Effect of Duxseal on horizontal stress and soil stiffness in small-

amplitude dynamic centrifuge models
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ABSTRACT

The constitutive behavior of soil is stress dependent. Therefore, geotechnical centrifuges are widely used
to replicate full-scale stress fields, thereby ensuring the correct soil response within reduced-scale
centrifuge models. A vibration absorbing material (such as Duxseal) is commonly employed to reduce the
effect of reflected waves generated at the boundaries of rigid containers in dynamic centrifuge tests.
However, such a material has the potential to deform laterally under the high horizontal stresses applied
within centrifuge tests and consequently the initial at rest lateral earth pressure condition will not be
maintained. A procedure to back-calculate the lateral earth pressure coefficient (K) is presented in this paper.
In addition, two experimental methods, which are implemented to evaluate K by measuring the shear wave
velocity from centrifuge-based air hammer testing and triaxial based bender element testing, are described.
Results demonstrate that significant lateral earth pressure and soil stiffness reductions are observed within
the upper soil region (top third of the model depth). In addition, the appropriate manipulation of the cross-
correlation method used to process shear wave signals is discussed and an empirical equation to predict the
small strain shear modulus of the dry silica sand (HST95 Congleton sand) used in this study is provided.
Outcomes of this study are directly applicable to small-amplitude dynamic centrifuge tests such as ground-

borne vibrations; some factors relating to large-amplitude seismic studies, such as soil inertial effects and
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higher shear strains, are not considered.
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1 Introduction

Ground-borne dynamic events can be generated in a variety of ways, including natural disasters,
such as earthquakes and volcanic eruptions, and human actions, such as construction activities, the
operation of heavy trucks, and underground railways. Numerous studies have been undertaken using
geotechnical centrifuges to investigate these different dynamic scenarios (Zeng and Schofield 1996; Coelho
et al. 2003; Yang et al. 2013a, 2013b). When creating small-scale geotechnical centrifuge models, it is
important to replicate the stress profile of the full-scale scenario. To achieve the correct initial at-rest lateral
earth pressure (K,), model containers with rigid walls are employed to maintain a zero lateral strain
condition (initial K, condition) (Zeng and Schofield 1996). In the idealized prototype scenario, soil layers
are ‘infinitely wide’ and hence any generated vibrations propagate within an infinite soil layer. However,
centrifuge models must be enclosed within a container with finite boundaries, which can lead to boundary
effects. One common issue caused by rigid boundaries is that dynamic waves reflect back into the soil layer,
contrary to the idealized prototype full-scale scenario being modelled. At some frequencies, the incident
and reflected waves will be in phase and will amplify the soil response (known as constructive interference).
To the contrary, destructive interference can appear at other frequencies if waves are out of phase, which
leads to a decrease of soil response.

To minimize the boundary effects, a material capable of absorbing incident waves is placed around
the inside surface of the rigid containers. This reduces the magnitude of reflections and hence replicates the
idealized prototype scenario more accurately (Zeng and Schofield, 1996). Conventional absorbing materials
used by centrifuge modelers have included foam (Ha et al. 2011), sponge rubber (Itoh et al. 2005) and
Duxseal (Madabhushi 1991; Pak and Guzina 1995; Cheney et al. 1990; Yang et al. 2013a, 2013b;

Cilingir 2009). However, the effectiveness of certain materials, for example foam and sponge rubber, have
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not been carefully investigated (Yang 2012).

Duxseal (an oil based industrial fill material) is a multi-purpose sealing and caulking rubber compound with
adhesion and shape retention properties. It has a heavy, putty-like consistency and will remain pliable and
useable even when exposed to air over a long period of time. It was found by Madabhushi (1991) that
Duxseal can absorb approximately 65% of incident P-waves and 60% of incident S-waves. As a result,
Duxseal has been widely used in recent decades for dynamic centrifuge testing to investigate a wide variety
of problems. It is particularly useful within experiments employing the use of a transparent side window
for image analysis which require rigid boundaries (instead of a laminar box) (Chian and Madabhushi 2013;
Chian et al. 2014; Heron et al. 2015; Adamidis and Madabhushi 2018; Kassas et al. 2020; Madabhushi and
Haigh 2021; Kassas et al. 2021; Adamidis and Madabhushi 2021).

Dynamic centrifuge tests employing Duxseal or other energy-absorbing materials along their
boundaries mainly consist of two categories: earthquake induced events with relatively large ground
movement amplitudes and ground-borne vibration problems with small amplitude ground movements. The
majority of these studies focus on the former category and relate to free-field ground motions (Pak et al.
2011; Soudkhah and Pak 2012; Zhu et al. 2018), retaining wall behavior (Dewoolkar et al. 2001;
Madabhushi and Haigh 2019; Madabhushi and Haigh 2021), shallow foundations (Chakrabortty and
Popescu 2012; Heron et al. 2015; Adamidis and Madabhushi 2018; Kassas et al. 2020; Kassas et al. 2021,
Adamidis and Madabhushi 2021), basement structures sited on liquefiable soil (Hughes and Madabhushi
2018), and underground structures (Cilingir and Madabhushi 2011; Chian and Madabhushi 2013; Chian et
al. 2014). The latter category has mainly related to railway induced ground-borne vibrations and soil-
structure interactions, including vibrations from surface (Yang et al. 2013b) and underground railways
(Yang et al. 2013a). It should be noted that ground-borne vibration related problems have gained more
attention in recent years due to increasingly stringent requirements for infrastructure development projects
to eliminate/limit effects on nearby homes and businesses.

Despite its advantages, Duxseal and other energy absorbing materials can cause unwanted issues.

