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PREDICTION THE SHEAR STRENGTH AND SHEAR
MODULUS OF SAND-CLAY MIXTURE USING BENDER
ELEMENT

Badee Alshameri*
National University of Sciences and Technology, Pakistan

Employing the conventional laboratory geotechnical methods such as shear box test to measure shear strength
and shear modulus require destroying the samples which is seen as time consuming and costly. Whilst the bender
element technique (BE) maintains the sample condition, time, and cost efficiency. Several sand-clay mixtures were
compacted and subjected to bender element test as well as sheared using shear box test to measure and correlate
shear modulus (1), shear strength (G) and the maximum shear modulus (Gmax). The results showed the critical
stage (transition fines-grained) at fine-grained (FG) equal to 50% where any further increment beyond this value led
to decrement the soil mixture strength. Both T and G were normalized using moisture content, density, and applied
normal stress. Five empirical equations from the normalized shear strength TN were applied on the previous field
data to exam their reliable and limitations. The equations indicated the importance of including the effect of overbur-
den pressure for the natural sample as well as the in-situ moisture content and field density to avoid uncertainty in
the predicted value of the soil shear strength and modulus. At no depth limitation, all empirical equations (TN1, TN2,
TN3, TN4, and TN5) exceed +20% lines which indicated a large variation in results. At depth limitation (< 5 m), only
one equation corresponding to N4 showed reasonable validity and reliability to predict the shear strength. Similar was
on the prediction of the shear modulus. The 5 m depth limit was recommended to apply the equation consistently.

Key words: sand-clay mixture, bender element, shear modulus, shear strength, maximum shear modulus

INTRODUCTION

The measurement of the shear strength and shear
modulus is important in the engineering design. These
parameters can be provided using several techniques:
Modelling, Direct measurement, or Prediction through
the empirical correlations. Numerous efforts have done
to predict these parameters using numerical modelling.
However, Hashemi and Rahmani [1], stated that there is
a limitation associated with the numerical modelling (e.g.
finite element method) related to mechanical properties
of the soil. Using the conventional laboratory methods,
as the shear box, to measure the strength parameters
is the usual practice in the geotechnical engineering [2].
The process of this test consume time and costly com-
pared with the seismic laboratory test. In addition, the
sample from the shear box has a single use and cannot
be reused. This is due to the destructive behaviour of the
conventional geotechnical methods [3]. While the seis-
mic laboratory test (i.e. bender element test) is a non-de-
structive method and the sample will remain intake [4,5].
The bender elements are plates made of a piezoelectric
material which has the capability to either convert an ap-
plied electric voltage into mechanical motion or convert
an applied mechanical motion into an eclectic voltage.
Many researchers correlated the shear modulus at the
small strain (i.e. maximum shear modulus) to different
geotechnical parameters. Cabalar et al [6] used clay-
sand mixtures to investigate the relation between the
maximum shear modulus toward the sand content, size,
and shape. Bahador and Pak [5] correlated the max-
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imum shear modulus toward the applied pressure and
moisture content using kaolinite-cement mixture. In Ca-
balar et al [6] and Bahador and Pak [5], the density of
the mixture was ignored. Zeng and Ni [7] investigated the
correlation between the maximum shear modulus and
the applied pressure using sand. Ueno et al. [8] used
the sandy soil to study the effect of the effective stress
and the void ratio on the maximum shear modulus. Asa-
di et al. [9] and Choo et al. [10] studied the effect of the
void ratio and the applied pressure toward the maximum
shear modulus using the fly ash and sand, respectively.
In Zeng and Ni [7]; Ueno et al. [8]; Asadi et al. [9] and
Choo et al. [10] the effect of the moisture content and
density were not considered. Yang and Lin [4]. Pintado et
al. [11] and Sadeghzadegan et al. [12] used the residual
lateritic soil, the bentonite and the sand-kaolinite mixture,
respectively, to study the effect of the degree of satura-
tion on the maximum shear modulus while density effect
was not studied. Li et al. [13] focused on the correlation
between the maximum modulus and density using poly-
mer grouting materials. Qiu et al. [14] presented a good
correlations between the maximum shear modulus to-
ward both density and applied pressure. The effect of the
fine-grained , void ratio and applied stress were studied
separately by Wu et al. [15] using marine sand. Finally,
Kulkarni et al. [16] compared the shear wave velocity and
maximum shear modulus toward density, moisture con-
tent, applied pressure, and the undrained shear strength
separately. However, no effort was done to combine and
present the effects of density, moisture content, and ap-
plied pressure in one empirical correlation. Referring to
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the aforesaid correlations, it can be indicated that a lot of
efforts spent to develop separate correlations between
individual soil parameters while no significant effort
spent to correlate a combination of several soil param-
eters simultaneously toward the maximum shear modu-
lus. Therefore, the bender element technique was used
to correlate the maximum shear modulus toward of phys-
ical soil properties (shear strength and shear modulus)
using a combination of applied stress, moisture content,
and density simultaneously. Consequently, developing
new empirical correlation equations to predict the shear
strength (1) and shear modulus (G) from the bender ele-
ment data [17,18].

