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ABSTRACT:

The dynamic properties of a clean sand under different degrees of saturation is
investigated using a modified custom built Direct Simple Shear (DSS) apparatus at the
University of New Hampshire. The specific characteristics of the DSS are presented and
the testing procedures are discussed. The device utilizes the axis translation and
tensiometric techniques to control the matric suction in the soil specimen. The
investigation on F75 Ottawa Sand shows a decrease in shear modulus and an increase in
damping by increasing the shear strain over the tested range of strains for various degrees
of saturation; dry, saturated, and partially saturated. The modulus reduction in the
applied range of medium shear strains regardless of the degree of saturation
demonstrates the capability of the DSS in consistently capturing the changes of dynamic
properties. Experimental results indicate that the matric suction can have a substantial
effect on the stiffness of the soil. However, the extent of this effect may depend on the
induced strain level the effective stress in unsaturated soil. In addition, partially saturated

specimens resulted in lower dynamic compression.

KEYWORDS: direct simple shear, unsaturated soil, shear modulus, damping ratio


mailto:knf8@wildcats.unh.edu
mailto:majid.ghayoomi@unh.edu

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

INTRODUCTION

The behavior of dynamically loaded soils has been a topic of interest to geotechnical
engineers. In order to understand this behavior, key dynamic soil parameters such as
shear modulus (G) and damping ratio (¢) have been studied in both laboratory (e.g. using
acoustical methods, dynamic triaxial, resonant column, direct simple shear) and in-situ
settings (e.g. using seismic techniques, penetration tests) (Kramer 1996). These
parameters are critical when analyzing geotechnical sites and structures subjected to
seismic motions. Stress state, effective confining pressure, soil mineralogy, density, and
induced shear strain are the main factors affecting these dynamic parameters. For
example, the shear modulus degrades nonlinearly by increasing the shear strain level
whereas the shear modulus at small shear strains (i.e. y <104~102%) is often referenced
to as the maximum shear modulus (Gmax). Damping ratio, however, follows a reverse
trend as the shear strain increases.

In recent years, theoretical and experimental advancements in understanding the
behavior of unsaturated soils has revealed the importance of the degree of saturation on
the shear modulus and damping in geomaterial. Small-strain moduli (.0001% — 0.01%)
of various soils under different degrees of saturation using the resonant column and
bender element tests have been extensively investigated and several empirical relations
were proposed (Wu et al. 1984, Qian et al. 1991, Marinho et al. 1995, Mancuso et al. 2002,
Matesic and Vucetic 2003, Mendoza et al. 2005, Ng et al. 2009, Khosravi et al. 2010,
Khosravi and McCartney 2011, Ghayoomi and McCartney 2011, Kumar and
Madhusudhan 2012, Hoyos et al. 2015). These studies denoted a higher shear modulus
and lower damping in partially saturated soils due to the presence of inter-particle suction

stresses that increase the soil stiffness. Results by Qian et al. (1984) and Ghayoomi and
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McCartney (2011) indicated a general increase in small-strain shear modulus of sands up
to a peak value before the residual water content. However, a continuous rise of modulus
was reported by Khosravi and McCartney (2011) as suction increases in silty material. In
addition, results of this study revealed a hysteresis behavior in Gmax values along the
drying and wetting paths of Soil-Water Retention Curve; a behavior which have been
postulated to be due to plastic hardening during drying. Hoyos et al. (2015) observed the
same trend for a silty sand, in which, also, the damping decreased by increasing the
suction. Further, Michaels (2006) performed viscoelastic analyses to estimate viscous
damping in partially saturated soils and verified the results with field measurements. He
concluded that higher degrees of saturation lead to higher damping ratios for the same
excitation frequency.

At medium shear strain levels (0.01% - 0.1%), modifications were made to triaxial
systems to incorporate suction control to study the dynamic properties of unsaturated
soils (Cui et al. 2007, Chin et al. 2010, Craciun and Lo 2010, Biglari et al. 2011, Kimoto et
al. 2011, Ghayoomi et al. 2016). These studies indicated an increase in stiffness of
unsaturated soils in higher suction following a strain-dependent modulus reduction
pattern similar to the ones in dry condition. However, difficulties in converting Young’s
modulus and axial strain to shear modulus and shear strain and accurately measuring
volumetric strain hindered their use in estimating shear modulus of unsaturated soils.
Further, the medium to large strain (> 0.1%) dynamic properties have also been examined
using direct simple shear apparatuses (Jafarzadeh and Sadeghi 2011, Milatz and Grabe
2015), but the shear modulus results were not well presented and deeply discussed. In
general, despite the extensive effort in characterizing and formulating the small-strain

modulus and damping of unsaturated soils, the extent of the work on the response of
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unsaturated soils in medium to large strain have been very limited. By synthesizing the
lessons learned from the response of dynamically loaded soils and the dynamic properties
of unsaturated soils, geotechnical engineers can better predict the seismic behavior of
geotechnical systems, especially when these systems are within the phreatic zone.
Therefore, a more accurate assessment and more sustainable and cost-effective
geotechnical design would be acquired.