As highlighted by Zeng and Schofield (1996), the strength and stiffness of Duxseal is difficult to determine
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in standard laboratory tests and, because of the lack of reliable strength and stiffness parameters, there is a
corresponding lack of numerical analysis studying its impact on overall model behavior. One of the key
impacts, but as yet unstudied, of including Duxseal is its effect on the lateral stiffness of the boundary and
hence upon the K, and soil stiffness conditions. Pak and Guzina (1995) discussed how the compressibility
of Duxseal can lead to unrealistic deformations, causing small failure wedges around the side of the soil
model. Ultimately, there is a trade-off between the advantages of Duxseal (or other energy absorbing
materials) to reduce boundary reflections and the issues it causes in relation to soil stiffness and stress
profiles. Currently, however, there is a lack of studies which allow centrifuge modelers to quantify the
adverse effects of Duxseal.

Recent research at the University of Nottingham Centre for Geomechanics (NCG) studied railway
induced ground-borne vibrations (GBV) using a geotechnical centrifuge. Tests were conducted which
focused on the vertical oscillation of a single pile embedded within a dry silica sand (Congleton sand) and
the resulting GBV (Cui et al. 2018). Duxseal was used to reduce wave reflections from the rigid boundaries
of a circular container. Prior to the GBV study, a comprehensive investigation into the impact of Duxseal,
with an emphasis on the lateral stiffness of the boundary and hence the effect on the soil stress profile and
soil stiffness conditions, was undertaken using an indirect method to evaluate the lateral earth pressure
coefficient within a centrifuge model: an empirical equation was derived to back-calculate the lateral earth
pressure coefficient from measured shear wave velocity values. This indirect method involves combining
results from two shear wave velocity measurement methods: air hammer testing in the centrifuge and bender
element testing in a triaxial cell. This paper presents the results from these two methods and uses the results
to quantify the lateral deformation induced impact on lateral earth pressure and soil stiffness, by the
inclusion of Duxseal. Additionally, nuances in the data processing methods used to obtain the shear wave
velocity, which has not been discussed by previous researchers, are detailed in this study. The main focus
of this paper is to demonstrate and quantify (for a specific case) the effect of an energy-absorbing boundary
on the initial stress field and small strain shear modulus of a centrifuge model. Outcomes should motivate

the geotechnical physical modelling community to consider the potential effects of the use of vibration
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absorbing materials on their dynamic physical models.

2 Small Strain Shear Modulus

Soil behavior is non-linear; the magnitude of strain experienced by the soil impacts various
important mechanical properties of the soil. The shear strain levels were classified by Ishihara (1996) into
four ranges: small, medium, large, and failure. Within the small shear strain level, less than 10, the
assumption of linear elastic soil behavior is appropriate (Kouroussis et al. 2014; Lombaert et al. 2015; BS
2005). Consequently, the small-strain shear modulus (G,;,4) is @ commonly quoted and adopted parameter
in geotechnical analysis (Rollins et al. 1998). G,,,,, can be estimated as

Gmax = PVS 1)
using a measured shear wave velocity v; and soil density p.

The shear wave velocity can be measured by determining the shear wave travel time between two
transducers spaced at a known distance. Several methods have been developed by centrifuge modelers to
generate shear waves in-flight, including the use of bender elements (Brandenberg et al. 2006; Lee et al.
2012; Kim 2010; Lee et al. 2014) and air-hammers (Ghosh and Madabhushi 2002; Arulnathan et al. 2000).
Both methods can provide shear waves that are large enough to be detected by standard transducers yet
sufficiently small such that the induced shear strain magnitude remains within the small strain range
(allowing the use of Equation 1). Because the shear wave detector transducers (accelerometers) are
embedded in the soil model at discrete locations, experimental measurements in the centrifuge only measure
v @S an average over the region between transducers, for example across a certain soil depth.

Shear wave velocity can also be measured in the laboratory at the element scale using triaxial based
bender element (BE) tests. In a triaxial test, the principal stresses within the soil sample can be controlled
and measured precisely and hence a more reliable variation of shear wave velocity, and hence stiffness,
with confining stress can be ascertained. It should be noted that this assumes the stress state within the

triaxial soil sample is uniform. By contrast, there is no commonly available method to accurately and
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unobtrusively measure the in-situ horizontal stresses within a centrifuge model.

3 Experimental Measurement of Shear Wave Velocity

In this study, both air hammer and bender element testing were used to measure the shear wave
velocity, with the combined results used to understand the effect of Duxseal. The air hammer testing in the
centrifuge was used to provide an average shear wave velocity over a soil layer, whereas the bender element
testing in a triaxial cell was used to establish an empirical equation (a function of lateral earth pressure
coefficient K) which predicts the mean shear wave velocity of a soil layer. The combined results enable
back-calculation of the lateral earth pressure coefficient of a soil layer. By conducting air hammer tests with
and without the presence of Duxseal, the impact of Duxseal on the lateral earth pressure coefficient and the
soil stiffness was quantified. The two experimental methods used in this study are presented in this section.
3.1 Model soil and sample preparation

Dry HST95 Congleton sand (a very fine and uniformly rounded silica sand) was used in this study
to conduct all tests. The basic parameters of the Congleton sand are shown in Table 1 (Lauder 2010). The
dry Congleton sand was air pluviated using a flow rate and drop height calibrated to obtain a relative density
of approximately 85% during the preparation of the centrifuge models and the bender element triaxial
samples. Repeated calibration tests were conducted to ensure the variability of relative density of the soil
was within +/- 2% of the stated relative density.

TABLE 1 Physical properties of HST95 silica Congleton sand (Lauder 2010)

Parameter Value Parameter Value
Specific gravity (Gs) 2.63 Minimum dry unit weight (yg,min) 14.6 KN/m?
Do 0.10 mm Maximum dry unit weigh (ya,max) 17.6 kN/m?
D3o 0.12 mm  Minimum void ratio (emin) 0.467

Dso 0.13mm Maximum void ratio (emax) 0.769

Deo 0.14 mm Critical state friction angle (¢') 31°

3.2 Air hammer test in the centrifuge
A miniature air hammer (AHA), see FIG. 1, was used in the centrifuge to generate shear waves.

