hook-type probe as described in
the Slope Indicator Catalog.

Rod Extensometers (Settlement Reference Points)

Applications

The vertical rod extensometer is a simple device for measuring deformations between the
surface and some depths in most soil types, except for very soft materials.

Instrument

An inflatable bag is set into an HX-size borehole at a depth above which the deforma-
tions are to be monitored. The bag is connected to the surface with a 1-in.-galvanized
pipe installed inside a 3-in.-diameter pipe, which acts as a sleeve permitting freedom of
movement of the inner pipe. A dial gage is mounted to read relative displacement of the
1-in.-diameter pipe and a reference point on the surface.

Installation

An HX-size hole is drilled to test depth and the 3 in. pipe installed as shown in Figure 3.13a.
The 1 in. pipe and bag are lowered to test depth, with the pipe centered with rubber spacers
free to move in the 3 in. pipe. Cement grout is injected into the inflatable bag through the 1
in. pipe under pressures of about 50 psi to expand the bag and secure it against the sides of
the hole, below the casing. An expanded bag under surface test is illustrated in Figure 3.13b.
When the bag and pipe are filled, the grout returns to the surface. This return can be signaled
by the bursting of a short length of rubber tubing installed in the top of the grout pipe. A 10-
in.-diameter steel pipe set in a concrete pad at the ground surface, on which a dial gage is
mounted, serves as the reference measuring component (Figure 3.13c).

Piezometers are also installed (see Section 3.4.2) to monitor porewater pressures during
the settlement observations.
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FIGURE 3.13
Settlement point installation: (a) schematic of the settlement point (depth are in meters); (b) clamp and bag
being tested on the surface; (c) dial gage mount and protection.

Borros Points
Application

Borros points are simple and inexpensive devices used to monitor settlements from the
compression of soft soils.

Instrument and Installation

The Borros point consists of an anchor, with prongs folded to the sides of a driving point.
It is attached to a %-in. rod contained within a 1-in. pipe that is pushed or driven through
a 2%-in. casing to the observation depth (Figure 3.14). The 1 in. pipe is held fixed while the
Y in. pipe is advanced about 1 in., extending the prongs into the soil. The 2%-in. casing is
removed and the 1-in. pipe withdrawn a short distance. The %-in. rod, attached to the
points, is free to move within the 1-in. pipe. Settlements are determined by periodically
surveying the elevation of a cap on the pipe.
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Tip elevation Borros point.

Cross-Arm Device
Application

Cross-arm devices are installed at various elevations in earth dam embankments to pro-
vide measurements of embankment compression (USBR, 1974).

Instrument

Cross arms, fabricated of 3-in. metal channels, are installed at 10-ft intervals (or some other
spacing) and connected by metal pipe as the embankment is raised. The final assembly is
illustrated in Figure 3.15. The bottom section is grouted into the dam foundation.
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FIGURE 3.15

Cross-arm device for measuring embankment
compression. (From Sherard, J. L. et al., Earth and Earth-
Rock Dams, Wiley, New York, 1963. With permission.
After USBR, Earth Manual, 2nd ed., U.S. Bureau of
Reclamation, Denver, Colorado, 1974.)

The metal channels, 6 ft long, are placed one by one in excavated trenches as the embank-
ment is constructed. At each channel a 1% in. standard pipe is attached, over which a 2-in.
pipe that is free to slide is placed, forming a telescoping member. The lower tip of the
1%-in. pipe provides a measuring point. The vertical settlement of each segment is meas-
ured with a torpedo device lowered into the pipe on a steel surveyor’s tape. At each meas-
urement point the torpedo is raised until collapsible fins catch on the end of the 1% in. pipe.
The fins are collapsed for final retrieval. Probes are also lowered for water-level readings.



Field Instrumentation 285

The pipe must be protected from disturbance during construction. Plant growth and cor-
rosion within the pipe may in time inhibit torpedo movement.

3.3.3 Lateral Displacement
Inclinometer

Application

Continuous measurements of lateral deflections are made from the surface with the incli-
nometer. Commonly used in slope studies, this device may also be used to measure defor-
mations in soft soils beneath fills, or installed behind retaining structures or in pile
foundations.

Instruments

The inclinometer contains servo-accelerometers that can detect lateral movements of the
order of +0.0001 ft per 2 ft of casing (the normal depth increment at which readings are
taken). Since the voltage output is proportional to the sine of the angle of inclination of the
long axis of the sensor, from the vertical, it can be used to measure true deviations from
verticality.

Installation and Operation

The inclinometer is lowered and raised in specially grooved casing (3.38 or 2.79 in. O.D.)
installed in a borehole and extended to a depth below the anticipated movement zone. The
casing, the servo-type inclinometer, cable, and digital readout are shown in Figure 3.16. In
soil formations, it is advisable to install 6-in. casing to allow for packing sand between the
casing and the grooved casing, as the 6-in. casing is withdrawn to provide a sure contact
between the inclinometer casing and the borehole wall. The casing bottom is often grouted
into place to assure fixity. For monitoring pile and wall movements, the casing is attached
directly to the structural member.

The casing is grooved at 90° intervals to guide the inclinometer wheels and to allow
measurements along two axes. The relatively flexible casing deflects freely during ground
movements. From readings taken at regular depth intervals, a profile of the casing is con-
structed. Repeating the measurements periodically provides data on location, magnitude,
direction, and rate of movement. At some amount of casing deflection the inclinometer
will not pass the bend. Slope Indicator Co. give the shortest radius at which the probe can
be retrieved as 10 ft and the shortest radius curve at which the probe will pass for reading
as 17.6 ft.

Figure 3.17 is an example of inclinometer readings of a failure zone in a slope.
Constructing a vector from the readings at 90° provides the resultant of movement direc-
tion and amount. Plots of deflection vs. time are prepared; movement acceleration is an
indication of approaching failure.

In-place Inclinometer Sensors

Slope Indicator Co. provide an in-place inclinometer system consisting of a string
of inclinometer sensors permanently deployed in the casing (Figure 3.18). The sensors
are set to span the zone where movement measurements are desired. The sensors can
be connected to a data acquisition system that continuously monitors movements and
can trigger an alarm when it detects a rate of change in deflection that exceeds a preset
value.
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FIGURE 3.16
Slop indicator inclinometer, grooved casing, cable, and digital readout.

Deflectometer

Application

Deflectometers are used as permanent installations in boreholes to measure movements
normal to the hole axis such as that occuring along a fault zone, or along some other weak-
ness plane in a rock mass.

Operation

The elements of the deflectometer are illustrated in Figure 3.19. Any movement in the
mass perpendicular to the axis of the hole causes an angular distortion between consecu-
tive rods or wires, which is monitored by transducers. Chains of deflectometers can be
made with eight transducers to depths of about 60 m (200 ft). The system is connected to
a remote readout and can be attached to an early warning system. Precision is about 0.025
mm (0.01 in.) for a 5 m distance between the transducers.

Shear-Strip Indicator

Application
Shear-strip indicators are used to locate the failure surface in a moving earth mass.
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FIGURE 3.17

Inclinometer readings of failure zone in slope taken over a period of 11 months. (Courtesy of Woodward-Clyde
Consultants.)

Instrument

A row of electrical transducers is wired in parallel and mounted on a waterproofed brittle
backing strip about 15 cm (6 in.) apart.

Installation and Operation

The strip is mounted on a PVC pipe placed in a borehole drilled downward into a slope
to intercept a potential failure surface. When shear displacement at any point exceeds 2 to
3 mm, the electrical circuit is broken. The failure surface is determined by measuring
resistances at the top and bottom of the strip (Broms, 1975). The strip can be connected to
an automatic recording and alarm system.
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FIGURE 3.18
In-place inclinometer sensors. (Courtesy of Slope Indicator Co.)

Slope Failure Plane Sensor

Application and Instrument
A simple, low-cost instrument, a 2-m-long rod on a steel fishing line, is used to locate the
failure surface in a moving mass (Brawner, 1975).

Installation and Operation

A borehole is made through the sliding mass and a 2-m-long rod on a steel fishing line is
lowered into the borehole. The rod is raised each day until eventually an elevation is
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FIGURE 3.19

Schematic of the function of the Interfels deflectometer. Note: 1. shear zone; 2. transducer; 3. deflectometer head
with tension; system from the steel wire; 4. steel wire; 5. electrical readout; 6. optical or acoustical alarm. (From
Silvera, J.EA., Proceedings of the 1st Congress, Brasileira de Geologia de Engenharia, Rio de Janeiro, August, Vol.
1, 1976, pp. 131-154. With permission.)

reached where the rod stops during lifting, indicating the bottom of the failure surface.
Another rod is lowered from the ground surface until it stops, indicating the location of
the top of the failure zone.
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3.3.4 Linear Strain Gradients

Occurrence and Measurements
Rock Masses

Linear strains occur around the openings for tunnels, caverns, open-pit mines, or other
rock slopes as a result of excavation, or in the abutments or foundations of concrete dams
as a result of excavations and imposed loads.

In tunnels and caverns, borehole extensometers are installed to measure the tension arch
or zone of relaxation which determines the depth to which support is required, the type of
support, and the excavation methods. Deformations are also monitored during and after
construction in critical zones characterized by faulting, intense fracturing, or swelling
ground (in which horizontal stresses can be vertical stresses many times).

Earth Dams and Reinforced Earth Walls

Linear strains occurring in earth dams and reinforced earth walls are measured with elec-
trical strain meters. In earth dams, the meters are installed in trenches at various depths to
monitor strains and detect and locate cracks resulting from the differential movement of
the dam foundation or the embankment itself, and between the embankment and the
abutment (see Figure 3.38). In reinforced earth walls the meters are installed to monitor
horizontal movements in the body of the backfill.

Wire Extensometers

Wire extensometers to monitor slope movements and deformations around a tunnel open-
ing are discussed in Section 3.2.4.

Rock-Bolt Borehole Extensometer
Application

Rock bolts are installed to monitor deflections occurring parallel to a borehole in a
rock mass. They can be installed in any orientation, and are rugged and low in cost
because they are relatively simple and can be installed rapidly. Precision is of the order
of 0.001 in.

Installation

A small-diameter borehole is drilled to a certain depth and a 1-in.-diameter steel rod is
grouted into a fixed position as shown in Figure 3.20. A Teflon collar is fitted on the rod as a
spacer near the tunnel face and a head is fixed to the wall, where a strain gage is mounted to
measure deflection readings. The bolts are installed at various depths to measure differential

Rock bolt &

2t0 4B—

FIGURE 3.20
Simple rock bolt extensometer.
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strains and to determine the extent of the zone in which significant strains occur, which is a
function of the tunnel diameter.

Multiple-Position Borehole Extensometer (MPBX): Rod Type
Application

The rod-type MPBX is installed to monitor deflections occurring parallel to a borehole at
anumber of positions in a single hole. Vertical overhead installation is difficult and lengths
are limited to about 50 ft. Sensitivity is of the order of 0.001 in.

Installation

The ends of up to six metal rods are cemented into a borehole at various distances from
the excavation face and the rods are attached to a measuring platform fixed to the exca-
vation wall as shown in Figure 3.21a.

Multiple-Position Borehole Extensometer (MPBX): Wire Type
Application
The wire-type MPBX is used like the rod type but can be installed to far greater depths.

Installation

Up to eight stainless-steel tension wires are installed in a borehole and anchored by grout-
ing or by some other means, to the side of the hole at various positions along the hole as
shown in Figure 3.21b. A measuring head is threaded over the wires and installed in the
collar of the hole, and each wire is connected to a measuring element in the head. The meas-
uring element can be a steel rod running in a track, pulling against a tension spring or push-
ing against a compression spring, which is read by dial gages; it can be an electric sensor,
such as an LVDT, linear potentiometer, or strain gage connected to an electrical readout.

Calibration is difficult and allowances are made for wire stretch, friction between the
wires and the borehole, and temperature. Wire-type MPBXs can be read to the nearest
0.001 in., but because of calibration difficulties, the deeper the installation, the greater
should be the changes in readings before they are judged as significant.

Horizontal Strain Meters and Inclinometers

Application

Linear strains occurring during slope movements or fault displacements can be monitored
with electrical strain meters or inclinometers. When used in dam embankments, they pro-
vide a plot of the vertical deformation that is occurring. They can be used in nets, con-

nected to a data acquisition system that continuously monitors movements, and set as an
early warning system when a preset value is exceeded.

Instrument

Linear potentiometers are mounted in a slip-jointed polyvinyl chloride (PVC) pipe. The
Slope Indicator horizontal in-place inclinometer consists of a string of inclinometer sen-
sors deployed in inclinometer casing as discussed in Section 3.3.3.