MATERIALS AND TEST PROCEDURES
Geotechnical laboratory test

In this paper, 28 sand-clay mixture samples were distrib-
uted between six mixture groups which had fine-grained
of 20, 30, 40, 50, 60, and 70%. The fine-grained material
was kaolin with commercial named “AKIMA 45” which
provided by Associated Kaolin Industries SDN BHD,
Selangor Darul Ehsan, Malaysia with particle size (< 2
pm) of 40% minimum, 325 mesh residues (45 pym) of
0.05% maximum and packed in FIBC/Paper Bag. While
the sand material has maximum particle size of 3.35 mm
and the source was quarry on Jalan Minyak Beku, Batu
Pahat city, Johor state, Malaysia. The particle size dis-
tribution for sand component on each FG is shown in
Fig. 1. Each sample was compacted using three com-
pacted layers in the 6-in. mould at method C in ASTM
D689,[19] to determine the maximum dry density (MDD)
and optimum moisture content (OMC) of the six groups
of mixtures (see Table 1). All compacted samples were
sheared under consolidated undrained conditions using
shear box through method ASTM D3080 [3] to mea-
sure the shear strength and shear modulus [3,20-22].
The condition of the nature of seismic wave propagation
effect on the soil particle (where the propagation of the
seismic waves through the soil medium, cause sudden
development in the stress without giving enough time to
drain the water inside the voids) was simulated using the
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Figure 1: The particle size distribution of sand at the
different FG

consolidated undrained direct shear methods through
using the standard ASTM D3080 [3,23,24]. The relative
high shear ratio (1 mm/min) represented the undrained
condition on the direct shear test and avoided the wa-
ter dissipation during the direct shear test. In the shear
box test, three different applied normal stress (10.5, 21,
and 31.5 kPa) were used in each sample with dimension
of 100 x 100 mm to avoid an overestimated result [3].
The specific gravity for the mixtures was determined us-
ing ASTM D854,[25]. The compactions curve (see Fig.
2) showed flatten pattern when the values of the fine-
grained exceed 50%. At this value, the inter-granular
void ratio will not dominate the behaviour of the mixture
because the voids will be almost filled [26]. Further in-
crement in the fine-grained will expands the distance be-
tween the sand particles. Thus, decrement the value of
the maximum dry density compare with the compaction
curves which had lower value of fine-grained and mois-
ture content.Among 6 groups of the soil mixtures, only 9
representative soil samples were selected and subject-
ed to the bender element test (Fig. 2). The selected 6
samples were compacted samples with FG ranging from
20 to 70% corresponding to the maximum dry density
(MDD) and the optimum moisture content (OMC) whilst

Table 1: Properties of Mixtures

Fine-grained (clay content) | Sand content Specific Dry density [ Moist density | Moisture content
FG % % gravity kg/m? kg/m? %
70 30 2.553 1584 1901 20
60 40 2.563 1640 1935 18
50 50 2.576 1711 1985 16
40 60 2.585 1813 2030 12
30 70 2.597 1886 2112 12
20 80 2.61 1930 2162 12
20 80 2.61 1785 2071 16
50 50 2.576 1648 1846 12
60 40 2.563 1603 1860 16
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three samples had FG equal to 20, 50, and 60 % with
moisture content 12, 16, and 16%. These selected sam-
ples had moist density ranging of 2162 kg/m? to 1846 kg/
me.
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Figure 2: The selected soil mixture samples in bender
element test

Bender element test

A pair of bender elements with intruder length at 5 mm
(supplied by Geotechnical Digital Systems Company,
GDS company) was used to measure the shear wave
velocity (VS) of sand-clay mixtures (see Fig. 3). 15 volts
was used as input voltage, and all signals were subject-
ed to 50 times stacking to increase the quality of the
signal record by reducing the noise effect [27]. Five fre-
quencies (30, 50, 100, 150, and 250 kHz) were applied
in the bender element technique at each sample and the
average is presented. The maximum shear modulus was
calculated using equation 1:

