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SUMMARY: The small strain shear modulus is an important parameter for machine foundation 

design. Such property can be anisotropic, as it is influenced by phenomena associated with 

microstructure formation and loads applied to the soil, for example. Bender element is known as an 

effective technique to obtain the small strain shear modulus of the soil and can also be useful in 

studying the effect of inherent or induced anisotropy on this property. In this paper, tests with 

bender elements were carried out on a sandy lateritic soil to access anisotropic behavior induced by 

the compaction process. The specimens were compacted at optimum water content, dry and wet 

sides of the compaction curve, and then trimmed in parallel and orthogonal direction to the 

compaction layers. The tests were performed under unconfined condition. Results showed that 

stiffness in the orthogonal direction was always larger than in the parallel direction. For the 

specimen on the dry side of the compaction curve, this difference was about 11%. Besides, a 

general trend of linear decrease was observed on the small strain shear modulus as compaction 

water content increased.  
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1 INTRODUCTION 

 

Soil properties such as shear modulus and damping ratio are essential data for designing machine 

foundation due to the dynamic nature of the loads. The effect of dynamic loading on the foundation 

performance depends on the nature of the loads, foundation geometry, inertia at the base of the 

superstructure, as well as soil stiffness (Gazetas, 1991). 

   Besides the dynamic properties, anisotropy and heterogeneity of the soils are also recognized as 

important aspects in machine foundation design (Gazetas, 1983). Anisotropic structures in soils are 
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originated by factors like horizontal deposition of the particles, anisotropic consolidation and 

compaction of embankments (Mitchell and Soga, 2005). 

   Regarding the compaction process, the mechanical efforts can contribute to the orientation of 

particles and pores to originate an anisotropic structure. In this case, mechanical and hydraulic 

properties of the soil depend on the direction (Duncan and Seed, 1966; Abramson, 2002). Even in 

the elastic domain, the structural anisotropy may result in anisotropic properties. 

   The anisotropy of elastic properties is mainly related to the microstructure of the soil and is 

influenced by the physical properties of the particles and the stress level imposed to the soil (Zeng 

and Ni, 1999). The shear modulus in the elastic domain, i.e. the small strain shear modulus, 

commonly shows some level of anisotropy (Bellotti et al., 1996; Jiang et al., 1997). Bellotti et al. 

(1996), for instance, found the small strain stiffness in the horizontal plane to be 20-30% greater 

than in the vertical plane in specimens of isotropically consolidated sand. On the other hand, some 

authors claim that the soil structure cannot be mobilized for very small strains, and therefore, small 

strain stiffness would not be affected by the plane of analysis (Kongsukprasert et al., 2007; Ham et 

al., 2010). 

   The small strain shear modulus can be obtained through field or laboratory tests (Barros and 

Hachich, 1998; Georgetti et al., 2015 respectively). Most of the techniques rely on torsional loads in 

soil columns or propagation of small amplitude waves through the soil (Georgetti and Vilar, 2015). 

   Among the laboratory techniques, bender elements have been increasingly used due to the 

simplicity and versatility of the apparatus, as it can be coupled to a variety of testing equipment, 

such as triaxial cells (Brignoli et al., 1996) and resonant columns (Dyvik and Madshus, 1985). 

Besides being an effective tool to obtain the small strain shear modulus, bender elements are also 

useful to investigate inherent anisotropy as well as the anisotropy induced by a stress state (Zeng 

and Ni, 1999). 

   Despite of the research effort in studying induced anisotropy in the elastic properties of soils, 

results concerning compacted lateritic soil are still scarce. Therefore, this paper aims at evaluating 

the influence of the compaction water content on the anisotropy of the small strain shear modulus of 

a lateritic soil via bender element tests. 

 

2 SOIL PROPERTIES AND PREPARATION OF SPECIMENS 

 

The investigated soil is from São Carlos, SP, Brazil and is typical of the central area of the State. 

The sample was collected 1 m deep in a lateritic soil profile. 

   Laterization is a characteristic process of regions under tropical or subtropical climate. The soils 

formed under laterization tend to show high porosity in situ. However, they achieve great 

mechanical and hydraulic properties if compacted. Due to such characteristics, lateritic soils have 

been widely used in pavement structures and earth dams.  

   The characterization of the soil sample consisted of grain size analysis and tests for Atterberg 

limits. Results show that the soil consists of 59% sand, 9% silt and 32% clay. The liquid and plastic 

limits are 33% and 22%, respectively. According to the Unified Soil Classification System, these 

are characteristics of a clayey sand (SC). 

   A standard Proctor compaction test provided the compaction curve shown in Figure 1. The 

optimum water content is 15.5% and the maximum dry density is 1.78 g/cm³. 
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Figure 1. Compaction curve. 
 

   In order to evaluate the influence of compaction water content on the anisotropy of the small 

strain shear modulus, three distinct compaction conditions were used to prepare specimens for the 

tests: dry side of the compaction curve (DS), optimum water content (OP) and wet side of the 

compaction curve (WS). The parameters for compaction in each of these conditions were selected 

from the compaction curve and are presented in Table 1. These parameters consisted in target 

physical indices for preparing the specimens. 

 
Table 1: Target physical indices for compaction. 

 CD (%) rd (g/cm³) w (%) Sr (%) 

DS 95.3 1.697 13.0 59.9 

OP 100.0 1.780 15.5 81.8 

WS 97.5 1.735 17.0 83.3 

CD – compaction degree; rd – dry density; w – water content; Sr – saturation degree. 

 

   For each compaction condition, the target amount of water was added to pulverized soil and 

allowed to set for 48 hours. Then, the soil was compacted in 7 layers inside 15.59 cm diameter by 

12.72 cm high metallic cylinders. Special attention was given to the thickness of each layer to 

guarantee a homogeneous density through the height. 