Performance

Installed in shallow trenches, the inclinometers are read and continuously recorded at
remote receiving stations, and can be set in series to extend over long distances. Changes
of several inches can be measured over gage lengths of several feet with a sensitivity of
1073 times the movement range.
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FIGURE 3.21

Schematics of the multiple-position borehole extensometer: (a) rod type, (b) wire type. (From Silvera, ].FA.,
Proceedings of the 1st Congress, Brasileira de Geologia de Engenharia, Rio de Janeiro, August, Vol. 1, 1976, pp.
131-154. With permission.)

3.3.5 Acoustical Emissions

Description

Acoustical emissions refer to subaudible noises resulting from distress in soil and rock
masses. They are also termed microseismic activity, microseisms, seismic—acoustic activity,
stress-wave activity, and rock noise.

Applications

Monitoring acoustical emissions provides an aid to the anticipation of failure by rupture
or internal erosion. The method was first used in the underground mining industry to
detect the instability of the mine roof, face, or pillar rock.
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Some of the applications include:

¢ Monitoring natural slopes, open-pit mines, and other cut slopes; excavations for
tunnels, caverns and underground storage facilities and pressure chambers; and
the stability of dams and embankments

¢ Locating leakage paths in dams, reservoirs, pressure pipelines, and caverns

¢ Monitoring fault zones

¢ Inspecting steel and concrete structures under test loading

The Phenomenon

General

A material subject to stress emits elastic waves as it deforms, which are termed acoustic
emissions.

Rock Masses

Testing has shown that both the amplitude and number of emissions increase continu-
ously as macroscopic cracks initiate and propagate first in a stable manner, then in an
unstable manner. Near rupture, friction along crack surfaces, as well as crack propagation
and coalescence, contributes to the acoustical emission activity. Mineralogical and
lithological differences, moisture content, and stress conditions affect the emissions
(Scholz, 1968).

Soils

Frictional contact in well-graded soils produces the greatest amount of “noise” during
stress, and activity increases with the confining pressure. Clays exhibit a different form of
response than sands (Figure 3.22), and the emission amplitude for sands can be 400 times
that of clay (Koerner et al., 1977).

Detection

General

Sensors detect microseismic activity at a specific location in an earth mass by monitoring
displacements, velocities, or accelerations generated by the associated stress waves. At
times, the sounds are audible, but usually they are subaudible because of either low mag-
nitude or high frequency, or both. In application, if after all extraneous environmental
noise is filtered and there are no emissions, the mass can usually be considered as stable.
If, however, emissions are observed, a nonequilibrium condition exists, which may even-
tually lead to failure.

Instrumentation

Accelerometer or transducer sensors are used to detect acoustic emissions by converting
mechanical energy associated with the microseisms into an electrical signal proportional
to the amplitude of sound or vibration that is detected. The detected signal is then passed
through a preamplifier, amplifier, and filter, and finally to a display on a cathode-ray oscil-
loscope or into a recorder as shown in Figure 3.23.

The system components are selected for a specific study to provide suitable frequency
response, signal-to-noise ratio, amplification, and data-recording capacity. The design,
construction, and calibration of equipment are discussed in Hardy and Leighton
(1977).
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Average acoustical emissions amplitude (peak signal voltage output) vs. percentage of failure stress in triaxial
creep (5-psi confining pressure). Note: ([J) concrete sand (soil 3); (O) Ottawa sand (soil 2); (C ) Kaolinite clay
(soil 6). (From Koerner, R. M. et al., Proc. ASCE, ]. Geotech. Eng. Div. 103, 837-850, 1977. With permission.)
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FIGURE 3.23

Simplified diagram of typical microseismic field-monitoring system. (From Hardy, H. R,, Jr. and Mowrey, G. L.,
Proceedings of the 4th International Conference, Zurich, April, A. A. Balkema, Rotterdam, pp. 75-72. With
permission.)

Sensors

Geophones can detect signals in the frequency range of 2 to 1000 Hz, the normal seismic
energy range for large geologic structures. They are generally used as sensors to monitor
mines and tunnels because of their greater sensitivity in the lower frequency ranges
(Hardy and Mowrey, 1977). Accelerometers are employed for high-frequency components
(f > 1000 Hz), and displacement gages are employed for very low-frequency ranges
(f<1Hz).
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Installation

Geophones can be installed at shallow depths below the surface, cemented into boreholes,
or mounted on a rock face in an excavation as shown in Figure 3.24. The best results for
rock studies are obtained when the transducer is located in the rock mass.

Case Studies
Cut-Slope Failure (Koerner et al., 1978)

Operations: The toe excavation of a large fill was monitored by an acoustic emissions
device. Five cuts were required to cause failure over a 21-day period. After each cut, the

Geophone
spike

Z ] 7
Cased
. section
7%
1
’5' Open
100-300 ft section
T
g é Probe
A
“
-l
£ ™~ Concrete *;"
(c) (d)

FIGURE 3.24

Types of microseismic transducer mounting techniques: (a) surface mounting; (b) shallow burial; (c) deep
burial; (d) borehole probe. (From Hardy, H. R., Jr. and Mowrey, G. L., Proceedings of the 4th International
Conference, Zurich, April, A. A. Balkema, Rotterdam, pp. 75-72. With permission.)
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“acoustic counts” were high, then tapered off. During one operation rainfall caused an
increase in acoustic counts. During the fifth cut, the emission rate followed the trend for
the previous cuts, but 30 min after the cut was made, the rate increased rapidly and
reached its maximum when a large portion of the fill slid downslope.

Acoustic count: For the equipment used, acoustic count was defined as being registered
each time the amplitude of the electric signal exceeded the threshold level of 0.025 V as
recorded on the electronic counter. From several studies (Koerner et al., 1978) it was con-
cluded that:

—_

Soil masses with no emissions are stable.

2. Granular soil masses generating moderate levels of emissions (from 10 to 100
counts/min) are considered as marginally stable.

3. High-emission levels (100 to 500 counts/min) indicate that the soil mass is
deforming substantially and that immediate remedial measures are required.

4. At above 500 counts/min the mass is in the failure state.

Active Slide (Novosad, 1978)

The inclinometer and the acoustic emissions device were compared during the study of an
active landslide. The emissions identified the shear zone after only three measurements,
even though movements were very slow, of the order of 5 to 10 mm/year. Novosad con-
cluded that the emissions method had the advantages of a simple, common borehole cas-
ing, smaller casing diameter (40 cm ID. is sufficient), and a deeper reach. The
disadvantage was the qualitative character of the measurements.

Open-Pit-Mine Slopes (Kennedy, 1972)

Rock noises emanating from an unstable zone in an open-pit-mine slope are identifiable
by their characteristic envelope shape, a frequency between 6 and 9 Hz, and a character-
istic irregular amplitude. Experience is required to distinguish extraneous noise from
drills, trucks, shovels, locomotives, etc. operating in the pit. Earthquakes are easily identi-
fiable because they have a very definite waveform envelope.

In application, records of the number of rock noises for a given period (counts) and of
the frequency, duration, and equivalent earth motion of each seismic disturbance are
maintained. As the instability increases, so does the number of rock noises released dur-
ing a given period. Plotting the cumulative number of rock noises against time may give
a useful prediction chart similar in shape to those obtained from plotting displacement vs.
time.

Advantages of the method include its extreme sensitivity and continuous recording
capabilities. Early warnings of impending failure allow the removal of workers and equip-
ment from the threatened area.

3.4 In Situ Pressures and Stresses

3.4.1 General

Significance

Deformations occur as the result of response to changes in stress conditions in situ, which
can be measured under certain conditions. The data obtained by instrumentation are used
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as a design basis, as a basis for checking design assumptions and determining the need for
additional support, or as a warning of impending failure.

Categories

Pressure and stress conditions measured in situ include:
1. Groundwater levels and pore pressures
2. Stresses in embankments, beneath loaded areas, or in structural members
3. Earth pressures against retaining structures or tunnel linings and supports
4. Residual stresses in rock masses

Summary

In situ pressures and stresses, their occurrence, and methods of measurement are summa-
rized in Table 3.7.

3.4.2 Pore-Water Pressures

Applications and Summary

Observation wells are installed to measure changes in the static water table. Piezometers
are used to monitor water levels (static, perched, artesian) in excavations, slopes, and dam
embankments, to measure excess hydrostatic pressures beneath dams and embankments,
and to aid in control of preloading operations and placement of fill over soft ground.
The types, applications, advantages, and disadvantages of piezometers are summarized
in Table 3.8. Piezometers are divided into open systems, in which measurements are made
from the surface and the water level is generally below the surface, and closed systems, in
which measurements are made remotely and the water level may be at any location.

TABLE 3.7

In Situ Pressures and Stresses: Occurrence and Measurements

Phenomenon Occurrence Measurement Reference
Pore-water pressures  Natural static GWL Standpipe piezometer Section 3.4.2
Artesian conditions Casagrande piezometer
Excess pore pressures under Hydraulic piezometer
static or dynamic loads
Pneumatic piezometer
Electrical piezometer
Loads and stresses Beneath foundations Pressure cells Section 3.4.3
In embankments Load cells Section 3.4.3
In structural members Tell tales Section 3.4.3
Against retaining walls Strain gages Section 3.4.3
Tunnel linings and supports Acoustical-emissions devices Section 3.3.5
Vibrating-wire stress meter Section 3.4.3
Residual rock stresses  In closed and open excavations  Flatjack test Section 3.4.4
in rock masses
Strain meters and overcoring Section 3.4.4
Borehole methods Section 3.4.4

Deformation meter
Inclusion stress plug

Strain gage (Leeman doorstopper)

Hydraulic fracturing
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TABLE 3.8

Piezometer Types and Applications

Geotechnical Investigation Methods

Type Application Advantages Disadvantages Figure
Open Systems (Vertical Readout; Water Level below Ground Surface)
Single-tube open Coarse-grained Simple, rugged, Indicates average head, 3.25
system granular soils, inexpensive relatively insensitive,
(Standpipe) free-draining rock time lag in impervious
masses soils
Casagrande type Coarse-grained to Measures response at Time lag in relatively 3.26
(single tube or silty soils and rock a particular depth impervious soils
double tube) masses
Decreased time lag Low sensitivity
Double tube allows Single-tube system subject
flushing entrapped to clogging from entrapped
air or gas from lines air or gas
Closed Systems (Remote Readout: Water Level any Location)
Pneumatic Fine-grained soils, Negligible time lag Relatively costly device and 3.27
(diaphragm slow-draining rock installation
principle) masses
Increased sensitivity
Durable and reliable Requires protection against
pinching of lines
Lines readily purged and
extended to avoid
construction
Hydraulic Earth dams with System can be flushed to Slow response time 3.28
soils of low to remove air and gas
medium
permeability
Remote sensing of pore  Long tubing lines require
pressure to leave careful flushing
construction area free
Fittings may be subject to
leaks
Requires protection against
pinching
Electric Fine-grained soils Extreme sensitivity Relatively costly 3.29
(diaphragm and slow-draining
principle) rock masses

Fast response

Continuous recording
possible (only type
with this capability)

Decreased durability and
reliability over other
closed systems because
of electrical circuitry

Single-Tube Open Piezometer

The simplest piezometer consists of a tube or pipe which connects a tip or sensor (porous
stone, well point, or slotted pipe) (Figure 3.25) to the surface and which is installed in a

borehole as the casing is withdrawn.

Readings are made by plumbing with a chalked tape or with an electric probe contact-
ing the water in the standpipe. The static head measured is the average head existing over
the depth of the inflow part of the borehole below the water table. The head may be higher
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FIGURE 3.25
Observation well. (Courtesy of Slope Indicator Co.)

or lower than the free water table, and in moderately impervious to impervious soils is
subject to time lag.

Casagrande Open-Tube Piezometer

Casagrande-type piezometers are similar to the open-tube system, except that the tip is
surrounded by a bulb of clean sand and a clay seal is placed above the tip as shown in
Figure 3.26 to confine response to a particular depth interval. Before the clay seal is placed,
the annular space around the tip is filled with gravel or sand to prevent soil migration and
system clogging. The hole is backfilled above the clay seal. The casing is withdrawn
slowly as the clean sand, clay seal, and backfill are placed.

In granular soils, large-diameter (1 in.) tubes adequately reflect changes in pore pres-
sure, but small tubes are required for soils of low permeabilities. Water levels are read in
the same manner as for simple systems, except that in small tubes readings are made with
electric probes with a 1/8 in. O.D.

Double-tube systems are a variation, which permits flushing to remove entrapped air or
gas that clogs lines, a common occurrence in single-tube systems of small diameter. In cold
weather, tubes are filled with alcohol or antifreeze.

Pneumatic-Type Piezometers

In pneumatic piezometers the sensor is a sealed porous tip that contains a gas- or fluid-
operated diaphragm and valve, which are connected by two lines to a pressure supply and
outlet system on the surface as shown in Figure 3.27. When air pressure applied to the con-
necting line is equal to the pore-water pressure acting on the diaphragm, the valve closes.
This pressure is assumed equal to the pore-water pressure in soil, or the cleft-water pres-
sure in rock masses.
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FIGURE 3.26
Casagrande-type open-tube piezometer. (Courtesy of Slope
Indicator Co.)

Other types of pneumatic transducers include the Warlam piezometer, which operates
with air, and the Glotzl piezometer, which employs a hydraulic fluid. In all cases, the lines
can be extended through an embankment to a readout so that they do not interfere with
construction operations. The lines must be protected against pinching.

Hydraulic Piezometers

Commonly installed in earth dams, the hydraulic piezometer used by the U.S. Bureau of
Reclamation (USBR, 1974) uses a porous ceramic disk as a sensor. The disk is connected by
two plastic tubes to a pressure gage near the downstream face of the embankment (Figure
3.28). The pressure gage and its housing are located at an elevation slightly higher than the
piezometer tip.

The system requires long tubing lines. Deairing by water circulation must be done care-
fully, and all fittings must be well made to avoid leaks. The lines require protection against
pinching. To operate, fluid is pumped into the system until a desired balancing pressure
is obtained as read on the gage; then an inlet valve to the piezometer tip is opened slightly
and the response pressure observed.

Electrical Piezometers

The tip of an electrical piezometer contains a diaphragm that is deflected by pore pressure
against one face. The deflection is proportional to the pressure and is measured by means
of various types of electrical transducers. The system components are illustrated in Figure
3.29. Electrical piezometers are extremely sensitive and have negligible time lag and are
used with impervious materials, where measurements are critical and continuous moni-
toring and recording are required.
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Clean sand Electrical-transducer-type piezometer.

3.4.3 Loads and Stresses

Applications and Summary

Loads and stresses are measured to check design assumptions, provide early warning
against failure, and to permit the installation of remedial measures to provide additional
support wherever necessary. Measurements are made primarily during construction. The
various devices and their applications are summarized in Table 3.9.

Strain Gages

Purpose

Strain gages are used to measure deformations of structural members to provide the basis
for estimating stresses and loads. There are two general types: electrical (see Section 3.1.4)
and mechanical.

Resistance Strain Gages (see Figures 3.1 and 3.2)

Bonded gages are used primarily for short-term surface measurements. Installation requires
meticulous care and skill during the preparation of the receiving surface and the cement-
ing of the gage in place. Moisture sensitivity is high and adequate field waterproofing is

TABLE 3.9

Load or Stress vs. Device Suitable for Measurements

Condition Load or Stress to be Measured Device Suitable
Soil formations Stress distribution beneath foundations or in Pressure cell
embankments
Earth pressure distributions behind retaining structures Pressure cell
Rock formations Stress distribution beneath foundations or in abutment Carlson strain meter

walls, during or after construction
Borehole stress meter
Structural members Stress distribution in piles to differentiate between end Tell tale
bearing and shaft friction during load test
Strain gage

Stresses on retaining structure bracing, earth and rock Strain gage
anchors, steel storage-tank walls

Stresses on tunnel linings Pressure cell
Loads on tunnel lining elements, earth and rock Load cell

anchors, pile tips
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difficult to achieve. Reliability is generally low but may be partially compensated for by
the installation of a relatively large number of gages on a given member.

Encapsulated gages are factory waterproofed and should have a service life of about a
year or more if installed properly. Installation is simple, but as with normal bonded gages,
lead wires require protection.

Unbonded, encapsulated gages are simple to install and have a reliability much higher than
other types. Carlson strain meters installed in concrete dams have performed successfully
for periods of over 20 years. They are also left inserted in boreholes to measure rock
stresses. Deflection ranges, however, are somewhat less than that of the other types.

Vibrating-Wire Strain Gage

Installation is simple and the gages are recoverable, remote-reading with excellent long-
term stability, strong, and waterproof. The gage, however, is a large instrument and its
measurement range is more limited than that of the resistance-gage types. Its cost is gen-
erally higher than that of most resistance gages.

Mechanical Strain Gages

Mechanical strain gages are used to measure deformations of accessible metal surfaces.
They have two pointed arms that fit into conical holes (gage points) drilled or punched
into the surface to be measured, or into studs that are set into or on the surface. The change
in distance between gage holes is measured by determining the distance between arms
when inserted into the gage points. Measurement is done with a dial gage. Wittier gages
are a popular type. Gage lengths of 2 to 80 in. are available. 10-in.-long gage is used for
most engineering studies; sensitivity is of the order of 10 microstrains, and gages are read
usually to the nearest 0.0001 in.

Mechanical gages are relatively simple and reliable. Temperature corrections are easily
made and gage calibration is easily checked. However, they are suited only for measuring
surface strains, cannot be read remotely, and have a lower sensitivity than the electrical
types. Repeatability depends on the skill and experience of the operator.

Pressure Cells

Purpose

Dunnicliff (1988) divides pressure cells into two general categories: (1) embedment earth
pressure cells that are installed in a soil mass, and (2) contact earth pressure cells that are
installed between a structure and a soil mass. Pressure cells are used to measure pressures
against retaining walls or tunnel linings, or stresses beneath foundations or in embank-
ments.

Device

The embedment earth pressure cell consists of a circular (or rectangular) double-wall metal
pad, and is extremely thin compared to its diameter (ratio of about 1.1 to 23 cm). A com-
mon type is the Glotzl cell, which is filled with oil or antifreeze liquid and functions
hydraulically as shown in Figure 3.30. Pressurized fluid is delivered to the small pressure
diaphragm by a pump or compressor until the pressure equals the resisting pressure on the
outside of the diaphragm. The diaphragm deflects a slight amount and opens a bypass ori-
fice that permits the fluid in the system to return to the reservoir. The pressure creating a
balance is read on gages that provide a measure of the external pressures acting on the cell.

One type of contact earth pressure cell used to measure loads at a pile tip or against
sheet pile wall, for example, includes a hydraulic cell with a pneumatic transducer.
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Load Cells

Purpose

Load cells are used to measure loads on earth or rock anchors, in the various elements of
tunnel linings, in struts in braced cuts, at the bottom of piles (total pile load minus tip load
equals shaft friction), and at the top of piles in pile load tests.

Device

Cell function is often based on the electric transducer principle. The cells are mounted
within variously shaped containers. Various capacities are available.

Calibrated hydraulic jacks are used for the application of load to rock bolts, tieback
anchors, piles, drilled shafts, and cross-lot struts.

Tell Tales

Purpose

Tell tales are installed in piles at various depths for strain measurements during load test-
ing, from which shaft friction and end bearing are calculated.

Device and Installation

A small-diameter rod or pipe is fixed at the bottom of the concrete or steel pipe. It is
extended up through the pile top and encased in a slightly larger pipe to permit free move-
ment. A dial gage at the top reads deflections. A tell-tale set in the pile bottom provides a
measure of both base movement and shaft shortening when compared with the total pile
deflection measured at the top by separate instruments.

A group of rods is usually installed at the same depth in large-diameter piles, and often
at various depths in long piles. They are distributed as a function of the soil profile to
measure shaft friction for the various soil types.

Analysis

The average load P, from shaft friction, carried by a segment of the pile AL from the meas-
urement of two tell tales, is expressed as

P=aE ((R,—R,)/AL) (3.1)

Pressure chamber

Bypass orifice .
- Return line
Filling tube "y —

Gloetzl cell

Pressure in material

-

T R

Precision ground
orifice
Pressure diaphragm

Qil-filled space

FIGURE 3.30
Schematic of the hydraulic pressure cell. (From Hartman, B. E., Terrametrics, Wheatridge, Colorado, 1966. With
permission.)
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where 4, is the section area, Ep the modules of concrete (or steel, or steel and concrete) com-
posing the pile section and R, and R, are the deflection readings of tell tales at depths 1
and 2, respectively.

Subtracting the values for shaft friction from the total applied load provides a measure
of the load reaching the pile tip.

Vibrating-Wire Stress Meter

Purpose

Changes in in situ stresses occurring in rock masses during mining and tunneling opera-
tions have been measured with vibrating-wire stress meters (Sellers, 1977).

Device

A transducer consisting of a hollow steel cylinder (proving ring), across which a steel wire
is tensioned, is wedged into a 1.5- to 3-in.-diameter borehole. Rock stress release flexes the
proving ring, changing the wire’s tension and natural frequency or period of vibration. An
electromagnet excites the vibrations in the wire and their frequency is measured as exca-
vation proceeds in the rock. The frequency provides a measure of the proving-ring strain
and, therefore, the stress change.

3.4.4 Residual Rock Stresses
General

Occurrence

The geologic conditions causing overstress or residual stresses in rock masses in excess of
overburden stresses are significant in open excavations and tunnels where their effects are
mitigated with rock bolts or bracing systems.

Measurements

Measurements are made at the rock surface where disturbance and stress relief from exca-
vation may affect values obtained with strain meters, strain rosettes, or flat jacks.
Alternatively, measurements are made in boreholes. Although they are difficult to per-
form, borehole measurements provide more representative data. Borehole devices require
overcoring. Hydraulic fracturing is also performed in boreholes.

Strain Meters or Strain Rosettes

SR-4 strain gages (bonded gages) are attached to the rock wall, a zero reading is taken,
slots are cored around the gage to relieve rock stresses as shown in Figure 3.31, and the
gages are read again. The principal stresses can be calculated with a suitable array of
gages. Results are difficult to interpret unless rock modulus values have been measured.

Flat Jacks

Flat jack tests have been described in Section 2.5.3. Reference pins or strain gages are
installed on the rock face and distance measurements are accurately made (or strains are
measured by gages mounted on the jack). A slot is drilled, and the jack inserted and grouted
(Figure 3.32) and then expanded under pressure to restore the original strain or reference-
point measurements. The restoration pressure is taken as equal to the residual rock stress.
Flat jacks as well as strain meters are effective only in tightly jointed high-quality rock.
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1. Install strain meter
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FIGURE 3.31
Strain meter for residual rock stresses.
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Fressinet flat jack P
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To hydraulic jack
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FIGURE 3.32
Flat jack test to measure in situ rock stresses.

Borehole Devices

Devices

Residual stresses can be measured in boreholes with the borehole deformation meter
(Figure 3.33a), the high-modulus stress plug or inclusion stress meter (Figure 3.33b), or the
Leeman “door-stopper” strain gage (Figure 3.33c).



Field Instrumentation 307

6-in. concentric borehole

1.5-in. borehole
Borehole
Piston deformation
/_ meter

Beryllium/copper
A \% cantilever

/Stress plug cemented to the wall of the hole
W 2 strain
measuring unit

=%
4(\\% J r@ connected to stress

plug

i Stress—strain

R '/

Weo W | o— Trepanning hole to
YA DA 2 % relieve stresses

(b)

N @ Set strain gage in
2 Wea Wz borehole with cement

@ @ @ Overcore borehole to

SRS = K(\‘ relieve stresses
N

(c) \}'%J

FIGURE 3.33

Measurements of in situ stresses by stress relief in boreholes (a) borehole deformation meter; (b) high-modulus
stress plug or inclusion stress meter (a rigid or near-rigid device calibrated directly in terms of stress); (c)
Leeman “doorstopper” strain gage.

Procedure

The device is inserted into a small-diameter borehole (NX) and the stresses are relieved by
overcoring. These stresses are read directly with the inclusion stress meter, or computed
from strains measured with the deformation meter or strain gages. To compute stresses
when only strains are measured requires either a measurement or an assumption for the
rock modulus. Installation and interpretation are described by Roberts (1969). Maximum
applicable depths are of the order of 10 to 15 m because of the difficulties of making accu-
rate overcores, especially in holes that are not vertical.

Hydraulic Fracturing
Application

Hydraulic fracturing has been used to measure stresses in deep boreholes (Haimson, 1977)
and is still in the development stages.

Technique

A section of borehole is sealed off at the depth to be tested by means of two inflatable
packers. The section is pressurized hydraulically with drilling fluid until the surrounding
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rock mass ruptures in tension. The pressure required to initiate failure and the subsequent
pressure required to maintain an open hole after failure are used to calculate the magni-
tude of the in situ stress.

3.5 Instrumentation Arrays for Typical Problems

3.5.1 Importance
Soil Formations

Design Data Procurement

Design data are usually based on properties measured in the laboratory or in situ. Load
tests on piles or other types of foundations, and preloading with embankments, provide
additional design information.

Construction Control

Instrumentation is required where analytical limitations result in marginal safety factors,
if excessive deformations are anticipated or if remedial measures are to be invoked. Such
conditions exist for retaining structures constructed in soft ground, structures on shallow
foundations, embankments on soft ground, and earth dams and cut slopes.

Rock Masses

Design Data Procurement

Design is usually based on assumed properties because of the cost and limitations of the
validity of in situ tests; therefore, careful monitoring of construction is required on impor-
tant projects. In situ load tests and stress measurements require instrumentation.

Construction Control

Instrumentation is used to monitor the changes in in situ conditions caused by construc-
tion and to provide an early warning of impending failures. It is also used to assess the
effectiveness of the installation of supports or other changes to improve the stability of
tunnels, caverns, mines, cut slopes, and other excavations.

3.5.2 Settlement of Structures
Case 1: Structure Undergoing Differential Settlement

Problem

The structure in Figure 3.34a is undergoing excessive differential settlements resulting in
wall cracks, distortions of doors and windows, misaligned machinery, and floor warping,
as a result of the consolidation of a weak soil stratum.

Objectives

It is desired to determine the magnitude and anticipated rate of the remaining settlements
of the floors and structural frame. This information will provide the basis for determining
the remedial measures.
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FIGURE 3.34

Instrumentation for building settlements: (A) spread footing-supported light structure; (B) mat-supported
heavy structure. Legend: (a) optical survey; (b) water level device; (k) settlement points; (L) inclinometer;
(r) piezometer; (t) tiltmeter.

Instrumentation

The amounts and time rates of settlement at various locations in the structure and pore
pressures at various depths are monitored with the devices shown in Figure 3.34a. The
inclinometer is installed to measure possible lateral deflections. The data obtained are ana-
lyzed with laboratory test data to determine the magnitude and time rates of the remain-
ing settlement.

Case 2: Structure Undergoing Tilt

Problem

The relatively rigid, mat-supported structure in Figure 3.34b is undergoing tilt from dif-
ferential settlement, which is affecting the balance of turbines.

Objectives

It is desired to determine which strata are contributing to the settlements, to estimate the
magnitude of the remaining settlement, and to judge the time required for its essential
completion in order to arrive at remedial treatments.

Instrumentation

As shown in the figure, building deflections are monitored, as are the compressions occur-
ring in each stratum and the pore pressures.

Case 3: Construction over Soft Ground and Preloading

Problem

An embankment (Figure 3.35a) or steel storage tank (Figure 3.35b) is constructed over soft
ground. Preloading is achieved by adding fill or loading the tank with water.
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Instrumentation for embankment or steel storage tank over soft ground: (A) embankment over soft ground,
(B) steel storage tank over soft ground. Legend: (a) optical survey; (c) settlement plates; (d) borehole
extensometer; (k) borros points; (L) inclinometers; (r) piezometers; (v) strain gages.

Objectives

Loading rates must be controlled to prevent foundation failure. Data on the magnitudes,
rates of settlement, and on the pore pressures provide the basis for determining when the
surcharge may be removed. (After the storage tank is surcharged, it is raised, releveled,
and used for storing products lighter than water.)

Instrumentation

Precise optical surveys monitor settlements as a function of time as well as heave occur-
ring beyond loaded areas. Settlement plates, extensometers, and borros points are moni-
tored at the fill surface. Remotely read piezometers and inclinometers may be installed in
the fill and beneath the tank. (With respect to tank rupture, the critical differential settle-
ments are between the center and the bottom and along the perimeter.) Stresses in the tank
wall are monitored with strain gages; mechanical types are preferred.

The piezometers, inclinometer, and heave reference points are necessary to provide con-
trol against failure by foundation rupture. Pore-pressure data are needed to determine
when the preload may be removed. Bench marks must be installed beyond any possible
ground movements.

Case 4: Pile Load Testing

Objectives

A pile load test may be performed (1) to determine the capacity of a pile as required to
satisfy a building code, (2) to determine the proportion of the total load carried in end
bearing and that carried in shaft friction during vertical load testing, and (3) to measure
horizontal deflections during lateral load testing for the determination of the horizontal
modulus of subgrade reaction.
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The information is particularly important for the design of long, high-capacity
piles penetrating several formations where design analysis based on laboratory test
data is often not reliable, especially in formations which are difficult to sample undisturbed.

Instrumentation

Deflections at the pile top shown in Figure 3.36 are monitored by dial gages and optical
surveys. Deflections at the pile tip and at various locations along the pile’s length are mon-
itored with tell tales and strain gages. A load or pressure cell installed at the base provides
data on the end bearing pressure.

During horizontal testing, dial gages and optical surveys monitor deflections at the top
and the inclinometer monitors deflection along the length.

Dynamic Load Testing

The Case-Goble method of dynamic pile testing (Goble and Rausche, 1970; Rausche et al.,
1971; La Fond, 1977) utilizes transducers and accelerometers attached near the pile top. For
each hammer blow, a “Pile Driving Analyzer” processes the signals to calculate the hammer
energy, pile stresses, and pile bearing capacity. Instrumentation removes the need to evaluate
the unknown factors of energy loss in the driving system and allows the indirect elimination
of the dynamic pile characteristics. It thus provides a more accurate measurement of driving
resistance. The data are input to the wave equation method of dynamic pile analysis.

3.5.3 Excavation Retention

Objectives

A retaining structure in an open excavation must be designed to provide adequate support
for the excavation sides and to restrict wall deflection to a minimum in urban areas. As the

Dial gages to read tell tales and
pile head deflection

Deflections are checked also
by optical survey

(L) Inclinometer for lateral
load test

(u) Tell-tale and/or strain
gage (v) or (w)

(u) Tell-tale and/or strain
gage (v) or (w)

Soil no. 2

(u) Tell-tale and/or strain
gage (v) or (w)

(u) Tell-tale and load
pressure cell (s, 1)

FIGURE 3.36
Instrumentation for pile load test.
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wall deflects, the ground surface behind the wall subsides, and significant movements can
result in detrimental settlements of adjacent structures. The problem is particularly seri-
ous in soft to firm clays and in clays underlain by sands or silts under water pressure.

Wall Design Criteria

The design of a braced excavation in soft ground is based on calculations of earth pressure
magnitudes and distributions that can be determined only by empirical or semiempirical
methods. Calculations of wall deflections and backslope subsidence cannot be made with
the classical theories, although the finite element method is used in current analysis for
such predictions. As a rule, however, the engineer cannot be certain of the real pressures
and deflections that will be encountered, especially in soft ground. The engineer also may
have little control over construction techniques that will influence wall performance.

A wall may become unnecessarily costly if the design provides for all contingencies.
Because the nature of wall construction provides the opportunity for strengthening by plac-
ing additional braces, anchors, or other supports, initial design can be based on relatively
low safety factors but with provisions for contingency measures. This approach to design
and construction is feasible only if construction is monitored with early warning systems.

Construction Monitoring
Elements to be monitored during construction include:

e Movements of the backslope area and adjacent structures, heave of the excava-
tion bottom, and movements in the support system

e Groundwater levels and the quality and quantity of water obtained from the
dewatering system

e Strains and loads in the support system

e Vibrations from blasting, pile driving, and traffic

Instrumentation

As illustrated in Figure 3.37, vertical deflections of the wall, excavation bottom, backslope,
and adjacent buildings are monitored by precise leveling (a). In important structures,
measurements should be made with tiltmeters (e) or pendulums (f). Inclinometers (L) are
installed immediately behind the wall to measure its lateral deflections. Excavation clo-
sure can be measured with convergence meters (g) and backslope subsidence with verti-
cal extensometers (k) or shallow buried strain meters (h).

Loads in anchors and braces are monitored with strain gages (v or w) or load cells (t),
or checked periodically by jacks. Strain gages must be protected against temperature
changes, or the temperatures must be monitored, to provide useful data. Pressure cells (s)
installed behind the wall have the advantage that they can be installed between supports.
Groundwater variations are measured with piezometers (r).

An immovable bench mark is necessary for reliable measurements of deflections of adja-
cent ground, structures, and the excavation bottom.

3.5.4 Earth Dams

Objectives

An earth dam as actually constructed may differ from that designed because of the neces-
sity of using earth materials for fabrication, which may vary in properties and distributions
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Instrumentation for excavation retaining structure constructed in soils. Legend: (a) precise leveling; (e)
tiltmeter; (f) pendulum; (L) inclinometer; (g) convergence meter; (k) vertical extensometer; (h) strain meter; (r)
piezometers; (v or w) strain gages; (t) load cells; (s) pressure cells.

from those assumed originally. Most important dam structures, therefore, are instru-
mented and their performance is monitored during construction, during impoundment,
and while in service. Deformations in the foundation and embankment and seepage forces
are monitored.

Instrumentation

Deformations

Most large dams undergo compression under their own weight and are often subjected to
large foundation settlements. Cracks can develop across the core, near the crest soon after
construction, and during reservoir filling. The cracks generally appear near the abutments
as a result of differential settlement along the valley walls, or over irregularities in an
underlying rock surface. As illustrated in Figure 3.38, external evidence of deformations is
measured by optical survey (a). Internal evidence is monitored by settlement extensome-
ters or cross-arm devices (k) and strain meters (p). Horizontal strain meters (p) permit the
detection and location of internal cracking when it first occurs.

Pore Pressures and Seepage

Monitoring of pore-water pressures and seepage is necessary in the embankment, abut-
ments, and foundation materials since these phenomena are normally the most critical
factors of dam stability. Critical zones are at the toe, in front of, and below seepage cutoffs
such as core trenches and grout curtains. Piezometers (r) measure pore pressures and the
acoustic emissions device (g) may locate seepage paths and piping zones. Seepage may
often be collected in drainage ditches and measured by weirs.
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Instrumentation for an earth dam: (A) cross section. Legend: (a) precise leveling; (k) settlement extensometers
or cross-arm devices; (L) inclinometer; (r) piezometer; (s) pressure cell. (B) Longitudinal section. Legend: (j)
accelerometer; (q) acoustical emission devices; (p) horizontal strain meter.

Slope Stability

Inclinometers (L) monitor deflections in the slopes and pressure cells (s) monitor
stresses.

Seismic Areas

Accelerographs (j) are installed on the dam and abutments to monitor earthquake loadings.
At times seismographs have been used. Automatic-recording piezometers provide useful
data because of the pore-pressure buildup occurring during seismic excitation.

3.5.5 Tunnels, Caverns, and Mines
Case 1: Closed Excavations in Rock

Objectives

Closed excavations in rock masses may or may not require support depending on rock
quality, seepage forces, and the size of the opening. Support systems may be classified as
temporary to permit construction to proceed safely and permanent to provide the final
structure. In large openings there is the need to evaluate progressive deformation and the
possibility of full-scale failure. In small openings, the most frequent problems involve par-
tial or confined failures such as falling blocks and running ground. It is not enough only
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to provide adequate support to the opening itself; consideration must also be given to the
possibility of surface subsidence and detrimental deflections of adjacent structures.

Design Criteria

Support requirements may be selected on the basis of experience and empirical relation-
ships with rock quality or on the basis of finite element methods applied to assess stress
conditions and deformations. Analytical methods require information on rock-mass stress
conditions and deformation moduli, which are measured in situ (see Section 2.5.3). In situ
test results may not be representative of real conditions for various reasons depending on
the type of test, and are generally most applicable to rock of good to excellent quality in
large openings.

A tunnel may become unnecessarily costly if all contingencies are provided for in
design, especially with regard to the problem of identifying all significant aspects of
underground excavation by exploration methods. The nature of tunnel construction
allows design on a contingency basis in which the support systems are modified to suit
the conditions encountered. This approach requires monitoring in situ conditions as
excavation proceeds because of the relative nonpredictability of rock-mass response to an
opening.

Construction Monitoring

Elements to be monitored during construction may include:

1. Closure of the opening and strain gradients in the rock mass

2. Support system strains and loads

3. Ground surface subsidence in urban areas over mines, caverns, and tunnels (sur-
face subsidence may result from closure of the opening, from running ground
into the opening, or from the lowering of groundwater causing compression in
overlying soil formations)

4. Vibrations from blasting affecting surface structures or adjacent underground
openings

Instrumentation (Figure 3.39)

Borehole extensometers (0) are installed to measure strain gradients and closure, and serve
in a number of purposes. Rock-mass loads can be deduced for support design, and the
modulus can be determined in good-quality rock when rock stresses are known from bore-
hole stress relief or flat-jack tests.

Rock moduli computed from radial deflections may be lower than those computed
from flat-jack tests. During tunnel driving, radial stresses diminish to zero at the edge of
the opening while tangential stresses become concentrated (Kruse, 1970). Joints that
have nearly tangential orientations have the greatest tendency to open. This condition
influences borehole extensometer measurement as well as the compression generated by
plate bearing loads. Borehole extensometer data are also used to estimate rock-bolt
lengths.