Gmax = P V3§ (1)

BE sensor 2IBE sensor 1

Control screen

7/

D - NBE N | -
& before shear # H
w || BE sensors inside the plates|

(a) BE setup (b) BE sensors

Figure 3: Bender element (BE) setup and sensors
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where G__ is the maximum shear modulus in Pa, p is the
moist density in kg/m?3, VS is the seismic shear wave ve-
locity in m/s. In the bender element test, the tip to tip dis-
tance was adopted in equation 2 to calculate the seismic
wave velocity [28,29]. The bender element data was in-
terpreted using both the first peak method and cross-cor-
relation methods according to equation 3 [28,29]. In the
first-peak method, the data were collected from the
bender element software and then was subjected to the
analysis using Microsoft Excel where the arrival time was
calculated according to the differences between the first-
peak in transmitter signal and the first-peak in the receiv-
er signal. In the cross-correlation method, the travel time
to be calculated as the function of differences between
the two signals that have the highest value of similarity.

_Lu
V= (2)
1 T-1
CcC Xy (ts) = T X(T)Y(T+ts) (3)
T=0

where V is the seismic wave velocity (either primary or
shear wave velocities) in m/s, L, is the distance between
the tip of transmitter sensor to tip of receiver sensor in
m, t is the travel time in sec, CC _(t.) is the time for max-
imum value of cross-correlation, t_ is the time shift for
transmitter signal, Y(T) is transmitter signal and X(T) is

the receiver signal.
RESULTS AND DISCUSSIONS

Geotechnical data

The shear strength and shear modulus data (using ap-
plied normal stress 21 kPa) were compared with fine-
grained in Fig. 4. The results indicate an increase in both
shear modulus and shear strength with an increase of
fine-grained from 20% to 50%. Later, both shear strength
and shear modulus decrement with further increment
in the fine-grained (FG > 50%). At the first range, the
fine-grained and moisture content were less than 50%
and 16% respectively (see Table 1 Fig. 4) while the sec-
ond range located at fine-grained and moisture content
higher than 50% and 16% respectively. Referring to Fig.
4, it can indicate that the maximum value of the shear
strength and shear modulus was achieved at value of
50% fine-grained then a further increment on the fine-
grained led to decrement of the strength of the soil mix-
ture [6,30]. This phenomena can be explained through
the inter-granular void ratio aspect [31,32]. At lower value
of the fine-grained, the soil strength will mainly depend
on the frictions between the sand particles with less effect
of cohesion forces. Later, with add more fine-grained, the
kaolin will fill the voids and the integration between the
fine-grained and moisture content will develop the co-
hesion force and adhesion forces to the soil structural,
consequently, strengthen the soil [20,33]. This develop-
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ing on the soil strength will continue in progress till all the
voids filled. At this critical stage, a further increasing on
the fine-grained and moisture content simultaneously will
reverse the behaviour of the fine-grained and moisture
content. Both fine-grained and moisture content will act-
ing as lubricate agents and expand the distance between
the sand particles causing decrement the internal fric-
tion between the sand particles as well as decrement the
cohesion and adhesions forces due to extend the dou-
ble-layer water [26,32]. In conclusion, weaken the soil
structure then lowering soil strength. According to the re-
sults, the critical stage (transition fines-grained content)
where the behaviour of the strength-composition over-
turned was achieved at fine-grained equal to 50 % [34].
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Figure 4: Shear strength and shear modulus at different
fine-grained

Prediction of physical soil properties using bender
element test

To improve the prediction of the shear strength (1) using
the bender element data (e.g. the maximum shear mod-
ulus G__ ), the shear strength was normalized using dif-
ferent geotechnical parameters [35]. Three geotechnical
parameters which have an effect on the bender element
data were used to normalize of; moisture content, density
and applied normal stress [4,36]. The normalized shear
strength (TN) was compared to the maximum shear mod-
ulus (Gmax) in Fig. 5 and equation 4 was used this com-
parison. The empirical correlation equations between the
different normalized shear strength were summarized in
Table 2. The moisture content effect, the applied normal
stress as well as the density effect were ignored in the
T™N1 i.e. the shear strength was correlated directly of the
maximum shear modulus. The effect of applied normal
stress and density were considered in TN2 and TN4 while
the effect of the moisture content was included in TN3
and TN4. In TIN5, the effect of the density and moisture
content without considering the applied normal stress
and average moisture content in this study (w0 = 0.15).