The air hammer is a 110 mm long tube with a thin layer of Congleton sand glued to the outer surface to
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ensure shear waves are effectively transferred to the surrounding soil. The air hammer tube consists of a
brass tube, two stainless steel couplers and two stainless steel push-fit adaptors, as shown in FIG. 1. To
generate shear waves within the soil, air is supplied from one end of the tube, and a 20 mm long pellet
inside the tube is forced to impact the other end of the tube. The pellet is made of two PTFE hollow cylinders,
one stainless steel cylinder and two stainless steel bolts, as shown in FIG. 1. Therefore, a stainless steel-to-
stainless steel contact is made when the pellet hits the air hammer tube. Consequently, the tube moves
slightly in the soil, generating a small shear wave, the magnitude of which can be controlled by adjusting
the inlet air pressure. To detect and record shear waves, a vertical array of micro-electromechanical system
(MEMS) accelerometers (labelled AHA-M in FIG. 1) was positioned above the air hammer. Four MEMS
accelerometers (type: ADXL001-70BEZ) were mounted on a continual flexible plastic sheet (shown in
FIG. 1) to obtain accurate inter-instrument spacing (120 mm). For this testing, it is important to ensure that
a) all the MEMS accelerometers are precisely on the same vertical line, b) each MEMS accelerometer is
placed at the desired location (otherwise, inter-instrument spacing and consequently travel time
measurements may be inaccurate). The continuous flexible plastic sheet ensures the inter-instrument
spacing is known, thus providing reliable shear wave velocity measurements, which is the most important
measurement for this study. Preliminary tests were carried out to check that shear waves generated by the
air hammer were well captured by these MEMS accelerometers. As the flexible plastic strip used is
significantly less stiff than the surrounding soil, especially when at elevated g-level in the centrifuge, the
impact of the continuous strip within the soil will be negligible.

A high sampling rate of 100 kHz was used to record the acceleration time histories to avoid low-
resolution errors (Lee et al. 2014). Preliminary tests were conducted to determine the appropriate air
pressure for the air hammer tests. It was found that 50 to 100 kPa was sufficient to generate the impact
while minimizing the shear strain level to ensure measurements would give a good evaluation of G,,,,. The
peak shear strain amplitude can be estimated from the recorded accelerations by the MEMS accelerometers

using the approximation of an equivalent sinusoidal wave with an angular frequency of w and a peak
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acceleration of ay. The peak shear strain amplitude can be calculated by:—s (Arulnathan et al. 2000).
Results indicated that the shear strain amplitudes generated by the air hammer varied from 5.8x10° to
1.4x10°®, with the higher strains being closest to the source. The shear strains generated by the miniature

air hammer were small enough to avoid nonlinear soil behavior (<107), thus providing the small-strain

shear modulus Gy, gy
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FIG. 1 (a) Air hammer (b) MEMS accelerometer array

As shown in FIG. 2, a 500 mm diameter cylindrical steel container with a depth of 500 mm was
used for the centrifuge tests, which were performed at a nominal acceleration of 60 g. All centrifuge tests
were carried out using the Nottingham Centre for Geomechanics (NCG) beam centrifuge at the University
of Nottingham. To investigate the effect of Duxseal on the horizontal stress and soil stiffness, two air
hammer (AHA) tests were carried out: AHA-T1 and AHA-T2. In AHA-T1, only the base of the model

container was lined with Duxseal (34 mm thick). In AHA-T2, the entire steel container was lined with
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Duxseal to a thickness of 19 mm along the walls and 34 mm on the base. Different thicknesses have been
adopted by previous researchers: 25mm by Madabhushi (1991), 20 mm by Yang et al. (2013a), and 30 mm
by Cilingir (2009). As mentioned in the introduction to this paper, Madabhushi (1991) found that 25 mm
thick Duxseal along the side walls of a container can absorb at least 65% of incident P-waves and 60% of
incident S-waves within the centrifuge. It can be assumed that a thicker Duxseal layer can absorb more
incident waves, thus further reducing wave reflections form the boundary. Therefore, a thicker Duxseal
layer, 34 mm, was used for the model container base, attempting to eliminate the effect of p-wave reflections
emanating from the base of a pile which was being vertically vibrated within the soil layer. A thickness of
19 mm was adopted for the side walls to investigate the effects of Duxseal on the model soil stress and
stiffness profiles. The four MEMS accelerometers (AHA-M1, AHA-M2, AHA-M3 and AHA-M4) were
installed, as shown in FIG. 2, to measure the average shear wave velocities (Vs aHa 1, Vsana2 and Vs ana z) Of

three soil layers (L1, L2 and Ls).

500 mm
Ground Surface
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FIG. 2 Air hammer test setup (prototype scale depths shown in brackets)

3.3 Triaxial bender element tests
Bender element tests were conducted to obtain an empirical method for estimating the mean shear

wave velocity of a soil layer. To obtain this empirical solution, a series of bender element tests were carried
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out to obtain a method for predicting the shear wave velocity at a certain depth (under a certain confining
stress), which is detailed in this section. The empirical solution to estimate the mean shear wave velocity
over a layer of soil is derived in Section 4.
3.3.1 Empirical estimate of shear wave velocity

In addition to experimental methods, empirical equations have been developed by researchers to
predict G,,.. There are various factors that affect the magnitude of G,,,,,, including mean effective stress
(confining stress), void ratio, geologic age, particle properties, and over-consolidation ratio (Dobry and
Vucetic 1987; El-Sekelly et al. 2014). This study focused solely on the effect of confining stress and hence
held all other influencing parameters constant. The following equation, proposed by Hardin and Richart

(1963), predicts Gy, 4, Of normally deposited dry sands.