Further, the dynamic compression of soils is important in evaluating the seismically
induced settlement of foundations or embankment fills. Recently, researchers
investigated the dynamic compression of compacted unsaturated soils in the laboratory
by varying applied shear strain, stress history, effective confining stress, soil type, and
water content using cyclic Direct Dimple Shear (DSS) test (e.g. Whang et al. 2004, Hsu
and Vucetic 2004, Duku et al. 2008). However, these studies were not performed under
suction-controlled setting, except the work by Ghayoomi et al. (2013) who looked at the
seismically induced settlement of partially saturated soil layers inside the geotechnical
centrifuge. Therefore, further research is needed to characterize the dynamic properties
and dynamic compression of partially saturated soils subjected to medium to large shear
strains in a suction-controlled laboratory environment. The DSS is a unique piece of
laboratory equipment that can be employed to serve both purposes (i.e. determining
dynamic properties while simultaneously controlling matric suction and measuring the
dynamic compression), although it requires preliminary verification and quality control.

This paper focuses on the modification, calibration, and implementation of a custom
built direct simple shear apparatus (Miller 1994, Dunstan 1998) in order to control
suction and study the effects of degree of saturation and applied shear strain on the shear

modulus and damping. Background theory on dynamic properties and unsaturated soil
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mechanics are briefly discussed followed by the apparatus description, modifications to
the machine, experimental procedures, and data reduction methods. The effects of the
degree of water saturation (e.g. dry, fully saturated, and partially saturated conditions) of
a sandy material on shear modulus, damping, and dynamic compression are discussed.
The degradation of the shear modulus over a small range of medium shear strains is
presented and system performance is verified. Ultimately, the extent to which suction
influences the shear modulus is discussed by isolating the effect of the mean effective
stress. The goals of this paper are threefold: 1) Discuss the characteristics of a custom-
built DSS capable of controlling suction; 2) Validate the consistent performance of the
DSS over a range of strain and suction levels; 3) Evaluate the extent to which suction
affects shear modulus of unsaturated soils.

BACKGROUND

Dynamic Shear Modulus and Damping

Previous investigations have indicated that the shear modulus is based on key material
and state parameters such as the void ratio (e), effective mean confining stress (o’m), stress
history, applied shear strain, and soil type (Kramer 1996). For example, Seed and Idriss
(1970) compiled data from resonant column, forced vibration, and torsional shear tests
on sand to develop the following formula for small strain shear modulus.

Gmax = 1000K5 may ()" (1)
where K, 4, 15 a function of the relative density and o’m is the effective mean confining
pressure. Since then several other equations have been proposed to capture the small
strain modulus, including the equations that incorporate suction or degree of saturation

(e.g. Hoyos et al. 2015).
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The strain-dependent shear modulus represents the soil stiffness for a given shear
strain. The value is obtained by interpreting data from the non-linear shear stress — strain
response of soils under cyclic load that typically follows hysteresis loops shown in Figure
1. The stiffness of the soil can be determined by estimating the secant shear modulus as

the slope of the hysteresis loop from the origin to the point of interest,
T
Gsec = ; (2)

where Gsee (or G) represents the shear modulus, 7is shear stress, and y represents the
corresponding shear strain. An empirical formula for the strain dependent shear modulus
by Seed and Idriss (1970) in Equation 3 takes on a similar syntax to Equation 2,
substituting Gmax for G and Kamax with K- which instead is a function of both relative
density and the degradation ratio parameter, i.e. G/Gmax, as in Equation 4,
G = 1000K, (a})"2 (3)

The degradation of the shear modulus over a range of strains was presented using a
shear modulus reduction function by Hardin and Drnevich (1972). They normalized the
shear modulus measured at a particular strain over the maximum shear modulus and
formulated it via a hyperbolic function in the form shown Figure 2. Darendeli (2001) and
Menq (2003) proposed a modified hyperbolic function based on the results of numerous
resonant column and torsional shear tests. Oztoprak and Bolton (2013) compiled a
database of modulus measurements for various soils and testing conditions and
incorporated the modified framework by Menq (2003). They used a multivariable
regression model to depict the best relationship for estimating the fitting parameters

shown in Equation 4.
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Gmax [1 + (M)a]

r

!
m

0.
¥y (%) = 0.01C;°3 (—) +0.08eD, (4)

Patm
Ye = 0.0002 + 0.012y,
a = C;0075
where y is the shear strain, and yr is the reference shear strain corresponding to
G/Gmax=0.5, Ye is the elastic threshold shear strain, P,;,, is atmospheric pressure, e is void
ratio, and D- is the relative density, a is a curvature parameter a, and C,, is the coefficient
of uniformity.

Damping ratio represents the amount of energy that is dissipated by the soil when
subjected to dynamicloading. The strain-dependent trends in damping ratio (¢) and shear
modulus are often reciprocal whereas the shear modulus degrades while the damping
ratio increases; for example in a simple form as in Equation 5 (Hardin and Drnevich 1972)

or in more complex forms as in Equation 6.

RS - (5)
Cmax Gmax >
G 0.1
{=b (G ) * (masing + Cmin (6)
max

where ( is the damping ratio, {min is the minimum or small-strain damping ratio, {max is
the maximum damping ratio, {masing is @ modified form of damping based on “Masing
behavior”, and b is a scaling coefficient (based on the cycle number) for the Cmasing
response. “Masing behavior” relates the soils’ monotonic loading response (via the
backbone curve) with the cyclic unloading and reloading response (Masing 1926,

Darendeli 2001).
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Examining the abovementioned empirical equations, one would clearly see that the direct
effect of degree of saturation (suction) on the dynamic soil parameters is neglected.
Although the data might have been obtained from wet unsaturated soils, no direct control
of suction was involved. In addition, consequences of changes in degree of saturation was
not evaluated and discussed. Despite the previous effort to formulate suction-dependent
small strain modulus, the suction-dependency of strain-dependent modulus received less
attention.
Effective Stress in Unsaturated Soils

In classical soil mechanics, effective stress is a fundamental component of many
mechanical soil properties as explained by Terzaghi (1943) and modified by Bishop (1959)
for a range of degrees of saturation shown in Equation 7.

o' =(0—ug) +x(ug —uy) (7)

In this equation, (0 —u,) represents the net normal stress, (u, — u,,) is the matric
suction, and y is Bishop’s effective stress parameter. The effective stress parameter is
often a function of the degree of saturation; the value is zero, when referencing a dry soil
and 1, when referencing a fully saturated soil. Different approaches have been introduced
to estimate the effective stress parameter. Lu et al. (2006) introduced suction stress as a
product of the effective stress parameter and suction to calculate induced additional
“tensile” strength into the soil matrix. Using this concept, Lu et al. (2010) incorporated
the van Genuchten (1980) Soil-Water Retention Curve (SWRC) model fitting parameters
into Bishop’s equation to estimate the effective stress in unsaturated soils, as in Equation

8.
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Ug — Uy

(1 + [a(tq — u)])'7

o'=0—u,+

(8)

where a and n are van Genuchten SWRC parameters. An alternative method to determine
the effective stress parameter was proposed by Khalili and Khabbaz (1998) where x
parameter takes form through the following piecewise function where (ua-uw)s is the soil

air entry value in SWRC (Equation 9).

Ug — Uy

X=((

)—0-55 Ug = Uy > (Ug = Uy)p
Ug — uw)b (9)

x=1 Ug — Uy < (Ug — Uy)p
Many mechanical properties of soils including dynamic modulus and damping ratio are
influenced by the effective stress in the soil. Incorporating the effects of degree of
saturation and inter-particle suction in the effective stress using relations such as
Equations 8 and 9, has been one common approach to estimate soil characteristics. As a
result, developing empirical, effective stress-based relations for dynamic soil properties
consistent for various degrees of saturation would streamline the seismic analysis of
geosystems in unsaturated soils. However, such relations need to be verified using
experimental data before their application. For example, Ghayoomi and McCartney
(2011) combined the results from bender element and resonant column tests on dry,
saturated, and unsaturated sands and proposed a consistent formula for small-strain
shear modulus regardless of the degree of saturation given the modified effective stress
equation. However, recent work by Ghayoomi et al. (2016) indicated that a modified
effective stress-based formula may still not fully capture the suction dependency of soil

dynamic properties. On the other hand, Dong et al. (2016) argued that the water-soil
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matrix interface friction can be reduced in unsaturated soils that would lead to softer soil
as opposed to the stiffening in presence of suction.

TESTING SYSTEMS

Cyclic Direct Simple Shear Apparatus

The Cyclic Direct Simple Shear (Cyclic - DSS) test is an element level experiment used
to characterize dynamic properties of soils including shear modulus, damping, and
dynamic compression. Although there are numerous tests to determine the dynamic
properties of soils both in laboratory and in the field DSS test is one of the geo-
mechanically preferred methods due to the direct measurement of shear stress and strain.
It replicates the response of an element of soil inside a soil column under a dynamic shear
motion where shear wave propagates upward. A soil specimen is confined inside a flexible
boundary to reduce the boundary effects. In addition, selecting a low height to diameter
ratio will improve the uniformity of shear strain distribution along the specimen (Shen et
al. 1978). Over the last century, several versions of this machine have been built and tested
while they differed in loading mechanism, specimen confinement method,
instrumentation, and specimen sizes (Kjellman, 1951, Budhu 1984, Airey and Wood
1987).

A custom built Direct Simple Shear (DSS) system developed at the University of New
Hampshire was originally designed and created to perform cyclic shear or other dynamic
displacement-controlled tests (Miller 1994, Dunstan 1998). This system has been recently
renovated and re-operated by upgrading the motion controller and measurement sensors
(Le 2016). The DSS framework consists of a steel reaction frame and utilizes two sets of
high capacity — low friction Thomson roller slides to provide movement in the vertical

and horizontal direction. The DSS accommodates cylindrical soil samples that are 1 in
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(2.54 cm) in height and 4 in (10.16 cm) in diameter with a height-to-diameter ratio of
0.25; less than 0.4 as recommended by ASTM D6528. The soil cell is based off of the
Swedish Geotechnical Institute (SGI) configuration (Kjellman 1951) by using a stack of
Teflon coated aluminum rings to impose the lateral confinement around the sample. A
manual pneumatic piston is used to control the loading in the vertical direction, while a
hydraulic actuator incorporated into a Proportional-Integral-Derivative (PID) servo-
valve loop (using a capacitance transducer as feedback) is used to allow dynamic loading
in the horizontal direction.

In this project, a sinusoidal wave function was generated by setting the amplitude,
frequency, and number of cycles through a NI LABVIEW program. The signal was then
transformed from an electric signal to a mechanical movement by means of a MOOG
amplifier and servo-valve. The servo-valve controls the movement of fluid flow entering
and exiting the hydraulically pressurized actuator to provide a horizontal movement to
the system. The movement is then transferred to a damper system which contains a steel
beam and a set of springs to stabilize the imparted motion to the soil chamber. These
springs also allow for different ranges of motion to be achieved. The transferred motion
is recorded by a horizontal load cell before it reaches the bottom table of the soil chamber.
A MTI Instruments ASP-500M-CTA capacitance transducer with a measurement
resolution of 30 nm is placed on the other side of the soil chamber that provides a
horizontal displacement reading. The reading is then sent back to controller and the
control loop continues until the conditions of the signal (i.e. duration and displacement)
are reached. Various sensors including the horizontal capacitive transducers, a high
resolution Sensotec PLVX vertical LVDT, an Interface SSM-AJ-250 horizontal load cell

and an Interface 1500ASK-300 vertical load cell are used to capture the response of the
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soil sample including horizontal and vertical displacement and load. The architectural
schematic and an inclusive picture of the system are shown in Figures 3 and 4,
respectively. The current DSS setup allows users to tests samples with imparted cyclic
strains at 0.02% and higher. The current investigation is focused on medium strain levels
(ie. 0.02% - 0.059%). However, by changing the horizontal spring set-up with different
stiffness lower or higher shear strains would be achieved.
Suction Control System

In order to introduce and control the matric suction in the soil sample, the system was
modified to enable axis translation technique proposed by Hilf (1956). The technique uses
an enclosed soil chamber with a medium that can separate the air-water interface. Often,
this medium is in the form of a High Air Entry Value (HAEV) ceramic disc and allows the
flow of water through the disk, while prohibiting the flow of air (past a threshold value).
The sample is, then, built on top of the ceramic disk and the air or water pressure is
changed to a designated value. However, in the tests presented herein, the air pressure
was kept zero while negative water pressure was applied. This would simulate a
tensiometric suction control as oppose to standard axis translation where the pore air
pressure is typically increased to be greater than the pore water pressure as discussed by
Marinho et al. (2008). A reference axis was established at the middle of the sample while
the water pressure was lowered so that a decrease in the water pressure below the
reference axis would be considered as the matric suction applied to the sample. It should
be noted that it often takes an extended period of time to allow equilibrium to occur within
the soil matrix. Considering the independent control of air and water pressure in the
specimen both axis translation and tensiometric approaches are practicable using this
system.
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The DSS at UNH utilizes a HAEV disk rated at Y2 bar (50 kPa) that is embedded into
the bottom platen of the soil chamber. The platen below the disk contains a grooved
channel connected to water lines that allow the disk to be flushed out if any entrapped air
bubbles are present in the lines. Additional hydraulic lines are also used to connect a flow-
pump to the bottom of the sample. The Geotac Digiflow pump used in this machine has a
reservoir capacity of 4.58 in3 (75 mL) and is capable of applying pressures of up 300 psi
(2068 kPa). It is also fitted with a pressure sensor of 100 psi (690 kPa) to provide feedback
to the Geotac software. Similar to the PID system that is integrated in controlling the
horizontal actuator, the pump is controlled through software and allows users to control
the pressure, flow-rate, or volume of water in the soil system and uses various sensors to
maintain constant pressures when dynamic loading is in progress. The PID system in the
flow pump system allows the soil sample to reach a steady state condition with negligible
flow of water. Although the pump is capable of applying large pressure, it is limited to
7.25 psi (50 kPa) due to the limits of the HAEV disk. In addition, a Validyne Differential
Pressure Transducer (DPT) rated at 14.5 psi (100 kPa) with 0.1% full span resolution was
used to independently measure the differential pressure between atmospheric air
pressure and the pore water pressure (i.e. suction) in the sample. Prior to testing, the DPT
was also used to establish the reference pressure that was associated with the reference
axis. During the tests, the DPT provided real time water pressure measurements in the

sample. A closer view schematic of the DSS soil chamber is shown in Figure 5.

PROCEDURES

Material and Testing Methods
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The material used for this investigation was F-75 Ottawa sand. It is classified as a
clean, poorly graded (SP) silica-based sand. The soil gradation curve can be seen in Figure
6 and a summary of the geotechnical properties are presented in Table 1. Soil specimens
were created by assembling the soil chamber mold and using the dry pluviation method
to rain the sand into the cell to a relative density of 45%. The soil specimen was then
inserted into the DSS apparatus using T-Clamps to attach the bottom and top tables to
the chamber. The soil was compressed through the use of the pneumatic actuator and
regulator to a total vertical confining pressure of 7.25 psi (50 kPa). Readings from the
vertical load cell and LVDT were recorded. With the exception of the dry specimen, the
soil was then saturated by flushing de-aired water through the bottom of the specimen
and out from the top of the soil specimens. The specimen was kept soaked in the water
for a few hours to maintain the saturated condition. Specimens that were to be tested
under partially saturated conditions were then desaturated to the target matric suction
level using the abovementioned tensiometric technique.

SWRC was obtained by constructing a soil sample in the DSS soil chamber, fully
saturating, and then incrementally desaturating the sample. The water pressure below the
disk was decreased at increments of approximately 1 kPa, while the air pressure at the top
of the sample was left open to the atmosphere. Readings of the volume of water extracted
from the sample were taken from the Geotac software. Once the flow of water from the
bottom of the sample was steadily less than 0.002 mL/min, the soil matrix was considered
to be under equilibrium. The SWRC that was established is shown in Figure 7 and
compared with previous results for the same soil. Although fully saturated soil condition
was not controlled by a B-value check in this test the close agreement between the
measured SWRC and the one reported in Ghayoomi et al. (2016) (Suprunenko 2015 in
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the figure) confirms the validity of the saturation and desaturation process, where B-value
criteria for full saturation inside a triaxial system was satisfied. Additionally, the wetting
path of the SWRC is also displayed, but not used in this investigation. The experimental
data was then used to estimate van Genuchten fitting parameters (displayed in Table 1).

For each of the cyclic tests, after reaching the suction equilibrium in the specimen,
displacement-controlled cyclic shear was applied using the hydraulic actuator and the
corresponding measurements were recorded. The soils were tested under drained
conditions by allowing the flow pump to maintain constant pore water pressure (or
suction). Tests were conducted under two different conditions including: 1) specimens
with the same cyclic shear strain amplitude and varying degrees of saturation (Series A)
and 2) specimens with the same degree of saturation and varying cyclic shear strain
amplitudes (Series B). Equilibrium suction was regained before the tests should
consecutive tests be run on the same specimens. Each test was conducted for 5 cycles at
frequency of 1 Hz. The shear strain amplitudes applied to the specimens were at 0.020,
0.032, and 0.40% for series A and 0.017, 0.023, 0.029, 0.034, 0.045, 0.050, and 0.055%
for series B. As part of series A tests, dry, fully saturated, and partially saturated
specimens with matric suctions of 4, 5, 6, 8, and 10 kPa were tested in this study. A
summary of testing program is outlined in Table 2.
Data Analysis Methods

The vertical deformation of the soil specimen was used to monitor the change of the
height, compression, and vertical strain, which is equal to the volumetric strain for the
constant area in DSS. Given the initial and the change in height, the consolidation
settlement after applying the confinement and the dynamic compression after the

induced dynamic motion can be calculated. In addition, changes in the relative density
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can be computed from these recordings. The normal and shear stresses were calculated
by dividing the vertical and horizontal loads (readings from the vertical and horizontal
load-cells) by the cross-sectional area of the sample, respectively. The axial and shear
strains were calculated by dividing the deformations (recorded by the vertical LVDT and
horizontal capacitance transducers) by the initial height of the specimen prior to loading.
The tests were performed in a strain-controlled mode, so the maximum induced shear
strain level stayed the same (only reversed in direction) while the shear stress was
measured. The height was then adjusted in the calculation for the consecutive tests.
Although the specimen height might change slightly after each cycle during a test the
shear strain was calculate based on initial height of the specimen prior testing given the
following reasons: 1) the vertical compression due to cycles was small enough that it
would not change the shear strain should the height of the specimen updated after each
cycle; 2) the hysteresis loops did not show a noticeable hardening or softening that may
have been caused by the densification of pore water pressure rise, respectively; and 3)
number of actual cyclic load was limited to avoid major compression.

Two system compliance issues were diagnosed and considered in the analysis. 1)
Vibrational movement of the top table attached to the top of the specimen as a result of
the dynamic base shear: The net horizontal movement of the specimen in shear was
calculated by subtracting the movement of the top table (recorded by an additional
independent LVDT) from the displacement measured at the bottom of the specimen
(recorded by the capacitance transducer). 2) Frictional resistance of the system due to the
interaction between the low friction Thomson ball slides and the bottom table and also
the interactions between individual rings that confine the sample: The frictional response

of the system was accounted by correlating the net movement of the specimen with the
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amount of force needed to overcome the friction, which was measured by testing a water
specimen. The frictional resistance was then subtracted from the horizontal force
recorded from the soil response. For both compliance modifications calibrated
correlations were developed and implemented to correct the results.

The hysteretic response of the soil subjected to horizontal shear was plotted using the
corrected shear stress and shear strain data (after compliance issues were considered).
The secant modulus and damping ratio were, then, calculated for cycles 2 — 4, and
averaged. The first and the last cycles were set up in the program for the ramp up and
down in actuator control system. An example of the hysteresis loops obtained from DSS
is shown in Figure 8 where the reference lines are superimposed. The secant shear moduli
were obtained by taking the slope of the line A-A’ which marks the minimum and
maximum shear strains and the corresponding shear stresses; while the damping ratio

was calculated using Equation 12 (Das 1993).

1 Area of Hysteresis Loop (10)
= — %
2m  Areaof Triangle OABand OA'B’

¢

The consistency of the hysteresis loops between the cycles with no difference in the
shape and overall slope verifies that the minimal changes in pore pressure during cycles
(shown in Figure 9) did not lead to soil softening or modulus reduction while
approximately constant suction was preserved. As in any other experiments, minor
variations in controlled parameters might be expected. For example, in this system, the
vertical pressure, soil relative density prior to cyclic shear, and the induced strain were
the parameters that showed slight scatter. In order to avoid inconsistencies among the

soil specimens, all the measured modulus and damping ratios were modified to a
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reference relative density of 45%, a reference vertical stress of 50 kPa, and the target shear

strain for each test, using the following equations.

(11)

G A ¢
modified (unmodified _ ( O-modified ) *< 2,modified >

Gunmodified (modified O-unmodified Kz,unmodified
These equations were derived according to the fundamental knowledge of soil

dynamics and based on the correlation proposed by Seed and Idriss (1970) (i.e. Equation

. \05

4) and Oztoprak and Bolton (2013) (i.e. Equation 7). The first term,(M)
unmodified

accounts for slight difference on the applied vertical stress (o) on the specimen. The

K2 modified

second term, ( ), considers the effect of small variability in initial relative

K2, unmodified
density resulted from sample preparation and consolidation settlement and the effect of
minor scatter on applied shear strain between the tests.

The pore water pressures recorded by DPT were employed to ensure that the target
initial suction was achieved. In addition, since the cyclic tests were intended to be
performed under drained condition, it was important to maintain a constant pore
pressure and consequently constant effective stresses throughout the test. The measured
pore pressures after the shear cycles and also the changes in pore pressure (or suction)
are shown Figure 9 (a) and (b), respectively. The plots show very minimal variance in pore
pressure in both saturated and unsaturated sands, which sometimes even fall under the
error range of DPT (0.05 kPa). In addition, the figures clearly show a relatively higher
increase of pore pressure in sands tested under higher shear strains.
EXPERIMENTAL RESULTS AND DISCUSSION

Dynamic Compression
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The multistage compression response of the sample series B is presented in Figure 10.
It should be noted that since the sides of the specimens are confined laterally, the axial
strain would be equal to the volumetric strain. The results showed an approximate value
of the threshold shear strain, i.e. the amount of shear strain necessary to induce
compressional behavior in the sand, to be roughly between 0.017% and 0.023%.
Additionally, this figure shows the effect of suction (degree of saturation) on the amount
of axial strain experienced by the specimens at larger shear strains. Although testing was
done for a small range of shear strains, the results indicated that the partially saturated
soils compressed less than the dry or fully saturated specimens after a series of cyclic
shear. In addition, by increasing the suction the compressive strain decreases, except in
the tests with 10 kPa suction. This could be attributed to different mechanisms of
deformations in suctions passed residual degree of saturation, where water-air-soil
meniscus might be disconnected. In addition, a slightly lower compression in saturated
specimens in comparison with the one in dry specimens might be associated with possible
slight imperfection in saturation process.
Strain-Dependent Shear Modulus and Damping

As it can be seen in Table 2, the induced shear strain in the soil specimens in this study
fell in a limited range (i.e. approximately between 0.02% to 0.06%). It was important to
show that the current DSS system is capable of capturing the modulus degradation and
damping changes over this shear strain range. The consistency of the obtained modulus
reduction data regardless of the degree of saturation for such narrow range of shear strain
would validate the performance of the DSS system after the modifications. However, tests
with other ranges of strains would be possible by switching the spring system as described

earlier. In series B, cyclic DSS tests were performed on specimens with the same degree
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of saturation (suction) to investigate the effect of the induced strain on the shear modulus
and damping. The results of the modified dynamic properties, G, and damping ratio for
various suction levels are presented in Figures 11 and 12, respectively.

As previously discussed, larger imparted shear strains resulted in a softer soil response
with lower shear modulus, shown in Figure 11. This trend is consistent for all the degrees
of saturations indicating the success of the machine in capturing the modulus reduction
behavior under suction-controlled condition. The results of the damping ratios of the B-
series for various suction levels are shown in Figure 12. The data indicated a consistent
pattern with what was observed in Figure 11, where larger shear strains resulted in softer
soils with higher damping ratios. Although the general trends in damping fell in
agreement with modulus reduction, the results are not as consistently uniform. This can
be attributed to the complex and approximate nature of damping calculations from the
DSS data. Similar partially inconsistent patterns in damping ratio measured in DSS have
been also reported by other investigators (e.g. Jafarzadeh and Sadeghi 2011).

Effect of Matric Suction on Shear Modulus and Damping

In another series of DSS tests, i.e. series A, sand specimens with different degrees of
saturation (suction) were tested under the same shear strain level. This series was
intended to show the influence of suction on increasing the effective stress in soils and
consequently affecting the modulus and damping. The vertical stress (confinement) was
kept constant while the suction was increased from zero (in both dry and saturated
specimens) up to 10 kPa passing the residual degree of saturation. The changes of shear
modulus with the degree of saturation and suction are shown in Figure 13 (a) and (b),
respectively. Due to the narrow range of suction in this fine sand, the data in Figure 13 (a)

is mainly concentrated near the zero degree of saturation. Thus, showing the variation of
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shear modulus with respect to the suction as in Figure 13 (b) will clarify the influence of
the suction on the shear modulus. However, the data in Figure 13 (a) better highlight the
clear increase in shear modulus of unsaturated soil comparing with both dry and fully
saturated soils.

The shear modulus increased by raising the suction value or drying the saturated
specimen on the drying path of SWRC. However, as expected, dry specimens
approximately resulted in the same modulus as in saturated specimens. One can notice a
slight drop in modulus of the soil in 10 kPa suction. This irregular trend is consistent with
what was observed in Figure 10, which was possibly attributed to the shift in mechanisms
in disconnected air-water-soil menisci. The presence of a peak modulus in partially
saturated sand is in accordance with previously reported trends (e.g. Qian et al. 1991,
Ghayoomi and McCartney 2011) and also the concept of suction tensile stress in sand (Lu
et al. 2007). The approximate effect of the matric suction on the stiffness values was
between 10% - 15% increase at smaller strains (A1) compared to the dry cases, while at
larger applied shear strains (A3), the contribution of the matric suctions was around 5%.
This showed a less significant impact of suction in higher shear strains in cyclic DSS tests.

Overall, this form of modulus variation is mostly in accordance with previously
reported trends in small-strain shear modulus of unsaturated sand (e.g. Ghayoomi and
McCartney 2011) and can be attributed to the expected suction stress pattern in
unsaturated sand (Lu et al. 2007). Lu et al. (2010) explained that the stiffness and
strength properties of soils are much better correlated with suction stress in comparison
with matric suction. They showed that the suction stress reaches a peak by increasing the
matric suction in sands as a result of different interaction mechanisms in air-water-solid

interface system.
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The increase in modulus due to higher suction values could have been predicted
because of the influence of suction on the effective stress; i.e. partially saturated
specimens were under higher effective stress, so they resulted in higher shear modulus.
In theory, by normalizing the modified shear modulus values against the mean effective
stress, the soils with the same relative density that experienced the same shear strain
should result in the same shear modulus regardless of the degree of saturation. However,
estimating an accurate effective stress in unsaturated soil is a challenging task even after
an extensive amount of research on this topic in recent years. In order to investigate this
theory, the obtained shear modulus values from A-series tests were normalized by the
square root of the effective stresses ratio calculated for dry, saturated, and partially
saturated soils, as in Equation 14; all for 50 kPa. The square root ratio was chosen based

on the well-known empirical correlations between modulus and effective stress in sands.

Gy=G ﬁ (12)

The normalized shear modulus (Gn) for different suction values are shown in Figures
14 (a) and (b), where the effective stresses were calculated using Equation 10 (Lu et al.
2010) and Equation 11 (Khalili and Khabbaz 1998), respectively. This normalization
process clearly reduced the suction-induced increase in shear modulus. However, the
extent of this reduction depends on the effective stress equation and the strain level. For
example, applying the effective stress parameter proposed by Khalili and Khabbaz (1998)
in Equation 11, resulted in less variability in shear modulus for various suction levels (i.e
less increase in modulus due to the suction). In order to better present this difference, the

ratio of the normalized shear moduli obtained using the two effective stress formulas

(Equations 10 and 11) are shown in Figure 14 (c). This figure is basically the inverse of the
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square root of the effective stress values calculated from these two equations. The slightly
higher moduli resulted from the normalization based on the effective stress in Equation
10 (Lu et al. 2010) indicate a lower effective stress values predicted by this equation
comparing with the ones by Equation 11.

In addition, larger induced shear strain reduced the significance of this modulus
increase (e.g. when the soil was tested under 0.04% shear strain, where modulus stayed
almost constant for various suction levels in Figure 14). In order to develop a unified
approach, further experiments with wider range of strain and suction levels on soils with
different mineralogy will be needed. However, the shear modulus relation might be
different depending on the effective stress formula, strain level, and also testing method.
For example, Ghayoomi et al. (2016) used a triaxial test or Khosravi et al. (2016) used
resonant column test to show that still there would be meaningful increase in normalized
modulus or constant effective stress modulus by increasing the suction or change of the
degree of saturation. Considering the suction dependency of the shear modulus in
addition to the previously known affecting parameters such as the effective stress, the
void ratio, OCR, and the shear strain, an additional term could be included in available
empirical relations to potentially account for the suction in estimating the shear modulus;
hypothetical shown in Equation 15.

G = [A(OCRY*f(e)an" |[f (v, ¥)] (13)
where [A(OCR)¥f(e)ay,"] is the relation for Gmax and [f(y, )] is a suction- and strain-
dependent function.

The changes of damping ratio with suction in tests series A are shown in Figure 15.
Overall, the damping ratio decreased by increasing the suction value or drying the

saturated specimen on the drying path of SWRC. This signifies the stiffer response in
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partially saturated sand specimens, although there is slight difference in damping ratio of
specimens with different suction levels. However, the reduction in damping is not
consistent between the tests with the different shear strain levels. As previously
mentioned, this is due to the data scatter and uncertainties in calculating the damping
ratio.

CONCLUSIONS

A custom built dynamic Direct Simple Shear (DSS) apparatus was modified for suction-
controlled testing to study the effect of the degree of saturation on strain-dependent
dynamic properties of unsaturated soils including shear modulus, damping, and dynamic
compression. The results from the investigation confirmed the viability of the modified
DSS to measure the suction-dependent dynamic properties of a clean sand even for a
limited range of shear strain level. The shear modulus decreased consistently by
increasing the induced shear strain regardless of the degree of saturation while the
damping ratio increased. The results also showed that volumetric strains are smaller for
partially saturated sand with larger matric suction values than those of dry or saturated
sand when passing a certain shear strain threshold. Soils subjected to larger matric
suctions were stiffer with higher shear modulus and lower damping where the peak
moduli occur at about the start of the residual degree of saturation. The effect of matric
suction on the dynamic shear modulus is more significant when tested under lower
applied shear strains. Normalizing the shear modulus with respect to the effective stress
reduced the impact of suction on modulus. However, the experimental results signified
the suction-dependency of the shear modulus beyond the inclusion of the suction in the

effective stress.
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694

Table 1. Physical and hydraulic properties of F-75 Ottawa sand

Input Parameter Value
Coefficient of curvature, C. 1.83
Coefficient of uniformity, C, 1.09
Specific gravity, G 2.65
Dsp(mm) 0.182
Dry density limits, pamin, Pa-max (kg/m?) 1469, 1781
Void ratio limits, emin, €max 0.486, 0.805
Relative density, D, 0.45
Friction angle (deg) at D, = 0.45 40
Poisson’s ratio, v 0.38
van Genuchten’s a parameter ( kPa™) 0.25
van Genuchten’s N parameter 8
Residual Volumetric Water Content, 0, 0.07
Saturated Volumetric Water Content, 6; 0.39
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695
696

697

Table 2. DSS testing plan

S;:lnl:le Applied Matric Suction (kPa) Applied Normalized Shear Strain (%)
Al 0 (Dry, Saturated), 4, 8, 10 0.02
A2 0 (Dry, Saturated), 4, 8, 10 0.032
A3 0 (Dry, Saturated), 4, 8, 10 0.04
0.023, 0.029, 0.035, 0.04,
Bl 0 (Dry) 0.045, 0.05, 0.055, 0.059
0.017, 0.023, 0.029, 0.035,
B2 0 (Saturated) 0.04, 0.045, 0.05, 0.055
B3 4 0.017, 0.023, 0.029, 0.035,
0.04, 0.045, 0.05, 0.055, 0.059
B4 5 0.017, 0.023, 0.029, 0.035,
0.04, 0.045, 0.05, 0.055
B5 6 0.017,0.023, 0.029, 0.035,
0.05, 0.055, 0.059
B6 g 0.017, 0.023, 0.029, 0.035,
0.04, 0.045, 0.05, 0.055, 0.059
B7 10 0.017,0.023, 0.029, 0.035,

0.04, 0.045, 0.05, 0.055, 0.059
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Fig. 14. Effect of matric suction on effective stress-based normalized shear modulus of dry, saturated, and
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