N = B + AGmax (4)
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where A and B been calculated from Fig. 5, T is the shear
strength in kPa, and Gmax is the maximum shear mod-
ulus in MPa. The results in Fig. 5 showed lower R2 in
TN3 and TN5 compare with TN1 TN2 and TN4. The range
of Gmax values from 120 MPa to 170 MPa, the TN1 TN2,
TN3 and TN5 showed high scatter due to ignoring the
effect of the moisture content in TN1 and TN2 also the
density at TN3 and the applied normal stress as well as
the average moisture content in TN5.
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Figure 5: G, versus TN using different parameters

The five empirical correlation equations were applied on
the field data of Kulkarni et al. [16] in Fig. 6 and Fig. 7.
The samples on Kulkarni et al. [16] were undisturbed
soil samples which collected from different locations at
India coastal at depth of 0 m to 61 m. The samples con-
tain different percentage of fractions (i.e. clay ranged
from 7% to 78%, silt ranged from 8% to 87% and sand
ranged from 0% to 51%). The samples had specific
gravity ranged from 2.41 to 2.91, moisture content from
26.1 % to 128 % and desnity ranged from 1060 kg/m3
to 2039 kg/m3. The limitation of the empirical equations
was tested using two conditions (a) no depth limitation
and (b) depth less than 5m. In the case of using no depth
limitation, the predicted values of the shear strength indi-
cate a high scatter in all the results of TIN1, TN1 TN3, TN4
and TN5 (see Fig. 6a). On the other hand, the scatter of
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Table 2: Parameters of the empirical correlation equations of T versus G

Normalized shear Moisture content parameter | Density-Stress parameer
A B

strength wN LN

N1 =71 - - 0.180 37.8
™N2 - p/o 17.17 3492.5
™N3 w0 / w% - 0.206 37.0
™N4 w0 / w% p/o 15.425 3652.7
™N5 w% P 2798 481544.3

w% is the moisture content of the sample in %, w0% = 0.15 is the average moisture content of all sample in current
research in %, p is the density of the sample in kg/m?, o is the applied normal stress of the sample in kPa, 1 is the
shear strength in kPa

the predicted values was reduced significantly when the  compared with other equations. The predicted and mea-
limitation of the depth was considered (see Fig. 6b). In  sured shear strength values on the field data of Kulkarni
depth less than 5m, the TN1 TN2, TN3 and TN4 showed et al. [16] was compared on the Fig. 7 to determine the
overestimated results due not consider the moisture con-  variation in the results using the middle line and +20%
tent, density and applied normal stress simultaneously. line. At no depth limitation case, all equations TN1, TN2,
In contrast, considered the moisture content, density TN3 and TIN5 showed results extended from -20% line
and applied normal stress simultaneously in TN4 provid-  beyond the +20% line which indicated a large variation
ed clearly the most fit predicted results to the measured  in results.
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On other hands, applying the depth limitation (i.e. less
than 5 m depth) provided a good fit with measured values
for only equation TN4. The match between the predicted
and measured shear strength through using equations
TN4 (see Fig. 6b) was related to using, moisture conent,
density and applied normal stress (see Table 2). In con-
trast, equations TN1 TN2, TN3 and TN5 showed no effect
on the results as hypothesized due to said geotechnical
parameters (w, p, and o) (see Table 2). The normalized
shear modulus (GN) was calculated according to equa-
tion 4 and using the same procedures as in the normal-
ized shear strength (refer to Table 2) with replacing GN
and G instead of TN and 1 respectively. Fig. 8 showed the
comparison between the normalized shear modulus and
maximum shear modulus. Table 3 highlight the variation
on the A and B while both moisture content parameter
and density-stress parameter remined unchanged as in
the normalized shear strength.
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Figure 8: Gmax versus GN using different parameters