@=e? .,
Cmax = B~ (om) @

where e is the void ratio of the soil, g,, is the mean effective stress (in kPa), and B,a and n are constants.
The constants B and a depend on the grain shape and the grain-size distribution. The constants a
and n can be taken as 2.17 and 0.5, respectively, for dry sands according to the results obtained by Hardin
and Richart (1963). Previous research done by Cui et al. (2018) compared measured values with results
using Equation 2 and confirmed that these constants can be used to provide reliable estimates for the sand
adopted in the current study. Stokoe et al. (1985) found that, for shear waves travelling vertically in dry
soil, the vertical and horizontal effective stresses, oy, and oy, contribute equally to G4, and showed that
the mean effective stress gy, in Equation 2 could be taken as:
om = (0,)°%(04)*° = (0,)°°(K0y)*® = (0,)(K)*® ®3)
Therefore, Equations 1-3 can be manipulated to obtain the following expression for vg under a

certain confining pressure:

3 (2.17 — e)?
—J A+ p(@)°E)°E
The constant B varies with the sand type, due to differences in particle shape and the particle size

(4)

Vs
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distribution. The constant B can be determined by analyzing the results from triaxial based bender element
tests, as discussed in the following section.
3.3.2 Bender element testing

In this study, the GDS Bender Element System (GDS-BES) was used to measure wave velocities
in a triaxial cell and to ascertain the constant B in Equation 4. As shown in FIG. 3, two bender elements
with a tip-to-tip distance Lyt were mounted in a triaxial cell top cap and pedestal and embedded within dry
soil specimens with a diameter D=50 mm and height H=100 mm. A sine wave signal was used throughout
this study to perform bender element testing and a high sampling rate of 2000 kHz was adopted to obtain
high resolution calculations of wave velocities.

Eleven different confining stress values corresponding to eleven depths within the centrifuge model
(3.6 to 21.6 m with an interval of 1.8 m; at prototype scale) were selected based on the embedded depths of
the MEMS accelerometers used for the air hammer testing within the centrifuge (see FIG. 2). Two stress
states, anisotropic with K=0.5 and isotropic (K=1.0), were used to: a) provide sufficient data to obtain a

reliable value for constant B, and b) verify that the constant B is stress state independent.

Triaxial cell

. T ~—Receiver
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~ wave
—{ L
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FIG. 3 A schematic view of the bender element testing in a triaxial cell
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4 Quantification of the impact of lateral strain on stress condition in the centrifuge

Determination and examination of the lateral earth pressure coefficient provides a means of
guantifying the impact of any lateral strain induced by the presence of Duxseal. The lateral earth pressure
coefficient can be determined from the results of the bender element and air hammer tests. Firstly, the
bender element test results are used to develop an empirical solution (a function of the lateral earth pressure
coefficient K) to predict the mean shear wave velocity of a soil layer, which is systematically derived in
this section. Subsequently, this equation is used along with the shear wave velocity data measured by the
air hammer tests to back-calculate the lateral earth pressure coefficient of the soil layers in the centrifuge.
4.1 Empirical equation to estimate vs at a certain depth

The vertical effective stress oy, ,,, at depth h,, from the soil surface in the centrifuge model is a

nonlinear relationship (Taylor 1995):

h
Gom = 7 (Re + ) 5)

where w is the angular rotational speed of the centrifuge (equal to 183 rpm in this study) and R; is the
radius from the central axis of the centrifuge to the top of the soil model (1.505 m in this study).
Consequently, the empirical equation to estimate v; of Congleton sand at depth h,, in the

centrifuge can be obtained by manipulating Equations 4 and 5:

2.17 — )2 hz \ %
vs=\/B( e) <pw2hmRt+pw27m> (K)0-25 (6)

(1+e)p
where B can be obtained from bender element tests, presented below, and using e = 0.512 for the prepared

soil samples in this study.
4.2 Empirical equation to calculate vs and K of a soil layer

Equation 6 provides a method to estimate the velocity at a discrete point within a centrifuge model.
However, as discussed previously, the shear wave velocity is measured over a layer with finite thickness
and hence provides an average shear wave velocity. Theoretically, Equation 6 could be used to determine

what the expected average shear wave velocity over a layer would be by assuming K is constant. The travel
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time dt within an infinitely thin soil layer dh,, is given by:

dh,,
7
. ™

The travel time, t, within a certain soil layer with thickness, AH, can be obtained by integrating the

dt =

above equation with respect to h,,, from depth h; to h,:

. fhz dhy, (" dhy,

h, Us hy N2 2,05 (8)
JB O T

(I+e)

It should be noted that K is a parameter in Equation 8 and hence should be obtainable if the travel
time within a soil layer is known. However, the integrand function in Equation 8 is a non-integrable function.
Therefore, K of a certain soil layer cannot be obtained directly. Instead of solving this equation analytically,
a simple method was adopted in this study to calculate K by discretizing a thick soil layer AH into multiple
soil layers of equal thickness Ah. The shear wave velocity at the middle of each sub soil layer was taken as
the mean velocity for that sub soil layer due to Ah being very small (1 mm in this study). The elapsed time
within each sub soil layer Ah and the total travel time within each thick soil layer AH can be obtained, as
well as the mean shear wave velocity. It should be noted that this method is based on the following
assumptions: vertical stresses are not affected by the Duxseal and soil density is constant throughout the
model. The procedure to obtain v, of a soil layer in the centrifuge and to back-calculate K of the soil layer
using air hammer test results is summarized as follows:

e Each 4H thick soil layer (AH =120 mm in this study) in the centrifuge is divided into 120
sub soil layers with a thickness of 4h =1 mm.
o Shear wave velocity at the middle point himgy of each sub soil layer Ah is taken as the mean

velocity vg ). The travel time ¢; within the sub soil layer Ah can be obtained by:

- Ah )
T v
where vy is determined by Equation 6 and j =1, 2, 3. .. 120.

e The travel time t within a thick soil layer AH can be obtained:
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120 120

Ah
t = Z t]' = Z
; Vs

j=1
e The theoretical mean shear wave velocity v, within layer AH can be obtained by

(10)

manipulating Equations 6 and 10:

120
AH AH 0.25
vy = = = T (POOS 125 ) (Pyll gy + o) (11)
j=1
RV 2
where P, = B (2('11;)‘2 P, == and P; = pw?R,.

e Since the mean value of v, of a certain soil layer can be expressed as a function of K, the
measured mean velocity vsana Within layer AH from the air hammer test should equal v;.

Equation 11 can be manipulated to obtain a value for K of a soil layer in the centrifuge:

Vs, anadh

AH(Py)*S X123 (Pohiy ) + P3hungjy)

K =

0.25 (12)

5 Signal processing

5.1 Travel time determination methods

As shown in FIG. 4, two perfect smooth artificial signals (Signal 1 and Signal 2), which are
generated by an impact and detected by two transducers one after another, are used to explain three common
methods used to determine the travel time between two transducers: the first arrival method, the peak-to-
peak method, and the cross-correlation (xcorr) method (Karl 2005). Additionally, FIG. 4 shows the
discrepancies in travel time obtained from the three methods if the wave period of Signal 1 is different from
Signal 2, as detailed in Section 5.2.

The first arrival and peak-to-peak methods are based on the direct interpretation of the time histories.
The characteristic points of the first arrival and peak points in the signals are identified and the time shift
between signals are used to calculate the wave velocity. The cross-correlation method (an indirect method)
determines the travel time between two correlated signals by performing a point-wise multiplication to

determine where two signals are best aligned, i.e. Signal 1 and Signal 2 in FIG. 4. Signal 1 is shifted step
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by step and the point-wise multiplication is performed at each step to obtain the cross-correlation function.
The time shift between two correlated signals is obtained at the maximum (or minimum if the signals are
negatively correlated) of the cross-correlation function. As shown in FIG. 4, three dotted lines are used to
demonstrate the time shifts obtained from the three methods: tt1 from the first arrival method, tt2 from the

peak-to-peak method, and tt3 from the cross-correlation method.

Signal 1 First Signal 2 it
l / peak /peak
First First
o I arrival arrival
° \
=
S
€
<
: ) J |
tt3 ; 5
Time

FIG. 4 Travel time analysis methods and changing wave period induced discrepancies

Typical data from the air-hnammer (AHA) and bender element (BE) tests are shown in FIG. 5. Data
from AHA and BE tests at all depths had a similar pattern. FIG. 5 (b) presents extracted one cycle data (see
dashed boxes in FIG. 5 (a)) obtained by the four MEMS accelerometers to: a) highlight the challenge
associated with collecting sufficiently high-resolution data from the air hammer tests in the centrifuge, and
b) illustrate the changing wave period with depth. It should be noted that the time for each extracted signal
in FIG. 5 (b) is zeroed at the first point a signal is detected. The effect of the changing wave period along
depth on signal interpretation is discussed in Section 5.2. It can be seen from FIG. 5 (b) that only about 9
to 10 data points over one cycle were recorded, even with a sampling frequency of 100 kHz. In contrast,

with a sampling rate of 2000 kHz, high-resolution signals were obtained from the bender element test.
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FIG. 5 (a) Typical data from an air-hammer test (b) Extracted one cycle AHA data (c) Typical data from

a bender element test

A key challenge is therefore determining the travel time between two transducers accurately and
consistently. Normalised shear waves measured from the air hammer tests by AHA-M1 and AHA-M4 with
and without the side Duxseal are shown in FIG. 6 to: a) explain difficulties in data interpretation, and b)
illustrate differences between signals with and without the side Duxseal. The two direct time methods are
the most straightforward way to obtain the travel time. However, the identification of the chosen
characteristic points from AHA signals is very difficult and requires some experience from the operator
because measured discrete signals are usually affected by several issues: reflected waves from the rigid
container boundaries, decay of the wave signals, electrical noise, and mechanical vibrations from the
centrifuge. The air hammer testing related issues mentioned above can mask or distort the real first peaks
and first arrival points which can lower the accuracy of the direct time methods. It can be seen from FIG.
6 (a), the first arrival and peak points of the signals from AHA-M1 are relatively easy to identify compared

to the signals from AHA-M4 for which the amplitudes were relatively low. Except for AHA-ML, it can be
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seen from FIG. 6 (b) that it is very difficult to determine the real first arrival point and the real first peak
point, with signals being distorted by the above issues. Additionally, as shown in FIG. 5 (b), about 9 to 10
data points over one cycle were recorded, and this low-resolution data can further reduce the accuracy of
the peak-to-peak method, as well as the first arrival method. This is because the measured first arrival or
peak points on a discrete curve may not be the real points on an analog signal. As shown in FIG. 5, in terms
of the bender element testing, the near field effect can also mask the first arrival point of the shear wave

measured by the receiver, as detailed by Cui et al. (2018).
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FIG. 6 Normalized AHA signals with and without side Duxseal

As explained above, the manipulation of the cross-correlation (xcorr) method avoids complications
with picking characteristic points from discrete signals, hence this approach was adopted in this study to
analyze detected signals from both tests. Readers may also refer to the Appendix, which demonstrates the
reasoning for the adoption of the cross-correlation method in this study by comparing results obtained from

these three methods.
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5.2 Xcorr method: signal interpretation error

Equation 12 indicates that the evaluation of lateral earth pressure coefficient and soil stiffness profile within
the centrifuge model mainly relies on a) appropriate interpretation of shear wave velocities, and b)
determination of the constant B. The latter is detailed in Section 6.1, where two series of tests were
performed to obtain an average value. The accuracy of the former is mainly affected by two aspects related
to the proper manipulation of the cross-correlation method: data length used to perform the cross-correlation
analysis, and varying wave periods, as described below.

As illustrated in FIG. 2, both shear waves and pressure waves are generated by the air hammer
when the pellet impacts one end of the air hammer. These waves travel, reflect, and are recorded by the
four MEMS accelerometers. FIG. 6 presents the normalized waveforms obtained from air hammer tests
with and without the side Duxseal. One feature that can be observed from FIG. 6 is that the first 2 cycle
waveforms are close to each other for both cases. However, after the first two cycles, the waveforms diverge.
With Duxseal, waves decay quickly after the first two cycles, then slightly larger signals are recorded.
However, without the side Duxseal, signal amplitudes tend to decrease first, and then much larger signals
are detected after the first 2 cycles. This indicates the wave absorbing material does effectively reduce
reflections, consistent with the results found by Madabhushi (1991) that Duxseal can absorb approximately
65% of incident P-waves and 60% of incident S-waves. It should be noted that the detected larger signals
without the side Duxseal after the first two cycles are the distorted undesired signals and can result in
inaccurate estimations from the cross-correlation method. This is because the cross-correlation method
performs a point-wise multiplication to determine where two signals are best aligned, as explained
previously. As discussed by Cui et al. (2018), including the data after the first cycle of the shear wave (i.e.
distorted data) can result in a lower estimate of shear wave velocity by approximately 10%. Therefore, data
from the first detected shear wave cycle was selected from the recorded signals and used to perform the
cross-correlation analysis. Another important aspect which affects the accuracy of the cross-correlation
method is the inconsistent shear wave period. It can be seen from FIG. 4 that the wave periods of Signal 1

and Signal 2, denoted as T1 and T2, are quite different (a much larger T2 is depicted in the figure to clearly
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show the three travel time determination methods and illustrate the error from the xcorr method caused by
two wave signals with different periods). It can be seen from FIG. 5 (b) that the wave period at greater
depths (AHA-M1) was smaller than at shallow depths (AHA-M4). This is because soil stiffness increases
with depth, which results in the gradual decrease of shear wave period with increasing depth. The varying
shear wave period with depth can lead to a travel time error, explained as follows.

As shown in FIG. 4, for the two perfect artificial sinusoidal signals, the real travel time should be
the time difference between the first two arrival points even if the two signals have different periods: ttl.
However, the travel time obtained from the xcorr method is tt3=tt1+(T2-T1)/2 and the travel time error is
(T2-T1)/2. This error should be subtracted from the travel time obtained from the xcorr method; failing to
do so would give shear wave velocities from the xcorr method that are smaller than the real value because
the xcorr method would provide a larger travel time. This varying period effect on the estimated shear wave
velocity obtained from the cross-correlation method has not been presented by previous researchers. It is
therefore important to quantify this error. To obtain the shear wave period at each depth (Tana1, TaHaz2,
Tanas and Tanaa), the first cycle of each signal was extracted from the data recorded by the air hammer
MEMS accelerometers and a Fast Fourier Transform was performed. The peak values and the
corresponding frequencies, fana1, faHa2, fanaz and fanas, can be obtained from the frequency domain.
Subsequently, the shear wave periods can be calculated, and vs can be corrected by subtracting the error.
Table 2 shows the mean wave periods and mean values of vs obtained from over 10 air hammer test strikes
in centrifuge test AHA-T2 where Duxseal was placed along the base and sides of the centrifuge container.

Table 2 Mean wave period and vs from test AHA-T2 before and after correction

Shear wave period Mean v before correction  Mean vs after correction  Error
Tanaa: 12.6 X 10°s - - -
Tanaz: 8.18x 10°s VsaHA3: 229.1 m/s Vs aHA 3. 237.8 m/s 3.6%

TAHA,zi 7.78 % 1075 S Vs AHA 2- 304.1 m/s Vs, AHA 2. 308.8 m/s 1.5%
TAHA,li 6.28 x 1075 S Vs AHA1: 342.9 m/s Vs AHA1: 350.4 m/s 2.1%

It can be seen from Table 2 that the wave period decreased with soil depth. Compared with the

bottom three positions, the wave period at the uppermost depth, Tawa 4, was much larger. The error in wave
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velocity resulting from the varying period was approximately 3.6% for the top soil layer. Consequently, the
resulting error in G,,,,, Would be up to 8% for the top soil layer. This error should not be ignored and, as
such, all soil stiffness related parameters from the air hammer tests presented in the following sections have

had this correction applied.

6 Test results

6.1 Bender element test results: isotropic versus anisotropic

Shear wave velocities measured from isotropic and anisotropic tests and the trend of vs with stress
level were found to fit a power function in the form of Equation 4, as shown in FIG. 7. According to the
curve fitting analysis, the constant B in Equation 4 for isotropic and anisotropic tests was 6937 and 7023,
respectively. The difference is approximately 1%, which indicates that the constant B in Equation 4 can be
assumed to be stress state independent. The value for constant B of dry Congleton sand adopted in

subsequent analyses was taken as the average of these values, B = 6980.
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FIG. 7 Shear wave velocity: isotropic versus anisotropic (BE)

6.2 Lateral earth pressure in the centrifuge
Following the procedure detailed in Section 4, the equivalent lateral earth pressure coefficients can
be calculated from Equation 12 using the air hammer test results under two conditions: with and without

side Duxseal. The results are illustrated in Table 3.
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TABLE 3 vs and K in centrifuge tests with and without side Duxseal

Soil Soil Without Duxseal With Duxseal

layer depth (m) vsama(m/s) K Vsana (M/S) K
Ls 3.6-10.8 256.7 0.52 237.8 0.28
L, 10.8-18.0 311.8 0.52 308.8 0.48
L, 18.0-25.2 349.4 0.53 350.4 0.54

Without Duxseal

It can be seen from Table 3 that, for the test without side Duxseal, K is relatively constant at about
0.52 within all three soil layers. The calculated value of K without Duxseal is close to the at-rest earth
pressure coefficient K, = 1 — sin(¢") (Jaky 1944) which, for Congleton sand with a critical state friction
angle of 31° (see Table 1), gives K, = 0.485. Two possible reasons for the slightly higher value of K =0.52
are that a) the soil density may have increased slightly and b) the inter-instrument spacing may have
decreased slightly at 60 g compared to 1 g, which can lead to a larger measured vs ana from the air hammer
tests. A 2 mm surface settlement during the spin-up of the centrifuge was measured by a displacement
transducer, which leads to an average increase in soil density of 0.5%. The resulting increase in K due to
density variation can be estimated by Equation 12, and it is 1% larger. The inter-instrument spacing induced
increase in K is also evaluated by Equation 12 by assuming the distance between two accelerometers
decreases by 0.5 mm, and the resulting increase in K is approximately 3.4%, depending on the shear wave
velocity. The above two factors could increase K from 0.485 to 0.51, which is close to the measured value
reported in Table 3. In general, the measured K values without Duxseal are close to the assumed at-rest
earth pressure coefficient and are constant with depth. This suggests that the soil mass was in a state of
elastic equilibrium and that a normally consolidated dry sand can be obtained in the centrifuge with a rigid
side boundary condition.
With Duxseal

Equivalent values for the test with Duxseal placed around the inside edges of the model container
are presented in Table 3, which indicates that K increases with depth. The values of K within the bottom

two thirds of the soil layer are relatively close to theoretical value of K, = 0.48. However, K is very low,
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approximately 0.3, at shallow depths. According to Rankine’s theory of active earth pressure (Rankine
1857), the coefficient of active earth pressure, K,, for Congleton sand is 0.32. This suggests that the side
Duxseal near the surface provided a relatively flexible boundary condition, resulting in insufficient support
to the soil to maintain an ‘at rest’ condition. The Duxseal near the surface was likely squeezed upwards
(nothing was placed on the top edge of the Duxseal to prevent this — see FIG. 2) which, assuming a nearly
constant volume scenario for the Duxseal with a Poisson’s ratio of 0.46 (Popescu and Prevost 1993) and
very low permeability (Cilingir 2009), results in horizontal straining of the soil, mobilizing an active failure
mode. It can also be seen from Table 3 that, with Duxseal along the boundary sides, the lateral earth pressure
coefficient increased with depth. The lateral earth pressure coefficient of the bottom soil layer, 0.54, is close
to that without side Duxseal, 0.53. This indicates that, at lower depths in the test with side Duxseal, an
equivalent rigid boundary was achieved under the given test setup detailed above, and the initial
K, condition was maintained. This would occur if, assuming constant-volume response to loading, the
Duxseal at lower depths was sufficiently confined from above (by the weight of the Duxseal above it) to
resist the lateral soil stress without any significant lateral straining.

These results indicate that, by confining the Duxseal near the soil surface (i.e. preventing the
squeezing of Duxseal in the upwards direction), an appropriate K, condition could be achieved at the
shallower depths. This was, however, not tested in the current study.

6.3 Duxseal effect on soil stiffness
Based on the results from the bender element tests, Equations 2 and 6 can be manipulated to obtain

an equation to estimate the small strain shear modulus with depth of the dry Congleton sand in the centrifuge:

2\ 05

h
pw?hy, Ry + pw? 7’”) K025 (13)

(2.17 — e)?
Gmax = 6980 ———

(1+e)
All parameters in Equation 13 were defined in previous sections, and the measured equivalent
lateral earth pressure coefficients of the three soil layers with and without Duxseal are presented in Table 3.

It should be noted that the lateral earth pressure coefficient of the soil layer from the ground surface to the
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depth of 3.6 m was not measured; it was assumed to be the same as the top measured soil layer. The shear
modulus with and without Duxseal in the centrifuge were calculated using Equation 13 and plotted against
depth in FIG. 8. It can be seen that the shear modulus of the top soil layer (1/3 the model depth from ground
surface) obtained with side Duxseal is notably smaller than that without side Duxseal, by about 14%. This
is a result of the significantly reduced horizontal stress at the shallow depths: a much smaller lateral earth
pressure coefficient, 0.28, was used within this soil layer to estimate the shear modulus. This leads to a
large jump between the first and the second soil layer, as shown in FIG. 8. Estimated shear modulus values
within the middle and bottom soil layers are close for the two cases, with a difference of 3% and 0.7%,

respectively.
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FIG. 8 Comparison of shear modulus: measurements with and without Duxseal in centrifuge

The presented results demonstrate that the initial at-rest lateral earth pressure (K,) condition is not
maintained when including Duxseal along the side boundaries of a centrifuge container. This phenomenon
may alter the intended soil behavior and associated soil-structure interactions, which predominately occur
within the shallower regions of centrifuge models, where it was demonstrated that Duxseal can have a
significant reducing effect on small strain soil stiffness (14%). Researchers should be aware of this issue

when planning centrifuge tests and when interpreting results where Duxseal is used.
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6.4 Context and limitation of results

It should be noted that the proposed method is mainly relevant to small-amplitude dynamic
phenomena such as ground-borne vibrations. For large-amplitude seismic studies, the outcomes of this work
provides insights to potential effects, however two key features of seismic tests were not accounted for in
this study, namely soil inertial effects and higher soil shear strains.

During seismic events, soil inertial effects may act to compress the energy-absorbing boundary,
especially near the surface where confinement is low and the energy-absorbing material can be squeezed
upwards (if not confined), thereby allowing additional lateral straining of the soil (in addition to that
observed in this study) and further reducing confining stress levels within the soil. This is in contrast to this
study where the soil body was essentially static with insignificant soil inertial effects.