   After that, the compacted soil was trimmed to obtain 5.00 cm diameter by 10.00 cm high 

specimens for bender element tests. Some of the specimens were sampled in an orthogonal direction 

to the compaction layers and others were sampled parallel to the compaction layers, so anisotropy 

could be evaluated in the tests. Figure 2 illustrates the sampling orientation of the specimens in the 

compacted soil. 

 

 
Figure 2. Orientation of the specimens to be trimmed from compacted soil. 

 

   Further details on the compaction and trimming processes can be found in Santos (2015). 
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3 BENDER ELEMENT TESTS 

 

In this experimental program, the small strain shear moduli of the specimens were calculated from 

results of bender element tests. 

The bender elements are rectangular piezo-ceramic plates that experience a bending movement 

when electrically excited and vice-versa (Briaud, 2013). When a bender element is in contact with 

the soil, this movement generate a shear wave of very small amplitude. Thus, the soil only 

experience very small strains and remain in the elastic domain (Dyvik and Madshus, 1985). The 

basic aspects of shear wave generation from bender elements are shown in Figure 3.  

   The equipment used in this work consisted of a set of triaxial top cap and pedestal with embedded 

bender elements that were connected to an oscilloscope and a data acquisition system. The bender 

elements were placed in opposite ends of the specimen, so the shear wave propagated in the axial 

direction. Single sinusoidal pulses under a range of selected frequencies were used as input waves. 

The frequencies ranged from 1 to 16.7 kHz and allowed for later evaluation of the soil response. 

More information about the equipment and testing method can be found in Georgetti (2014). 

 

 
Figure 3. Principle of bender elements (Briaud, 2013). 

   The tests were performed in an unconfined environment, immediately after compaction and 

trimming steps, to have the water content unchanged.  

The shear wave travel time (t) was analyzed in the time domain and taken as the time span between 

the input wave start and the first major inflection in the output wave signal (Chan, 2010; Georgetti, 

2014). Figure 4 illustrates this procedure. 

 

 
Figure 4. Shear wave travel time from bender element tests (Georgetti, 2014). 
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   Although obtaining the travel time is quite straightforward, the occurrence of near field effects 

may mislead the analysis. The selection of high excitation frequencies in the tests have been used to 

minimize the interference of the near field effects in the results. The criteria for frequency selection 

has been the number of wave lengths (λ) in the wave path (Ltt) greater than 2 or 3 (Brignoli et al., 

1996; Arulnathan et al., 1998; Georgetti, 2014). The greater the input frequency, the greater the 

ratio Ltt/λ. 

   After obtaining the wave travel time, the shear wave velocity and the small strain shear modulus 

were calculated from Equation 1. 

 

     (1) 

 

where Go is small strain shear modulus, ρ =is density of the soil, Vs is shear wave velocity, Ltt is 

wave path, i.e. distance between tips of the bender elements, t is shear wave travel time. 

 

4 RESULTS AND DISCUSSION 

 

Table 2 shows the physical indices of the specimens after trimming. By comparing Tables 1 and 2, 

it can be seen that the trimmed specimens were representative of the target conditions. Besides, the 

compaction process was effective in producing homogeneous densification of the soil, as can be 

noticed by comparing the physical indices of the specimens compacted with the same water content. 

 
Table 2. Physical indices after trimming the specimens. 

 q Specimen 
CD 

(%) 
rd 

(g/cm³) 

w 

(%) 

Sr 

(%) 

DS 

90 1 93.5 1.664 12.7 55.8 

90 2 93.9 1.673 12.8 56.6 

0 3 94.5 1.683 12.7 57.3 

0 4 94.9 1.691 12.5 57.0 

OP 

90 5 98.7 1.758 15.1 77.0 

90 6 97.9 1.744 15.2 75.5 

0 7 97.2 1.730 15.3 74.3 

0 8 97.4 1.734 15.1 73.9 

WS 

90 9 95.6 1.703 16.8 78.3 

90 10 95.6 1.702 16.9 78.3 

0 11 95.5 1.669 16.7 73.8 

0 12 96.0 1.710 16.5 77.5 

 

   Results of bender element tests are presented in Figure 5, which shows the sinusoidal input wave 

of 10 kHz together with the soil response for all the specimens tested. In this figure, the output 

waveforms are referred to the specimen numbers (1 thru 12). 

   The output waveforms show consistency as they exhibit similar shapes. As previously mentioned, 

the first major signal deflection was assumed to be the shear wave arrival and the smaller 

deflections before that was attributed to compression wave arrival and near field effects (Georgetti 

et al. 2015). 
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Figure 5. Bender element test response of DS, OP and WS specimens. 

   It is also possible to observe in Figure 5 that the travel times decreased somewhat from DS to OP 

and WS specimens, which indicates increasing shear wave velocities as compaction water content 

decreased. However, when anisotropy is concerned, the difference between travel times in 

specimens sampled parallel and orthogonal to the compaction layers (dashed and continuous lines, 

respectively) cannot be clearly seen in this figure. 

   The travel times obtained from the output waveforms were used to calculate the shear wave 

velocities. Values of Vs varied according to the input frequency in the bender element and it can be 

seen in Figure 6, where Ltt/λ is proportional to the input frequency. Each curve in this figure 

correspond to data from a single specimen. For example, the specimen 1 had Vs varying from 207 to 

375 m/s. 

 

 
Figure 6. Shear wave velocity in bender element tests. 

   The curves in Figure 6 show a decrease of inclination near Ltt/λ = 3, which is very similar to the 

results from Georgetti (2014). Thus, aiming to minimize the interference of input frequency in the 

test results, for each specimen, the shear wave velocity was taken as the average Vs with Ltt/λ equal 

to or larger than 3. After that, