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ABSTRACT: Geotechnical engineering designs and analyses require assessments of the engineering proper-
ties of geomaterials used in geostructures. Increasingly, one of the engineering property being assessed of a
geomaterial is the stiffness of soils. Key aspects of the soil stiffness is its influence on ground response and
the deformation characteristics of many geostructures. Traditionally, estimates of stiffness were mostly done
by triaxial tests with displacement transducers or by resonant column tests. Other methods are increasingly
used today such as the bender element method, or field methods such as downhole tests, suspension logging,
seismic reflection/refraction, spectral analysis of surface waves (SASW), and more commonly, cross-hole
tests. These methods all measure the small-strain stiffness (or shear modulus) of the soil. A laboratory scale
cross-hole method was performed and this paper presents the responsive small-strain stiffness behaviour of
the unsaturated soil to soil compaction condition. Influences of dry density and void ratio on stiffness or shear
wave velocity were paramount. Secondary influences of water content were noted though not well defined.
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beneath. Researchers have considered the use of
stiffness as a predictor of engineering properties
(Hardin & Black 1968; Hardin & Drnevich 1972;
Hardin & Kalinski 2005; Khosravi & McCartney
2009; Biglari et al. 2012). This stiffness property is
derived from consideration of small strains, with
relatively small amplitude and repeated loading and
unloading due to vibrations (Hardin & Black 1968).
Soil vibrations can be induced by loading from ma-
chine foundations, earthquakes, vehicular traffic and
others. Figure 1 schematically illustrates some typi-
cal loading conditions and testing methods. Accu-
rately predicting stiffness of soils during or soon af-
ter construction is essential to its performance and to
developing a better understanding of soil modulus
behavior.

Small-strain stiffness is analogous to small-strain
shear modulus, in that as stiffness is related to the
applied force and resulting soil deformation, and
shear modulus is related to the applied shear stress
and resulting shear strain, given a set of prescribed
stress states. The cross-hole seismic method has
been shown to be a suitable approach to determine
soils small-strain behavior of shear wave veloci-
ties/modulus (Stokoe & Woods 1972). This method
is scaled and used in the laboratory.
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Figure 1. Unsaturated soil stiffness: (a) applications, (b) test-
ing methods, (c) idealization (Hoyos et al. 2015).

This paper aims at studying the behavior of small-
strain stiffness in a scaled laboratory test using the
cross-hole seismic method. Since most conventional
testing devices significantly underestimate small-
strain behavior (Hoyos et al. 2015), this paper also
aims to assess the suitability of the use of a portable
geo-gauge to measure stiffness/modulus in the
scaled laboratory tests. To accomplish these scaled
tests, a laboratory test box was built and a series of
cross-hole seismic and geo-gauge tests were per-
formed under Ko conditions on a clay soil compact-
ed incrementally in the test box.



2 MATERIALS AND METHODS
2.1 Soil type and index properties

A naturally occurring soil formed from the parent
rock and that is commonly used by the Kentucky
Transportation Cabinet (KYTC), was selected for
this study. Results from the sieve and hydrometer
analysis, Atterberg limits and standard Proctor tests
are tabulated in Table 1. The silty clay (CL-ML) soil
was classified in accordance with the Unified Soil
Classification System.

Table 1. Daviess County soil measured index properties.

Index property
Grain size distribution
Sand content (< 2 mm, %) 4.4
Percent silt & clay content (< 75 pm, %) 95.6
Clay content (< 2 pm, %) 21
Coefficient of uniformity 169.2
Coefficient of curvature 17.1
Specific gravity 2.72
Atterberg limits
Plastic limit (%) 19
Liquid limit (%) 23
Plasticity index (%) 4
. . . . Silty clay
Unified soil classification system (USCS) CL-ML
Standard compaction tests
Maximum dry density (kg/m®) 1770.2
Optimum moisture content (%) 16.4

The soil water characteristic test conducted at
standard Proctor compaction resulted in an air-entry
value (AEV), residual suction (W), and saturated
gravimetric water content (Ws) of 104 kPa, 3705
kPa, and 19.6% respectively. The curve and parame-
ters are shown in Figure 2.
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Figure 2. Estimated SWCC and experimental data.

The estimated SWCC was modeled using the
Fredlund & Xing (1994) SWCC model with the re-
sulting a, n, and m fitting parameters of 160.3672,
1.5425, and 0.6732 respectively. The Fredlund and
Xing (1994) SWCC model is given as follows:
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2.2 Test equipment

w

The test box used is described in detail in Walton-
Macaulay et al. (2017). A brief description is pro-
vided here for reading convenience. The test box
was constructed of wood with interior dimensions of
length 38.6 cm, width 38.4 cm and height 34.8 cm.
It was braced by steel plates and bars to limit the lat-
eral deflection, for an assumption of Ko condition.

Earth pressure cells, with accuracy of 0.1 percent
of full scale, were placed such that load transfer
measurements can be made in three major axes. Two
pressure cells with 350 kPa maximum capacity were
placed vertically and flat against two adjacent sides
for lateral pressure measurement and the third (1
MPa maximum capacity) placed horizontally and
flat on the bottom of the test box for vertical transfer
pressure measurements. A hydraulic load frame
with maximum capacity of 1334 kN was used to
compact the bulk soil sample placed in the test box.
An oscilloscope capable of measuring analog and
digital signals of up to 200 and 100 MHz respective-
ly was used to determine the shear wave velocities
in a cross-hole seismic formation. The cross-hole
seismic formation included two copper hollow rods
placed at opposite corners of the test box for the
source and receiver positions. A metal rod with a tip
wedge was used with a hammer to generate the
source waves. The hammer was connected to the os-
cilloscope. An accelerometer connected to the oscil-
loscope was used in the receiver position.

A Geo-gauge capable of measuring stiffness elec-
tro-mechanically was used. This Geo-gauge, manu-
factured by Humbolt, Inc., imparts very small dis-
placement of less than 1.27x10° mm to the soil
surface where placed, and it does so at different fre-
quencies from 100 kHz to 196 kHz.

2.3 Preparation and procedure

The bulk soil was prepared at a constant moisture
content by initially air drying or obtaining a hygro-
scopic moisture, then water added and the bulk soil
mixed to achieve a target constant moisture content.
The bulk specimen was sealed and stored for a min-
imum of 24 hours to allow for moisture equilibrium
prior to testing. Four different constant moistures
were targeted for each test sequence with two bulk
specimens prepared at below optimum moisture con-
tent for standard compaction, one at optimum mois-
ture content, and the fourth at above the optimum
moisture content.



For each prepared bulk specimen at constant
moisture content, the bulk soil was placed in the test
box and statically compacted to incremented and re-
duced heights targeted to 38, 64, 90, 115 and 140
mm below the initial height. The static load was ap-
plied at a strain rate of 5.08 mm/min. Walton-
Macaulay et al. (2017) indicated that a non-uniform
behaviour is attributed to dynamically compacted
soils due to destruction of inter-particle forces, and
since uniformity was of great importance for this
study, a static compaction method was selected for
this study. After each incremental compaction, the
soil was unloaded and allowed to rebound to an
equilibrium point established as a change in residual
pressures (read from the earth pressure cells) of less
than 0.041 kPa/min.

Shear wave velocities were obtained from the
cross-hole seismic tests following the rebound of the
soil after every incremental compaction. The sche-
matic diagram in Figure 3 shows the idealized setup
of the cross-hole seismic test. The metal rod with the
wedge-tip and the accelerator were placed in their
respective positions and to the desired test depth
which was generally at the centre of the compacted
soil height. The hammer was used to uni-axially
strike the top of the wedge-tip rod and excite wave
propagation within the bulk soil. The accelerometer
placed vertically, thereby predominantly receiving
shear waves. The oscilloscope logs both the trans-
mitted wave and the received shear wave.
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Figure 3. Schematics of the cross-hole seismic equipment set-
up.

The shear wave velocity, Vs was determined as
shown in Equation 2, and the shear modulus, G was
determined as shown in Equation 3.

_ Wave travellength _ L

)

Travel time t

G = (Total density \ Shear wavevelocity)’ = pV? (3)

Small-strain stiffness measurements were made
using the Geo-gauge following the incremental
compaction/rebound of the soil. Two measurements
were made and averaged with the second made at a

rotated 90 degrees from the first location. The aver-
aged small-strain stiffness, k& value was then used to
obtain the elastic (Young's) modulus based on the
Geo-gauge ring foot's radius, R and the soil's Pois-
son's ratio, v using Equation 4. Thereafter the shear
modulus was determined using elastic theory rela-
tionship as shown in Equation 5.
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3 RESULTS AND ANALYSES

The vertical and lateral transfer stresses measured by
the earth pressure cells are considered to be the prin-
cipal stresses due to the reduced friction of the cells'
polished finish surface, the horizontal soil surface,
and the parallel and perpendicular orientation of the
cells to the uni-axial loading. The measured stresses
are the vertical stress, o, and the lateral stresses,
o,and oy. The net mean stress with respect to
pore-air pressure is the mean stress assuming that
the pore-air pressure during testing is zero. The net
mean stress, p is therefore given as follow:
—p =TT (6)
3

The internal stress resident in the soil structure af-
ter all applied forces has been removed and the soil
allowed to rebound is the residual net mean stress.
Residual stress is present in compacted soil, but are
more pronounced in soils compacted under Ko con-
ditions, and therefore can have significant effects on
soil behavior.

p:pnet

3.1 Dynamic response

Cross-hole seismic tests were performed under load-
ing and residual stress conditions. The time of first
arrival was used in determining the travel time from
the initial excited wave propagated to when it was
initially received by the accelerometer.

Figure 4 shows the behavior of the shear modulus
data determined from the cross-hole seismic test un-
der loading conditions. This shear modulus from the
cross-hole seismic test is represented as Gen. It is
clear that the shear modulus generally increases with
net mean stress, which is consistent with other stud-
ies using different methods such as bender elements
and resonant columns (Nyunt et al. 2011; Hoyos et
al. 2015).

At the moisture content of 16.6 percent, there is a
significant increase of Gcu very early on or under
low net mean stress. This moisture content is very



close to the target optimum moisture content of 16.4
percent under standard compaction conditions. With
conditions of optimum moisture content, the soil
lends itself to become a more readily compacted soil
structure. Significant shear modulus increases in the
soils dry of optimum moisture content (11.4 and
13.2 percent) but only after the loading is above 100
kPa. As expected for the soil above optimum mois-
ture content, the shear modulus is relatively lower
than the other soils, but with notable increases with
net mean stress under load.
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Figure 4. Shear modulus with net mean stress under load.

To assess the behavior of the compacted soil as-
compacted the residual stress has to be considered
without the applied load used to compact it. Figure 5
shows the behavior of the shear modulus data de-
termined from the cross-hole seismic test under re-
sidual stress conditions. The data is not as well de-
fined as that under load, but shear modulus generally
increases with residual net mean stress, which is
consistent with Heitor et al. (2013). Of note are the
significant differences in the behavior of the soil that
is wet of optimum moisture content relative to the
soils that are at and lower of optimum moisture con-
tent.
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Figure 5. Shear modulus with residual net mean stress.

In Figure 5, the maximum residual net mean stress
for the soil above optimum moisture content (19.2
percent), is significantly smaller than the maximum
residual net mean stress of the other soils and the
shear modulus appear to be close to a threshold max-

imum. In other words, the internal (residual) stresses
are not 'locked' in and dissipates to a much lower in-
ternal stress. This is most likely due to the wetter
soil's dispersed structure and higher degree of satu-
ration.

From Figure 5, the maximum residual net mean
stress for the soils dry of optimum moisture were
just under 80 kPa, about 55 kPa at optimum mois-
ture and about 25 kPa wet of optimum moisture con-
tent. The relatively higher residual net mean stress
were the results of high residual lateral stresses that
remain even after the external compaction loads are
removed. These internal residual lateral stresses can
significantly affect soil behavior and therefore the
structural support they may provide. These residual
stresses were assessed and evaluated by considering
the coefficient of the earth pressure at rest, Ko,
which is defined as the ratio of the in-situ horizontal
effective stresses 62, and o3, to the in-situ vertical ef-
fective stress o, when the vertical and horizontal di-
rections are coincident with those of the principal
stresses (Terzaghi 1920; 1925).

Figure 6 shows the averaged Ko with net mean
stress for the loading and residual conditions. It is
clear that Ko under loading conditions increases
slightly while in a relatively loose condition (low net
mean stress range of 10-30 kPa) and can be assumed
to remain relatively constant with increasing net
mean stress, with exception that the wetter soil may
see slight increases in Ko at higher net mean stress.
Since Ko is relatively constant, it can be assumed
that the loading transfer mechanisms with the soil
structure is not dependent on the direction of trans-
fer. Therefore, for external load increases, the mag-
nitude of distributed loads is equivalent in the hori-
zontal and vertical directions.
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Figure 6. Coefficient of earth pressure at rest with net mean
stress.

It is also clear that Ko under residual conditions
increases rapidly with values approaching passive
earth pressure conditions for the soils dry of opti-
mum moisture content and the soil close to optimum
moisture content. This indicates that higher magni-
tudes of lateral stresses are retained in the soil struc-
ture especially for a flocculated (drier) soil structure



than for a dispersed (wetter) state. The rate of in-
crease of Ko for residual conditions appear unaffect-
ed by moisture content.

The horizontal and vertical stresses for the two
conditions of under load and after load (residual)
were compared and the comparative data presented
in Figure 7. The linear trends indicate a consistent
ratio in the increase of stresses under load to the
consequential residual stresses. Figure 7a shows the
vertical stress and the horizontal stresses for the test
soil with 11.4 percent moisture content. This data
trend is typical and therefore only this data shown
here for brevity. Figure 7a indicates that the vertical
stress is more dominant under loading (lower slope)
and the residual stresses become more significant in
the horizontal or lateral direction (higher slopes).
The ratio of the stresses under load to the residual
stresses is of a magnitude difference for o1 (about
1/30) and for o, and o3, (about 1/3).

Figure 7b shows the comparison for only the ver-
tical stresses, which shows a fairly consistent trend
across moisture contents. As an exception, the wetter
soil appears to show that at a point, increases in the
external vertical stress does not cause further in-
crease in residual vertical stress.
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Figure 7. Comparative vertical and horizontal stress analysis.

Figure 7c and 7d show the comparisons for the
lateral stresses, which indicates a dependency on
moisture content. Assuming linearity, the ratio of
the lateral stresses under load to the lateral residual
stresses can be approximated as 6/16, 5/16, 3/16 and
1/16 at moisture contents of 11.4, 13.2, 16.6, and
19.2 percent respectively. The decreasing ratios in-
dicates that drier soils retain, more of their internal
lateral stress caused by compaction loading as resid-
ual stresses.

Contrary to these higher positive stresses, drier
soils also experiences higher negative pore-water
stresses u,, due to their capillary and adsorptive
properties, however these negative pore-water
stresses can be represented as matric suction stress-
es, (us - uw) in reference to the pore-air pressure
stress u,. Therefore, in unsaturated soils (matric suc-
tion present), the magnitude of lateral (horizontal)
stress is reduced. Estimates of Ko can be made con-
sidering elastic equilibrium within a homogeneous,
isotropic soil mass. One suggested model includes
the matric suction parameter developed by Fredlund
et al. (2012) which is given in terms of the elastic
modulus with respect to a net external stress, E, and
the elastic modulus with respect to the matric suc-
tion, H. Substituting E for G in Equation 5, the Ko is
as follows:

L_[E(Hvz)(ua—uw)} -

H (1-v) (o, ~u,)

R Y
where v is the Poisson's ratio. (u. - u,) and H were
determined from estimated data presented by Wal-
ton-Macaulay et al. (2017) for this soil at different
void ratios, under the same test conditions.

Figure 8 shows the comparison of the estimated and
experimental data of Ko under load. One of the data
points is considered to be an outlier due to the low
estimated value (close to zero), indicating an im-
pending cracking of the soil. Though there are some
deviations from the line of unity, the model provides
reasonable estimates of experimental values. Poor
estimates of Ko under residual conditions were made
and not reported in this study.
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Figure 8. Comparative Ko from experimental and estimated
data.

The shear modulus determined from the use of the
Geogauge were compared with the shear modulus
from the cross-hole seismic tests. Figure 9 shows the
comparison of all experimental values of G at dif-
ferent moisture contents. The Geogauge presents
shear modulus that are consistently lower than the
cross-hole seismic shear modulus, which may be
partially due to the location of the tests (surface vs.
at depth), and to the confinement of the test box.



Additional work is necessary to confirm the suitabil-
ity of the use of a Geogauge in a laboratory setting.
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Figure 9. Comparison of G response from cross-hole seismic
and Geogauge tests.

4 CONCLUSIONS

An attempt to study the behavior of small-strain
shear modulus of a silty clay soil was made on the
basis of performing a scaled cross-hole seismic test-
ing in the laboratory. A test box was used that al-
lowed for uni-axial static loading to achieve incre-
mental compaction of the bulk soils at different
constant moisture contents. The results show that
shear modulus increases in both conditions of under
loading to achieve the compaction and under residu-
al conditions after the loading had been removed
and the soil allowed to rebound.

The coefficient of earth pressure at rest Ko, was
assessed and under loading conditions, though it in-
creases slightly in the low net mean stress range, Ko
remained relatively constant with increasing net
mean stress. The exception to having the relatively
constant Ky is that though minimal, the wetter soil
showed continued increase in Ko at higher net mean
stress. As such, in a predominant particle contact
aggregation structure (drier soils), the distribution of
load/stress transfer is not dependent on its direction.

Under residual conditions, Ko increases rapidly
with increasing residual net mean stress and ap-
proaching passive earth pressure conditions. Under
residual conditions, predominant particle contact ag-
gregation soil structure retain higher magnitudes of
lateral stresses from the external stress used to ob-
tain compaction. The rate of increase of Ko for re-
sidual conditions appear unaffected by moisture con-
tent.

The residual stresses, also increased with in-
creased residual net mean stress, a result of in-
creased compaction energy. Lateral residual stresses
decreased with increasing moisture content. A com-
parison shows that lateral stresses are more depend-
ent of the moisture content, than vertical stresses.

Reasonable estimates of Ko under loading can be
made using the Fredlund et al. 2012 unsaturated

model, even though estimates of matric suction were
used. This model poorly estimated Ko for residual
conditions therefore were not reported. Further re-
search into residual Ky is necessary.

Finally, the shear modulus obtained from the use
of a Geogauge are consistently lower than shear
modulus obtained from the cross-hole seismic tests.
This is partially attributed due to the location of the
tests which was performed at the soils surface for
the Geogauge and at mid-depth of the soil for the
cross-hole seismic tests.
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