The shear strain amplitudes in this study, about 10, differ considerably from those in seismic
events, i.e. 10, Senetakis et al. (2013) demonstrated that a decrease in confining stress can significantly
reduce the shear modulus over a wide range of shear strains, up to those applicable to seismic events, which
indicates that the reductions in confining stress observed in this study would impact the large-strain shear
modulus, however this study did not explicitly test under large-strain conditions. Furthermore, the
combined effect of soil inertial effects and larger soil strains would need to be considered to achieve a
comprehensive study applicable to seismic tests.

As such, the outcomes of this study are more applicable to future research which focuses on small
ground-borne vibration events and may encourage centrifuge users to consider the potential effects of

flexible boundaries for seismic centrifuge tests.

7 Conclusions and discussion

This study provided a non-intrusive approach for evaluating Ko conditions within centrifuge models
and evaluated the effect of Duxseal on the lateral stress and small strain soil stiffness in small-amplitude

dynamic centrifuge models. A step-by-step procedure to obtain an empirical solution to calculate the
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equivalent lateral earth pressure coefficient, K, over a layer of soil in the centrifuge was presented. Details
of the two types of shear wave velocity measurement tests (the bender element test in a triaxial cell and the
air hammer test in the centrifuge) required to develop the empirical solution were also presented. The main
conclusions are as follows.

The appropriate manipulation of the cross-correlation method used to determine the travel time is
of great importance. For air hammer testing, shear waves measured from two transducers at different depths
possess two different periods, thus resulting in an error using the cross-correlation method. The error
increases with the difference between two periods but can be accounted for and corrected within the data
processing stage.

Bender element test results under both isotropic and anisotropic stress states indicate that the
constant B, used within an empirical methodology for predicting small strain shear modulus, is insensitive
to the stress state.

The air-hammer test results indicate that, without side Duxseal, the initial at-rest lateral earth
pressure (K,) condition is satisfied. However, with side Duxseal, the lateral earth pressure coefficient K is
relatively low (about 0.3) in the shallower soil region (about 1/3 the model depth from ground surface),
indicating that the soil may have reached an active failure state in this region. As a result of the lateral
deformation of soil, the small strain soil stiffness within the shallower soil region was estimated to have
decreased by 14%. Below the top third of the model soil depth, K was found to increase and approach the
K, condition. As a result, adopting Duxseal or other energy absorbing materials for centrifuge models will
have more potential adverse consequences to applications which focus on near-surface soil behavior or
shallow soil-structure interactions. These findings may also be useful for numerical modelers who should
consider soil stiffness reduction to correctly validate numerical models against centrifuge test results.

It should be noted that the proposed experimental method is directly applicable to small-amplitude
dynamic phenomena such as ground-borne vibrations; for large-amplitude seismic tests, the outcomes of
this study provide valuable insights however the study did not account for soil inertial effects or the larger

soil shear strains which are applicable to seismic tests. Further studies are required to improve the
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understanding of the combined effects of these factors during seismic centrifuge tests employing energy-
absorbing boundaries. Despite this limitation, this study demonstrated that the effects of energy-absorbing
boundaries on dynamic centrifuge models can be important, especially near the ground surface; outcomes
should help researchers in prioritizing the trade-off between vibration absorbing boundaries and rigid

boundaries, depending on the specific problem and the focus of their study.
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Appendix A

Comparison of shear wave velocity determination methods

Shear wave velocities and the corresponding lateral earth pressure coefficients obtained using the first
arrival, peak-to-peak, and cross-correlation (Xcorr) methods with and without Duxseal are illustrated in the
tables below. Note that, as discussed in Section 6.2, an at-rest earth pressure coefficient K, between 0.49
and 0.51 is expected. Table A.2 presents data for no Duxseal and shows that most of the lateral earth
pressure coefficients obtained from all methods are close to the expected values at the deepest location. In
addition, the cross-correlation method is shown to give consistent results at all depths (which is expected
for this test), whereas the first arrival and peak-to-peak methods show considerable variability and
unrealistically/unexpectedly high and low values of K, for example 0.44 and 0.73. This difference in
consistency between the methods, with depth into the soil layer, is due to the higher signal-noise ratio

obtained for the deeper locations, and hence the ease with which the different methods can determine the

Page 31 of 32



travel time. These results lead to the conclusion that the first arrival and peak to peak methods were
acceptable, but not as suitable/reliable for the data obtained from the centrifuge-based air hammer tests.
Table A.2 shows the equivalent data for tests including Duxseal and illustrates that the lateral earth
pressure coefficient obtained from all methods is relatively low near the surface and increases with depth.
The first arrival and peak-to-peak results agree reasonably well with the cross-correlation method, however,
due to the variability of these test results illustrated in Table A.1, the cross-correlation results were deemed

to be more reliable for this study.

TABLE A.1 vs and K in centrifuge tests without side Duxseal

Soil Soil First arrival Peak to peak Xcorr

layer depth (M) veaua (M/s) | K | veana(m/s) | K | vaua(mis) | K
Ls 3.6-10.8 253.7 0.44 260.8 0.55 256.7 0.52
L, 10.8-18.0 315.8 0.58 325.1 0.73 311.8 0.52
L. 18.0-25.2 343.3 0.50 342.8 0.49 349.4 0.53

TABLE A.2 vs and K in centrifuge tests with side Duxseal

Soil Soil First arrival Peak to peak Xcorr

layer depth (M) veaua (M/s) | K | veana(m/s) | K | voaua(mis) | K

Ls 3.6-10.8 234.7 0.24 235.3 0.24 237.8 0.28
L, 10.8-18.0 307.8 0.47 315.6 0.57 308.8 0.48
L. 18.0-25.2 347.8 0.53 353.1 0.62 350.4 0.54
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