Equations recommendation, and

limitations

analysing,

The comparison between the predicted and measured
values of the shear strength on the previous field work
indicated the following; (a) equations 5, 6, 7 and 8 which
corresponding to TN1, TN2, TN3 and NS, respectively,
always predict values higher than measured values of
shear strength even with considering depth limitation. In
equations TN5, the density and moisture content were
considered but the predicted results showed a significant
overestimation due to ignoring the effect of the applied
normal stress on the equations TN5 which has a signif-
icant effect on the bender element [10,14]. Even in the
conventional geotechnical test such as the direct shear,
the shear strength of the sample will be affected by the
applied normal stress [3]. Consequently, the variation on
the predicted and measured shear strength will vary [37].
Obviously, the moisture content parameter will have a
significant effect on the soil structural and soil strength
as well as on the bender element data. This effect ap-
peared clearly on the variation of the predicted results of
equation 6 (using TN2) even with considering the applied
normal stress and density. Equations 5 and 7 which cor-
responding to TN1 and TN3 showed a scatter results (re-
fer to Fig. 6b) due to ignoring the effect of the density [14]

T=237.8+0.18 G« (using IN1) (5)

343+ 0.168 Gy o .
= = (34340168 G, )~  (using IN2) (6)
Ly 14
37 + 0.206G w
T=—— "% = (37 + 0206 Gy )— (using IN3) (7)
Wy 015

W w .
7= (47228 + 27441 Gmax)L—: = (47228 + 27441 Gmax)? (using TN5) (8)

Where T in kPa, Gmax in MPa, w is the moisture content
of the sample in %, and p is the moist density of the
sample in kg/m3. o is the applied normal stress in kPa. In
the equations 9 which were derived from TN4, the scatter
in the predicted results was significantly reduced due to
the use all the parameters of applied normal stress, the

Table 3. Parameters of the empirical correlation equations of G versus G,

Normalized shear | Moisture content parameter | Density-Stress parameter
A B

modulus wN LN

GN1=G - - 0.0149 3.2373
GN2 - p/o 0.014 2.9252
GN3 w0 / w% - 0.0169 3.2153
GN4 w0 / w% p/o 0.0127 3.0257
GN5 w% p 2.2493 408.76
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average moisture content, the moisture content, and the
density in the normalized shear strength [7,10,14].

) 0150 .
T=(35.8+0.151Gmax)L—N=(35.8+0.151Gmax)— (using IN4)  (9)

N wy
The comparison between the different equations and
their accuracy and validity in Fig 6 and Fig 7 indicated
the following:

a. In case of no depth limitation, all equation equations
5, 6, 7, 8 to 9 which were derived from normalized
shear strength N1, TN2, TN3, TN4, and TN5 failed to
present a valid prediction for the shear strength even
with consider all the geotechnical parameter such as
moisture content, applied normal stress, and density,

b. Equation 9 which were derived from normalized
shear strength TN4 are reliable when the depth is
less than 5 m (i.e. 5 times of applied normal stress
corresponding to the value of density of the sample).

c. According to the correlation and indication from
normalized shear strength equation and their appli-
cation, equation 9 which were derived from normal-
ized shear modulus GN4 been assumed the reliable
equation to predict the shear modulus with depth
less than 5 m

) 0150 .
r= (358 +0.151(;max)L—N= (358 +0-151Gmax)_y (using TN4)  (9)
N w

Where the shear modulus (G) in MPa.

CONCLUSIONS

Several sand-clay mixtures with different moisture con-
tent (8% to 24%) and fine-grained (20% to 70%) were
compacted and subjected to bender element test as well
as sheared on shear box test. The results indicated the
following:

- The transition fines grained located at FG = 50%.
Then the increment of both fine-grained and mois-
ture content will lead to reduce the strength of the
soil due to reduce the friction force between the sand
particles as well as reduce the cohesion forces on
the kaolin particles.

- The shear strength and shear modulus were normal-
ized using three geotechnical parameters; moisture
content, density, and applied normal stress.

- The results yielded five empirical correlation equa-
tions to predict the shear strength using maximum
shear modulus from bender element data.

- The equations indicated the importance of includ-
ing the effect of overburden pressure for the natural
sample as well as the in-situ moisture content and
field density to avoid uncertainty in the predicted val-
ue of the soil shear strength and modulus.

- At no depth limitation, all empirical equations (TN1,
TN2, TN3, TN4, and TN5) exceed +20% lines which
indicated a large variation in results.
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- At depth limitation (< 5 m), only equation 9 which
were derived from normalized shear strength TN4
showed reasonable validity and reliability to predict
the shear strength. Similar was on the prediction of
the shear modulus.

- The present of the gravel or high plasticity clay can
cause uncertainty on the predicted values. Conse-
quently, it is recommended to use an extra combi-
nation of the other index soil properties (e.g. specific
gravity, liquid limit, plastic limit) and use natural sam-
ples to increase the application and efficiency of the
empirical equations.
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