Convergence meters (g) monitor closure. Deflectometers (m) installed in advance of the
tunnel from a small pilot bore provide warning of mass deformations occurring in major
shear zones; groundwater conditions are revealed during the drilling process and pilot
holes serve to provide predrainage.

In situ stress meters (x,z) provide data for estimating roof and wall pressures that have
to be retained by the support system. Pressure cells (s) installed between the tunnel lining
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Instrumentation for tunnels, caverns and mines in rock. Legend: (a) precise leveling; (e) tiltmeter; (f) pendulum;
(g) convergence meter; (j) vibration monitor; (m) deflectometer; (0) borehole extensometer; (p) multiple electric
strain meter; (q) acoustical emission device; (r) piezometers; (s) pressure or stress cells; (t) load cells; (v) strain
gages; (w) strain meter; (x) stress meter; (z) borehole residual stress measurements.

and the roof monitor stress changes occurring with time and forewarn of the necessity for
additional supports. Strain gages (v or w) are installed on metal supports. Load cells (t)
installed in the tunnel lining or on rock anchors monitor load changes. Load reductions in
anchors indicate movements of the rock and a relaxation of the anchor load and the
anchor’s retention capacity. In this case, additional anchors, probably of greater length, are
required.

Vertical extensometers (o), surface strain meters (p), and precise leveling (a) are used to
monitor ground subsidence, and tiltmeters (e) and pendulums (f) monitor deflections in
overlying structures.

Acoustical emission devices (q) provide warning of the impending collapse of mines or
large caverns. Vibration monitoring (j) is required when blasting is conducted near an
adjacent existing tunnel or overlying structures.

Case 2: Tunnels in Soil in Urban Areas

Objectives

The most important objective in instrumenting tunnels in urban areas is the monitoring of
surface deflections and the prevention of damage to overlying structures.

Instrumentation

As illustrated in Figure 3.40, surface movements are monitored by precise leveling (a), but
important data are obtained from tiltmeters (e) or pendulums (f) installed in structures.
Borehole extensometers provide data on subsurface deformations in the vertical mode and
inclinometers (L) in the lateral mode, serving as early warnings of excessive deformations.
Pore pressures are monitored with piezometers (r), and load cells (t) installed in tunnel lin-
ings provide data on earth pressures.
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FIGURE 3.40
Instrumentation for tunnels in soil in urban areas. Legend: (a) precise leveling; (e) tiltmeter or (f) pendulum;
(L) inclinometer; (0) borehole extensometer; (r) piezometer; (t) load cells.

3.5.6 Natural and Cut Slopes
Case 1: Rock Cuts

Objectives

The basic objective is to maintain slope stability, which is related to steepness, height, the
orientation of weakness planes with respect to the slope angle, and cleft-water pressures.
Failure in rock slopes usually occurs suddenly, with rapid movement.

Slope Stability Problems

Natural slopes may become unstable from weathering effects, erosion, frost wedging, or
the development of high cleft-water pressures.

Open-pit mines are excavated with the steepest possible stable slope, and low safety fac-
tors are accepted for economic reasons. Instrumentation monitoring is generally accepted
as standard procedure for deep pits.

Hillside cuts for roadways and other constructions are usually less steep than open-pit
mine slopes in the same geologic conditions, and require a higher safety factor against fail-
ure. Evaluations are usually based on experience and empirical relationships, and instru-
mentation is normally used only in critical situations.

Instrumentation (Figure 3.41)

Internal lateral movements are monitored in terms of displacement vs. time with incli-
nometers (L) and deflectometers (m) which can be attached to alarm systems, or with
borehole extensometers (0). Shear-strip indicators (n) and the acoustical-emissions device
(q) provide indications of mass movements.

External lateral movements are monitored with the convergence meter (g) or tiltmeter
(e) on benches, strain meters (h) on tension cracks, optical surveys (a) with the laser
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Instrumentation for rock cut. Legend: (a) precise surveying; (e) tiltmeter; (g) convergence meter; (h) strain
meter; (i) terrestrial photography; (j) vibration monitoring; (L) inclinometer; (m) deflectometer; (n) shear-strip
indicator; (o) borehole extensometer; (q) acoustical emissions device; (r) piezometers.

geodimeter that provide rapid measurements of the entire slope, and terrestrial stereopho-
tography (i) that provides a periodic record of the entire slope face. GPS will find increas-
ing use for long-term monitoring.

Bottom heave is monitored by the optical survey of monuments or “settlement points”;
it often precedes a major slope failure.

Vibrations from blasting and traffic, which may affect stability, are monitored (j) and
cleft-water pressures are monitored with piezometers (r).

Installations

Inclinometers, deflectometers, piezometers, and extensometers are often limited to early
excavation stages to obtain data for the determinations of stable slope inclinations. They
are expensive instruments to install and monitor, and not only will they be lost if failure
occurs, but in mining operations many will be lost as excavation proceeds. In addition,
they monitor only limited areas by section.

Tiltmeters, convergence meters, and optical surveys are both economical and “retriev-
able,” and provide for observations of the entire slope rather than a few sections; therefore,
they provide the basic monitoring systems. In critical areas, where structures or workers are
endangered if a collapse occurs during mining operations, MPBX extensometers and the
acoustical-emissions device are used as early warning systems.

Case 2: Soil Slopes

Objectives

In soil slopes, the objectives are to detect movements when they first occur since in
many instances slope failures develop gradually; and, when movement occurs, to
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monitor the rate of movement and accelerations, locate the failure surface, and monitor
pore pressures. These data provide the basis for anticipation of total and perhaps sud-
den failure.

Slope Stability Problems

In potentially unstable natural or cut slopes, failure is usually preceded by the develop-
ment of high pore-water pressures, an increase in the rate of slope movement, and the
occurrence of tension cracks. Slope movement is not necessarily indicative of total failure,
however, since movements are often progressive, continuing for many years. Stability
evaluations require information on the failure surface location, pore pressures, and rates
of movement as well as the geologic and climatic factors.

Instrumentation

Surface movements of the natural slope shown in Figure 3.42 are monitored by precise
leveling with the laser geodimeter (a), convergence meters (g), and strain meters (h). The
meters may be attached to alarm systems. GPS will find these meter to be increasingly use-
ful for long-term monitoring.

Subsurface deformations are monitored with the inclinometer (L), shear-strip indicator
(n), or steel-wire sensor to locate the failure surface. Acoustical emissions (q) may indicate
approaching failure.

Pore-water pressures are monitored with piezometers (r). One can estimate the pore
pressures required for total failure by knowing the failure surface location and soil shear
strength.

Installations

Piezometers, inclinometers, extensometers, and other devices used in boreholes may not
monitor the most critical areas, especially in slopes in a stable condition. Therefore, opti-
cal surveys, which provide information over the entire study area, are always important,
although, because of terrain conditions, perhaps not always possible.
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FIGURE 3.42
Instrumentation for a potentially unstable soil slope. Legend: (a) precise surveying; (g) convergence meter; (h)
strain meter; (L) inclinometer; (n) shear-strip indicator; (q) acoustical emissions device; (r) piezometer.
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FIGURE 3.43

Instrumentation to monitor fault movements. Legend: (a) precise leveling and GPS; (e) tiltmeter; (h) strain
meter; (j) accelerometer; (m) deflectometer; (n) shear-strip indicator; (q) acoustical emission device; (r)
piezometer; (x) stress meter.

3.5.7 Fault Movements

Objectives

Earthquakes have been associated with fault rupture, which may be preceded by ground
warping, slippage along the fault, and increase in ground stresses and pore-water pres-
sures. Fault monitoring is still in its experimental stages; eventually, some basis for pre-
dicting or anticipating rupture may be developed.

Instrumentation

Ground warping and fault movements on local and regional scales are monitored by sev-
eral groups: NASA’s Jet Propulsion Laboratory at Caltech, the U.S.G.S., and the California
Geological Survey. The source data include information from GPS (Section 3.2.2) and Insar
data (Section 1.2.3) as well as land-based and field geologic data (Chamot, 2003).

Surface indications of displacement along the San Andreas Fault are monitored by an
early warning system set up by NOAA’s Earthquake Mechanism Laboratory at Stone
Canyon, California (Figure 3.43). The system consists of an interconnected 20 m triangular
array of mercury pools set in piers attached to Invar rods to monitor tilting (e) and strain
meters consisting of three 30-m-long extensometers (h) to measure creep (Bufe, 1972).
Accelerometers (j) set on the surface monitor ground motion accompanying fault activity.

Subsurface deformations may be monitored with deflectometers (m) and shear strips (n)
installed in boreholes across the fault, set to sound alarms if desired. Stress meters (x) mon-
itor stress increase, as does the acoustic-emissions device (q) on a qualitative basis, when
set in or near the fault zone. Piezometers (r) set in the fault zone monitor water pressures
that may indicate stress changes in the rock mass.
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assessment of mapped conditions, 26-29
Bromont, Quebec example, 26
geologic constraint maps, 29
geologic hazard/risk maps, 29
interstate highway example, 27
map preparation, 25-26
sanitary sewer study, 28
Engineering properties, typical values, 242251
Engineering soil surveys, 6
Environmental studies, 21
Excavation retaining structure, instrumentation for,
313
Expanding earth hypothesis, 324
Exploration
methodology, 3, 4
objectives, 3, 4
sample and core recovery, 87-121
scope, 3, 5
subsurface exploration, 31-87
surface mapping, 5-31
Extensometers, 275
convergence meter, 275-278
electrical crack gage, 275
simple strain meter, 275
simple wire extensometer, 275
wire extensometer, 275-278
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F

Failing Holemaster, core drilling with, 107
Falling-head test, 158
Fault movements, instrumentation array for, 320
Federal and state agencies, as sources of information,
6
Field instrumentation, 1, 2, 259
applications, 259, 263
instrumentation arrays for typical problems,
208-320
methods and instruments summary, 259, 260
for movements, deformations, stresses, 261-262
objectives, 259
program elements, 263-265
simple vs. complex methods and devices, 261
for in situ pressures and stresses, 262, 296-308
for subsurface deformations, 261-262, 279-296
for surface movements, 261, 267-279
transducers, 265-267
Field logs, 121
Flat dilatometer, 205
Flat jack test, 306
Flat-jack tests, 218-220, 219
Flat jacks, 305
Flat-plate dilatometer test, 204-205
Flexural strength, 183
Float-mounted tripod rig, 100
Flood insurance maps, 9
Flow characteristics, factors affecting, 151
Flow-through geologic materials, 151
Flush-coupled casing, 71
Flush-jointed casing, 71
Foundation design studies, field instrumentation for,
259
Foundations
deformation, 208
failure by rupture, 168
Freyssinet jack, 219
Friction angle
for granular soils, 246
in uncemented silica sand, 203
Frictional force, 163
Frost heaving characteristics, 153
Fugro Seaclam, sampling and in situ testing tools,
63
Full-scale load tests, 238-239

G

Gamma-gamma probe, 84

Geologic Atlas of the United States, 9

Geologic constraint maps, 29

Geologic constraints, 6

Geologic hazard maps, 29

Geologic hazards, 6

Geologic history, 323-324, 325
North America example, 325, 327, 328
radiometric dating, 328

Geologic land reconnaissance study, elements, 6
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Geologic maps, 6
bedrock geology maps, 7
earthquake data, 9
flood insurance maps, 9
Geologic Atlas of the United States, 9
soil survey maps, 9
structural geology maps, 7
superficial geology maps, 7
tectonic maps, 9
Geologic materials strength, 163
Geologic section, 119
Geologic time scale, 326
Geology maps, northern New Jersey, 8
Geophysical subsurface exploration methods, 32, 33
electrical conductivity (EM) surveys, 50-51
electrical resistivity methods, 44-50
general seismic methods, 32-35
gravimeter surveys, 53-54
ground-probing radar (GPR), 51-53
infrared thermography, 54
magnetometer surveys, 53
seismic direct methods, 40-41
seismic reflection method, 41-44
seismic refraction method, 35-40
Geophysics exploration, objectives and methods, 4
Geostatic stresses, 163164, 164
Geotechnical properties, 127
basic properties, 127
correlations, 127-128
hydraulic properties, 127
index properties, 127
Global positioning systems (GPS), 269
Global tectonics, 324-325
map, 325
Gradation, soils, 145-148
Gradation curve characteristics, 147
Grain size distribution
distinguishing characteristics, 147
soils, 145-148
Granite gneiss, 114, 115, 116
Granular soils, friction angle and relative density
relationships, 246
Gravimeter surveys, 53
applications, 53
cavity exploration in soluble rock, 54
data presentation, 53
theoretical basis, 53
Ground anchors, failure by rupture, 168
Ground-probing radar
applications, 51
techniques, 52-53
theoretical basis, 51-52
Groundwater and seepage detection
detection methods, 87
determining conditions, 86
general groundwater conditions, 84-86
seepage detection, 87
test borings for, 86
Groundwater conditions, 85
Grouting, in mud slurry, 66
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H

Hand augers, 54
Hardness
intact rock, 135-137
measurement criteria, 136-137
Harpoon-type gravity corer, 104
Hazen'’s effective size, 157
Heave, 268
High-altitude stereo-aerial photographs, 14
High-modulus stress plug, 307
Hole stabilization, 65
Hollow-stem flight auger, 73
Horizontal borings, 67
Horizontal strain meters, 291
Hose-level device, 271-272
Hydpraulic fracturing, 307-308
Hydraulic piezometers, 300, 301
Hydraulic pressure cell, 304
Hydraulic properties, 1, 151
capillary, piping, liquefaction and, 152
estimating permeability coefficient, 152-154
flow-through geologic materials, 151
laboratory tests, 154-162
permeability considerations, 151-152
Hyperspectral imagery, 14

I

Imagery interpretation, elements of, 19
In-place inclinometer sensors, 285, 288
In situ pressures and stresses, 296

loads and stresses, 302-305

occurrence and measurements, 297

pure-water pressures, 297-301

residual rock stresses, 305-308

significance, 296-297
In situ rock stresses, flat jack test for, 306
In situ testing, 158

California bearing test, 206

compression test, 216-218

direct shear test, 184

geotechnical properties, 129, 131

pressure testing in rock masses, 160-162

pumping tests, 160

rock deformation, 215-216

rock masses, 131-133

rock permeability, 161

seepage tests in soils, 158

soil penetration tests, 160

soils, 133-134

strength tests summary, 189

vane shear test for soils, 194-196
Inclinometer, 291

in lateral displacement measurement, 285
Index properties, 1, 127

clay soils, 243, 246, 251

cohesionless soils, 243

compacted materials, 251

intact rock, 135-138
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rock masses, 138-139, 242-243
soils, 139-150
typical values, 242-251
weathered rock and residual soil, 243
Induced stresses, and deformation, 210-211
Infrared thermography, 54
Inner core, earth, 324
Instrumentation arrays
for earth dams, 312-314
for excavation retention, 311-312
for fault movements, 320
for natural and cut slopes, 317-319
for rock masses, 308
for settlement of structures, 308-311
for soil formations, 308
for tunnels, caverns, mines, 314-316
Instrumentation program elements, 263
calibration, 264
instrumentation selection, 263264
operations, 264-265
Intact rock
basic and index properties, 135
deformation characteristics in uniaxial
compression, 209
deformation moduli per laboratory tests, 217
durability, 137
hardness, 135-137
laboratory testing, 129
rock strength measurements, 179-180
volume-weight relationships, 135
Integral coring method, 111, 113
Interfels deflectometer, 289
Interferometric SAR (InSAR) images, 11
Internal erosion, 280
Inverted pendulum, 274
Isotopes, in radiometric dating, 328

J

Joint roughness angle, 185
Jointed granite, deformation moduli in, 222

L

Laboratory testing, California bearing ratio test,
205-206
CBR loading device, 206
to determine deformation moduli of intact rock, 217
direct shear tests, 184, 192
dynamic soil properties, 240
geotechnical properties, 129
rock core strength, 180
rock deformation, 215
shear strength, 188
soils, 130-131
undrained soils shear test, 193-194
LANDSAT imagery, 9-10
Landslide study, seismic reflection profile, 44
Large-diameter cores, by calyx or shot drilling,
113-114
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Large-diameter holes, 54
Laser geodimeter, 272
Lateral displacement, 268
deflectometer, 286
inclinometer, 285
shear-strip indicator, 286-287
slope failure plane sensor, 288-289
subsurface, 280
Leeman doorstopper strain gage, 307
Light detection and ranging (LiDAR) images, 12
Limestone, core recovery, 108, 109
Linear-displacement transducers, 267
Linear potentiometers, 267
Linear strain gradients, 290
horizontal strain meters and inclinometers, 281
multiple-position borehole extensometer (MPBX),
291
rock-bolt borehole extensometer, 290-291
wire extensometers, 290
Linear variable differential transformers (LVDT), 367
Liquefaction, 152
Load cells, 304
Load cycle, compression vs. time for, 228
Load-deflection curve, 237
Loading time-rate correction factor, vs. plasticity
index, 198
Loads and stresses, 297, 302
load cells, 304
pressure cells, 303
strain gages, 302-303
tell tales, 304-306
vibrating-wire stress meters, 305
Lugeon test, 162

M

Magnetometer surveys, 53
Mantle, 323
Map preparation, 25-26
Map scales, 7
Map symbols, for engineering geology maps, 25
Mass density, rock masses, 138
Material properties, measurement, 1
Mean grain size, CPT-SPT correlations with, 204
Mechanical calipers, 84
Mechanical properties, 1, 127
Mechanical strain gages, 303
Menard pressuremeter testing, 235
Mercury pools, set in piers, 274-275
Microseismic transducer mounting techniques, 295
Mineral extraction, field instrumentation for, 263
Mines
case studies, 314-316
instrumentation for, 316
Moduli, from stress-strain curve, 215
Modulus of rupture, 183
Modulus reduction factor beta, 222-223
variation with rock quality, 223
Mohr diagram, 166, 167
for passive and active states of stress, 178
Mohr’s envelopes, total and effective stresses, 170
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Moisture content, 140

Moisture-density relationships, soils, 140-144, 145
Mud slurry, 65, 72

Multiple-position borehole extensometer, 292

N

Natural slopes
case studies, 317-319
residual strength in, 174
Neutron-gamma probe, 84
Nomograph
for consolidation with vertical drainage, 230
for soil properties, 143
Northern New Jersey
false-color satellite image, 12
geology map, 8
SLAR image, 13
Nuclear moisture-density meter, 140
Nuclear power plant complex, geologic diagrams,
120

(0]

Observation well, 299

Odex drilling, 78

Offshore operations, 61
laboratory tests on shear strength, 188
sampling and in situ testing, 61-62
seafloor reaction systems, 61

Open-pit mine slopes, 296

Optical leveling, 270

Organic content, soils, 150

Osterberg hydraulic piston sampler, 95, 96

Outer core, earth, 323

P

P-wave velocities, igneous and metamorphic rocks,
43
Pangaea, 325
Partial saturation effects, 152
Partially saturated soils, effective stresses in,
171-172
Passive stress state, 177-178, 179
Mohr diagram for, 178
Pavements
correlation of soil ratings based on CBR values for,
207
deformation in, 208
Peak strength, 174
vs. displacement and normal stress, 169
Pendulums, tiltmeter applications, 274
Penetration tests, 236
Permeability characteristics
and Hazen's effective size, 157
and relative density, 157
soils, 154
Permeability coefficient
criteria for rating, 153
estimating, 152
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miscellaneous materials, 156
for natural soil formations, 155
partial saturation effects and, 152
for rock and soil formations, 156
stratification effects and, 152
Photogrammetric surveying methods, 271
Piezocones, 56-57
Piezometers
casagrande open-tube, 299
electrical, 300
hydraulic, 300
pneumatic-type, 299-300
single-tube open, 297-299
types and applications, 298
Pile load testing case study, 310-312
instrumentation for, 311
Piping, 152
Piston-type gravity corer, 104
Pitcher sampler, 97, 98
Plastic deformation, 213-215
Plasticity
for rock gouge material, 175
soils, 149-150
for undrained shear strength, 198
United Classification System chart, 150
Plate-jack test, 216-218
Plate-load test, 236-238, 237
Pneumatic percussion drills, 78
Pneumatic piezometer, 301
Pneumatic-type piezometers, 299-300
Pocket penetrometer, 196
Point load strength test apparatus, 183
Point-load test, 182
Poorly graded soils, 145
Pore-pressure parameters, 172-173
Postconstruction operations, field instrumentation
for, 263
Posthole diggers, 54
Pressure cells, 303
Pressure testing
Lugeon test, 162
in rock masses, 160-162
Pressure tunnel test, 218
Pressure-void ratio relationships, 225-226
coarse-to-fine sand, 232
Pressuremeter testing, 232236
equipment schematic, 233
limitations, 235
test results, 234
values of compression modulus and ultimate
pressure, 235
Prestress, in soil formations, 165
Principal stresses, 165-166
Proctor curves, 145
Property measurements, 129
basic and index properties, 135-150
deformation without rupture, 206-242
geotechnical properties, 127-128
hydraulic properties, 151-172
permeability, 151-162
rupture strength, 162-206

testing methods, 128-134

typical values, 242-251
Pumping tests, 160
Pure-water pressures, 297

Q

Quick-release drop hammer, 200
R

Radial jacking test, 218
Radiometric dating, 328
Reaction control, 138
Reactivity
cement-aggregate, 137-138
tests to determine, 138
Rebound, 268
Recice landslide, geodetic control scheme, 272
Reconnaissance methods, 54, 55
continuous CPT, 54-62
Recording thermometers, 84
Refraction surveys, vs. seismic direct methods, 41
Regional geologic studies, 18
Regional seismicity, 5
Relative density, 142-144
diagram, 146
measurements, 144
and permeability, 157
soils, 149
Reliability, in instrumentation selection, 264
Remote-sensing imagery and interpretation
aerial photographs, 21-22
environmental studies, 21
regional geologic studies, 18
uses for environmental and natural resource
studies, 18
uses for geologic mapping, 17
Remotely sensed imagery
airborne imagery, 11-12, 14
hyperspectral imagery, 14
satellite imagery, 9-11
seaborne imagery, 15-16
Repeatability, in instrumentation selection, 264
Representative samples, 87
Research data
geologic maps, 6-7, 9
information sources, 6
objectives, 5-6
remotely sensed imagery, 9
on surface mapping, 5
topographic maps and charts, 9
Residual rock stresses, 297
borehole devices, 306-307
flat jacks, 305
hydraulic fracturing, 307-308
measurements, 305
occurrence, 305
strain meters/strain rosettes, 305, 306
Residual shear strength, 174-175
for rock gouge material, 174
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Residual soil rock quality indices, 139
shear strength parameters for, 244 typical basic and index property values, 242-243
typical basic and index values, 243 Rock quality indices, 139, 222
Resistance strain gages, 265-266 Rock quality measurements, direct seismic methods,
Resistivity, vs. conductivity, 50 43
Resistivity values Rock strength measurements, 179
coal mine, pole-dipole method, 49 borehole sheer test, 185-186
electrode configurations for measurements, 48 direct shear strength, 184-185
for geologic materials, 46 flexural strength, 183
Resonant column devices, 239 in intact rock, 179-180
Retaining structures modulus of rupture, 183
deformation in, 208 triaxial shear strength, 184
failure by rupture, 168 uniaxial compressive strength, 180-182
Retractable plug sampler, 98 uniaxial tensile strength, 182
Rigid-type double-tube core barre, 111 Rod extensometers, 281
Rippability, rock masses, 139 Rod-type multiple-position borehole extensometer, 291
Rock Rotary drill rig, 73
geotechnical property measurement, 128 Rotary probes, 63
in situ testing, 131 Rupture strength, 162
total hardness ranges, 136 applications of strength values, 166-167
Rock-bolt borehole extensometer, 290-291 definitions, 162-163
Rock core strength, laboratory tests, 180 principal stresses and Mohr diagram, 165-166
Rock coring, 102 rock strength measurements, 179-186
barrel types, 110 shear strength relationships, 167-179
core barrels, 105-106 soil penetration tests, 199206
core recovery and RQD, 108-111 soil strength measurements, 187-198
coring bits, 106-108 strength of geologic materials, 163
equipment, 102 and stress conditions in situ, 163-165
integral coring method, 111, 113
large-diameter cores by calyx or shot drilling, S
113-114
objectives, 102 Sample and core recovery, 87
operations, 102, 105 auger samples, 98
Rock cuts case study, 317-318 data presentation, 119-121
instrumentation for, 318 objectives, 87
Rock deformation measurements, 215 retractable plug sampler, 98
borehole jack tests, 220 rock coring, 102-114
flat-jack tests, 218-220 sample and core treatment, 114-118
laboratory testing methods, 215 sample classes based on quality, 87
methods compared, 220 sampler selection, 87-88
modulus and rock-quality relationships, 220-223 subaqueous sampling, 99-102
plate-jack test, 216-218 Swedish foil sampler, 99
pressure tunnel test, 218 test boring soil sampling, 89-97
radial jacking test, 218 test pit samples, 98
in situ compression test, 216-218 wash samples, 97
in situ testing methods, 215-216 Sample and core treatment
Rock detector, 84 field extrusion, 118
Rock formations preservation, shipment and storage, 116
assessment of mapped conditions, 26-27 thin-walled cored samples, 117
load or stress to measure, 302 thin-walled pushed samples, 116-117
Rock indicator technique, 85 UD sample extrusion, 116-117
Rock-mass discontinuities, strength values for upon retrieval, 114-115
preliminary stability analysis, 243 Sample borings, 63
Rock-mass quality, and deformation, 220-223 Sample classes, based on quality, 87
Rock masses, 138 Sampler conditions, 89
instrumentation arrays for, 308 Sampler wall thickness, 89
mass density, 138 Sampling tools and methods, 88, 90-91
moisture-density relationships, 140-144 Sand cone density device, 140, 144
permeability, 154 Sands
pressure testing in, 160-162 compaction curves, 145

rippability, 139 compression in, 214
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compression in cohesionless, 231-232
CU triaxial tests on, 170
friction angle, 203
pressure-void ratio curves and relative density
relationships, 232
strain modulus relations, 241
Satellite imagery
with digital sensors, 9-11
with radar sensors, 11
Saturated soils
effective stresses in, 171
total stresses in, 169-171
Sawtooth bits, 108
Schmidt rebound hardness test, 137, 182
Scintillometer, 84
Seaborne imagery, 15-16
Seafloor spreading, 324
Seepage tests, in soils, 158, 159
Seismic cone penetration test (SCPT), 58
Seismic direct methods, 40-41
dynamic deformation moduli, 239, 241
Seismic geophysical methods
energy sources for wave propagation, 35
seismic direct methods, 40-41
seismic exploration techniques, 35
seismic reflection method, 41-44
seismic refraction method, 35-40
theoretical basis, 32, 34
transmission characteristics, 34-35
Seismic p-wave velocities, and rippability, 139
Seismic reflection method, 41
interpretive information obtained, 4344
multichannel seismic reflection section, 45
operational procedures, 41-43
profile for landslide study, 44
Seismic refraction method, 35
applications, 40
limitations, 38—40
operational procedures, 35-36
seismograms in, 36-37
time-distance charts and analysis, 37-38
Seismic waves, transmission paths, 34
Seismograms, 37
for 24-channel spread, 39
Seisviewer, 81
Sensitivity, in instrumentation selection, 264
Settlement, 268
construction over soft ground and preloading,
309-310
differential settlement case study, 308-309
instrumentation for monitoring, 309, 312
pile load testing case study, 310-312
tilt case study, 309
wall design criteria, 312
Settlement plates, 273
Settlement point installation, 282
Settlement reference points, 281-282
Shear, defined, 162
Shear modulus, 214
Shear-pin piston, 95
Shear strain, defined, 162

Shear strength
and angle of internal friction, 168-169
in at-rest, passive, active stress states, 176179
defined, 163
dynamic shear, 175-176
factors affecting, 167-168
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parameters for residual soil and weathered rocks,

244
pore pressure parameters and, 172-173
relationships, 167
relevance of laboratory tests, 188
residual or ultimate, 174-175
total vs. effective stresses, 169
undrained, 173-174
Shear stress, defined, 163
Shear-strip indicator, 286-287
Shelby tube sampling, 94-95, 95, 117
Shore sclerescope, 137
Side-looking airborne radar (SLAR) images, 12
northern New Jersey, 13
Side-scan sonar, 15-16
reservoir bottom image, 16
Simple shear test
NGI-type equipment, 177
for soils, 192-193
Simple strain meter, 275
Simple wire extensometer, 274
Single-channel refraction seismograph, 36
Single-tube core barrel, 111
Single-tube open piezometers, 298-299
Site reconnaissance, 29
checklist, 31
engineering geology map revisions and, 31
Skid-mounted rotary drilling machine, 71
Skip-graded soils, 145
Slope failure plane sensor, 287, 288-289
Slope indicator inclinometer, 286

Slope monitoring, with convergence meter, 276-277

Slopes
failure by rupture, 168
field instrumentation for, 263
natural and cut, 317-319
Soft ground, construction over, 309-310
Soil behavior type classification, 60
Soil compaction, 140-144
Soil deformation measurements, 223
compression in cohesionless sands, 231-232
compression-time relationships, 227-230
consolidation test for clays, 224-231
expansion of clay soils, 231
full-scale load tests, 238-239
methods summary, 223
penetration tests, 236
plate-load test, 236
pressuremeter testing, 232-236
Soil factors, effect on sample quality, 92
Soil formations
assessment of mapped conditions, 26
instrumentation arrays for, 308
load or stress to measure, 302
Soil gradation, 145-148
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Soil penetration tests, 160, 199
California bearing ratio test, 205-206
cone penetrometer test, 202204
depth correction factor, 299
flat-plate dilatometer test, 204-205
limitations, 202
natural factors affecting values, 200
operational factors affecting values, 199-201
pressuremeter, 205
purpose, 199
SPT N-value corrections, 202
test method, 199

Soil profile weakening processes, 165

Soil properties, 142
nomograph for, 143

Soil ratings, based on CBR values, 297

Soil slopes case study, 318-319

Soil strength measurements, 187
borehole shear test, 196
direct shear test, 189-192
dynamic strength tests, 197-198
simple shear test, 192-193
in situ vane shear test, 194-196
test method selection, 187
triaxial shear test, 189
undrained shear tests, 193-194

Soil survey maps, 9

Soil surveys, 6

Soil testing, 131
laboratory, 130
in situ, 133134

Soils
basic and index properties, 139
compaction, 140-144
dynamic deformation moduli, 239-242
gradation, 145-148
maximum compacted densities, 148
organic content, 150
permeability characteristics, 154
plasticity, 149-150
seepage tests in, 159
volume-weight relationships, 140, 141

Split-barrel sampler, 92-93, 93, 94

SPOT imagery, 10-11

Stability analysis, 166-167
in rock cuts, 317
strength values for rock-mass discontinuities,

243

Standard drive pipe, 71

Standard penetration tests, 54

Stationary piston sampler, 95, 96

Steady-state vibration methods, 241242

Stereo pairs
of aerial photographs, 14
landform developing, 21
NASA example map, 14
slide scars, 28
and soil conditions, 22
West Nyack, New York, 30

Strain, defined, 162
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Strain gages, 302-303
Strain gradients, subsurface, 280
Strain meters, 305
for residual rock stresses, 306
Strain restraint conditions, 187
Stratification effects, 152
Strength values
applications, 166
in stability analysis, 166-167
typical problems, 167
Stress
defined, 162
in elastic medium, 211
on random plane through a point, 166
Stress conditions, 163
geostatic stresses, 163-164
prestress in soil formations, 165
in situ, 163
total and effective stresses, 164-165
Stress distribution contours, pressure bulb, 212
Stress restraint conditions, 187
Stress-strain curve, moduli from, 215
Structural geology maps, 7
Structural members, load or stress to measure, 302
Structures, field instrumentation for existing, 263
Subaqueous drilling, 78
Subaqueous sampling, 99
categories, 99
normal cased-boring methods, 99
to shallow penetration, 101-102
wireline drilling methods, 99-101
without drill rigs and casing, 193
Subbottom profiling, 45
Subsidence, 268
Subsurface deformations, 279
acoustical emissions, 292-296
forms, occurrence, monitors, 281
forms and significance, 279-280
lateral displacement, 285289
linear strain gradients, 290-292
vertical displacement, 280-285
Subsurface exploration
borehole remote-sensing and logging, 81-84
continuous CPT, 54-62
exploration method categories, 31-32
geophysical methods, 32-54
method selection, 32
objectives, 31
program preparation, 31
reconnaissance methods, 54
test and core borings, 62-81
Superficial geology, 5
Superficial geology maps, 7
Surface mapping
methodology, 5
objectives, 5
remotely sensed imagery, 9-16
research data, 5-9
site reconnaissance, 29-31
terrain analysis, 16-29
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Surface movements
extensometers, 275-278
forms, occurrences, monitors, 268
forms and significance, 267270
lateral displacement, 268
surveying, 269-273
tilt, 268
tiltmeters, 273-275
vertical displacements, 267
vibration monitoring, 278-279
vibrations, 268
Survey nets, 269
Surveying, 269
GPS use in, 269
settlement plates, 273
survey nets, 269
terrestrial photography, 272
water-level device, 271-272
Swedish foil sampler, 99
Swivel-type double-tube core barrel, 111
Synthetic aperture radar (SAR) images, 11

T

Technical publications, 6
Tectonic maps, 9, 326
Tectonic movements, field instrumentation for, 263
Tectonics, 324
Tell tales, 304-305
Terrain analysis
engineering geology maps, 24-29
interpretive features of topographic maps, 23-24
methodology, 17
objectives, 17
remote-sensing imagery and interpretation, 18-22
significance, 16-17
Terrain conductivity meter, 51, 52
Terrestrial photography, 273
Test and core borings
boring depth, 80
boring inclination, 67
boring spacing, 78-79
boring surveillance, 81
boring types, 63, 78
casing, 65
continuous hollow-stem auger, 76-77
equipment selection, 78
fragmentation, 63—-64
grouting, 66
hole stabilization, 65
material removal, 64-65
mud slurry, 65
Odex drilling, 78
operational elements, 63—-67
pneumatic percussion drills, 78
program planning and execution, 78-81
purpose, 62-63
specifications, 80
standard boring procedures, 72-76
standard drilling machines and tools, 67-72
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subaqueous drilling, 78
wireline drilling, 77
Test boring soil sampling
commonly used types, 89
double-tube soil core barrels, 95-97
factors affecting sample quality, 89-92
required boring diameters, 89
sampling interval, 89
sampling tools and methods, 90-91
split-barrel sampler, 92-93
thin-wall tube samplers, 93-95
Test pit samples, 98
Test pit/trench excavation, 54
Theoretical time factor, in consolidation testing, 229
Thin-wall tube samplers, 93-95
Three-dimensional velocity probe, 84
Tilt, 268
case study, 309
structural case study, 309
Tiltmeters, 273
electrical tiltmeter, 273-274
mercury pools set in piers, 274-275
pendulums, 274
Time-distance graph, 38
for seismograms, 40
Topographic maps and charts, 9
interpretive features, 23-24
Torvane, 195
Total and effective stresses, 164-165
field conditions, 171
Mohr’s envelopes for, 170
in saturated soils, 169-171
and shear strength, 169
Totally disturbed samples, 87
Transducers, 267
linear-displacement transducers, 267
membrane principle, 265
resistance strain gages, 265-266
temperature compensation for, 266
vibrating-wire devices, 266267
Triangulation, 271
Triaxial compression chamber, 180
Triaxial shear strength, 184
soils, 189
Triaxial test methods, 191
Tro-pari surveying instrument, 84
Tunnels
case studies, 314-316
convergence monitoring, 277-278
deformation in, 208
instrumentation for, 316
monitoring wall movements, 279

U

UCLA Soil Dynamics Laboratory, 177

Ultimate pressure, from pressuremeter testing, 235
Ultimate shear strength, 174-175

Unbonded encapsulated gages, 266

Unconfined compression apparatus, 194
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Undisturbed samples, 87
Undrained conditions
effect on strength, 168
tests on saturated soil with cohesion, 173
Undrained shear strength, 173-174
laboratory soil testing for, 193-194
Uniaxial compressive strength, 180-182, 181
and deformation modulus, 242
and point load strength index, 183
Uniaxial jacking test, arrangement for, 216
Uniaxial tensile strength, 182
Unstable soil slope, instrumentation for, 319
Uphole survey, 4041, 43
Urban tunnels case study, 316
instrumentation for, 317
USGS quadrangle map, 24

v

Vane-shear apparatus, 195
in situ testing, 197

Vertical borings, 67

Vertical displacement, 267
borehole extensometers, 280-281
borros points, 282283
cross-arm device, 283-285
rod extensometers, 281-282
subsurface, 279

Vertical drainage, consolidation with, 230

Vertical modulus, values for plates on sand, 238

Vertical profiling, 47
Vibracore, 106
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Vibrating-wire devices, 266-267
Vibrating-wire strain gages, 303
Vibrating-wire stress meters, 305
Vibration damage, scale of, 280
Vibration monitoring, 278-279
Vibrations, 268
Vision cone penetrometer (VisCPT), 59
Volume-weight relationships

intact rock, 135

soils, 140, 141

w

Wall anchors, failure by rupture, 168
Wall design criteria, 312
Wash sample borings, 63, 70, 97
Water-level device, 271-272
Weathered rock
shear strength parameters, 244
typical basic and index values, 243
Well-graded soils, 145
Wire extensometer, 275-278, 276
in linear strain gradients, 290
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Appendix A

The Earth and Geologic History

A.1 Significance to the Engineer

To the engineer, the significance of geologic history lies in the fact that although surficial
conditions of the Earth appear to be constants, they are not truly so, but rather are tran-
sient. Continuous, albeit barely perceptible changes are occurring because of warping,
uplift, faulting, decomposition, erosion and deposition, and the melting of glaciers and ice
caps. The melting contributes to crustal uplift and sea level changes. Climatic conditions
are also transient and the direction of change is reversible.

It is important to be aware of these transient factors, which can invoke significant
changes within relatively short time spans, such as a few years or several decades. They
can impact significantly on conclusions drawn from statistical analysis for flood-control or
seismic-design studies based on data that extend back only 50, 100, or 200 years, as well
as for other geotechnical studies. To provide a general perspective, the Earth, global tec-
tonics, and a brief history of North America are presented.

A.2 The Earth
A.2.1  General

Age has been determined to be approximately 4 1/2 billion years.
Origin is thought to be a molten mass, which subsequently began a cooling process that
created a crust over a central core. Whether the cooling process is continuing is not known.

A.2.2 Cross Section

From seismological data, the Earth is considered to consist of four major zones: crust, man-
tle, and outer and inner cores.

Crust is a thin shell of rock averaging 30 to 40 km in thickness beneath the continents,
but only 5 km thickness beneath the seafloors. The lower portions are a heavy basalt (y =
3 t/m3, 187 pcf) surrounding the entire globe, overlain by lighter masses of granite (y= 2.7
t/m3, 169 pcf) on the continents.

Mantle underlies the crust and is separated from it by the Moho (Mohorovicic disconti-
nuity). Roughly 3000 km thick, the nature of the material is not known, but it is much
denser than the crust and is believed to consist of molten iron and other heavy elements.

Outer core lacks rigidity and is probably fluid.
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Inner core begins at 5000 km and is possibly solid (y = 12 t/m?, 750 pcf), but conditions
are not truly known. The center is at 6400 km.

A.3 Global Tectonics
A.3.1 General

Since geologic time the Earth’s surface has been undergoing constant change. Fractures
occur from faulting that is hundreds of kilometers in length in places. Mountains are
pushed up, then eroded away, and their detritus deposited in vast seas. The detritus is
compressed, formed into rock and pushed up again to form new mountains, and the cycle
is repeated. From time to time masses of molten rock well up from the mantle to form huge
flows that cover the crust.

Tectonics refers to the broad geologic features of the continents and ocean basins as well
as the forces responsible for their occurrence. The origins of these forces are not well
understood, although it is apparent that the Earth’s crust is in a state of overstress as evi-
denced by folding, faulting, and other mountain-building processes. Four general
hypotheses have been developed to describe the sources of global tectonics (Hodgson,
1964; Zumberge and Nelson, 1972).

A.3.2 The Hypotheses

Contraction hypothesis assumes that the Earth is cooling, and because earthquakes do not
occur below 700 km, the Earth is considered static below this depth, and is still hot and not
cooling. The upper layer of the active zone, to a depth of about 100 km, has stopped cool-
ing and shrinking. As the lower layer cools and contracts, it causes the upper layer to con-
form by buckling, which is the source of the surface stresses. This hypothesis is counter to
the spreading seafloor or continental drift theory.

Convection-current hypothesis assumes that heat is being generated within the Earth by
radioactive disintegration and that this heat causes convection currents that rise to the sur-
face under the mid-ocean rifts, causing tension to create the rifts, then moves toward the
continents with the thrust necessary to push up mountains, and finally descend again
beneath the continents.

Expanding Earth hypothesis, the latest theory, holds that the Earth is expanding because
of a decrease in the force of gravity, which is causing the original shell of granite to break
up and spread apart, giving the appearance of continental drift.

Continental drift theory is currently the most popular, but is not new, and is supported
by substantial evidence. Seismology has demonstrated that the continents are blocks of
light granitic rocks “floating” on heavier basaltic rocks. It has been proposed that all of
the continents were originally connected as one or two great land masses and at the end
of the Paleozoic era (Permian period) they broke up and began to drift apart as illustrated
in sequence in Figure A.1. The proponents of the theory have divided the earth into
“plates” (Figure A.2) with each plate bounded by an earthquake zone.

Wherever plates move against each other, or a plate plunges into a deep ocean trench,
such as that exists off the west coast of South America or the east coast of Japan, so that it
slides beneath an adjacent plate, there is high seismic activity. This concept is known as
“plate tectonics” and appears to be compatible with the relatively new concept of seafloor
spreading.
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FIGURE A.1

The breakup and drifting apart of the original land mass, Pangaea: (a) Pangaea, the original continental land
mass at the end of the permian, 225 million years ago; (b) Laurasia and Gondwana at the end of the Triassic,
180 million years ago; (c) positions at the end of the Jurassic, 135 million years ago (North and South America
beginning to break away); (d) positions at the end of the Cretaceous, 65 million years ago; (e) positions of
continents and the plate boundaries at the present. (From Dietz, R.S. and Holden, J.C., ]. Geophys. Res., 75,
4939-4956, 1970. With permission.)

A.4 Geologic History
A.4.1  North America: Provides a General Illustration

The geologic time scale for North America is given in Table A.1, relating periods to typi-
cal formations. A brief geologic history of North America is described in Table A.2. These
relationships apply in a general manner to many other parts of the world. Most of the peri-
ods are separated by major crustal disturbances (orogenies). Age determination is based
on fossil identification (paleontology) and radiometric dating.
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FIGURE A.2
Major tectonic plates of the world. (Courtesy of USGS, 2004.)

TABLE A.1
Geologic Time Scale and the Dominant Rock Types in North America

Era Period Epoch Dominant Formations Age (millions of
years)
Cenozoic Quaternary Holocene Modern soils 0.01
Pleistocene North American glaciation 2.5-3
Neogene Pliocene 7
Miocene “Unconsolidated” coastal-plain sediments 26
Tertiary Oligocene 37
Paleogene Eocene 54
Paleocene 65
Mesozoic Cretaceous Overconsolidated clays and clay shales 135
Jurassic Various sedimentary rocks 180
Triassic Clastic sedimentary rocks with diabase
intrusions
Paleozoic Permian Fine-grained clastics, chemical 225
precipitates, and evaporites. Continental
glaciation in southern hemisphere
Pennsylvanian Shales and coal beds 280
Mississippian ~ Carboniferous Limestones in central United States.
Sandstones and shales in east 310
Devonian Red sandstones and shales 400
Silurian Limestone, dolomite and evaporites, 435
shales
Ordovician Limestone and dolomite, shales 500
Cambrian Limestone and dolomite in late 600
Cambrian, sandstones and shales in
early Cambrian
Precambrian  Precambrian Igneous and metamorphic rocks About 4.5 billion

years
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TABLE A.2
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A Brief Geologic History of North America®

Period

Activity

Precambrian

Cambrian

Ordovician

Silurian

Devonian

Carboniferous

Permian

Triassic

Jurassic

Cretaceous

Tertiary

Quaternary

Period of hundreds of millions of years during which the crust was formed and the conti-
nental land masses appeared

Two great troughs in the east and west filled with sediments ranging from detritus at the
bottom, upward to limestones and dolomites, which later formed the Appalachians, the
Rockies, and other mountain ranges

About 70% of North America was covered by shallow seas and great thicknesses of lime-
stone and dolomite were deposited

There was some volcanic activity and the eastern landmass, including the mountains of
New England, started to rise (Taconic orogeny)

Much of the east was inundated by a salty inland sea; the deposits ranged from detritus to
limestone and dolomite, and in the northeast large deposits of evaporites accumulated in
landlocked arms of the seas

Volcanos were active in New Brunswick and Maine

Eastern North America, from Canada to North Carolina, rose from the sea (Arcadian
orogeny). The northern part of the Appalachian geosyncline received great thicknesses of
detritus that eventually formed the Catskill Mountains

In the west, the stable interior was inundated by marine waters and calcareous deposits
accumulated

In the east, limestone was metamorphosed to marble

Large areas of the east became a great swamp which was repeatedly submerged by shallow
seas. Forests grew, died, and were buried to become coal during the Pennsylvanian portion
of the period

A period of violent geologic and climatic disturbances. Great wind-blown deserts covered
much of the continent. Deposits in the west included evaporites and limestones

The Appalachian Mountains were built in the east to reach as high as the modern Alps
(Alleghanian orogeny)

The continental drift theory (Section A.3.2) considers that it was toward the end of the
Permian that the continents began to drift apart

The Appalachians began to erode and their sediments were deposited in the adjacent non-
marine seas

The land began to emerge toward the end of the period and volcanic activity resulted in sills
and lava flows; faulting occurred during the Palisades orogeny

The Sierra Nevada Mountains, stretching from southern California to Alaska, were thrust up
during the Nevadian disturbance

The Rocky Mountains from Alaska to Central America rose out of a sediment-filled trough
For the last time the sea inundated much of the continent and thick formations of clays were
deposited along the east coast

The Columbia plateau and the Cascade Range rose, and the Rockies reached their present
height

Clays were deposited and shales formed along the continental coastal margins, reaching
thicknesses of some 12 km in a modern syncline in the northern Gulf of Mexico that has
been subsiding since the end of the Appalachian orogeny

Extensive volcanic activity occurred in the northwest

During the Pleistocene epoch, four ice ages sent glaciers across the continent, which had a
shape much like the present

In the Holocene epoch (most recent), from 18,000 to 6,000 years ago, the last of the great ice
sheets covering the continent melted and sea level rose almost 100 m

Since then, sea level has remained almost constant, but the land continues to rebound from
adjustment from the tremendous ice load. In the center of the uplifted region in northern
Canada, the ground has risen 136 m in the last 6,000 years and is currently rising at the rate
of about 2 cm/year (Walcott,1972)

Evidence of ancient postglacial sea levels is given by raised beaches and marine deposits of
late Quaternary found around the world. In Brazil, for example, Pleistocene sands and grav-
els are found along the coastline as high as 20 m above the present sea level

2 The geologic history presented here contains the general concepts accepted for many decades, and still gen-
erally accepted. The major variances, as postulated by the continental drift concept, are that until the end of
the Permian, Appalachia [a land mass along the U.S. east coast region] may have been part of the northwest
coast of Africa [Figure A.la], and that the west coast of the present United States may have been an archipel-
ago of volcanic islands known as Cascadia. (From Zumberge, ].H. and Nelson, C.A., Elements of Geology, 3rd
ed., Wiley, New York, 1972. Reprinted with permission of Wiley.)
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The classical concepts of the history of North America have been modified in con-
formity with the modern concept of the continental drift hypothesis. The most significant
modification is the consideration that until the end of the Permian period, the east
coast of the United States was connected to the northwest coast of Africa as shown in
Figure A.1.

A.4.2 Radiometric Dating

Radiometric dating determines the age of a formation by measuring the decay rate of a
radioactive element.

In radioactive elements, such as uranium, the number of atoms that decay during
a given unit of time to form new stable elements is directly proportional to the number
of atoms of the radiometric element of the sample. This decay rate is constant for the
various radioactive elements and is given by the half-life of the element, i.e.,
the time required for any initial number of atoms to be reduced by one half. For exam-
ple, when once-living organic matter is carbon-dated, the amount of radioactive carbon
(carbon 14) remaining and the amount of ordinary carbon present are measured, and
the age of a specimen is computed from a simple mathematical relationship. A general
discussion on dating techniques can be found in Murphy et al. (1979). The various
isotopes, effective dating range, and minerals and other materials that can be dated are
given in Table A.3.

In engineering problems the most significant use of radiometric dating is for the dating
of materials from fault zones to determine the age of most recent activity. The technique is
also useful in dating soil formations underlying colluvial deposits as an indication as to
when the slope failure occurred.

TABLEA.3

Some of the Principal Isotopes Used in Radiometric Dating

Isotope
Parent Offspring Parent Half-Life Effective Dating Material That Can Be Dated
(years) Range (years)
Uranium 238 Lead 206 4.5 billion 10 million to 4.6 billion Zircon, uraninite, pitchblende
Uranium 235 Lead 207 710 million
Potassium 40 Argon 40 1.3 billion 100,000 to 4.6 billion Muscovite, biotite
Calcium 40 hornblende, intact volcanic
rock
Rubidium 87 Strontium 87 47 billion 10 million to 4.6 billion Muscovite, biotite,

microcline, intact
metamorphic rock
Carbon 142 Nitrogen 14 5,730+£30 100 to 50,000 Plant material: wood, peat

charcoal, grain.

Animal material: bone,
tissue.

Cloth, shell, stalactites,
groundwater and sea-
water.

2 Most commonly applied to fault studies: Carbon 14 for carbonaceous matter, or K-Ar for noncarbonaceous
matter such as fault gouge.
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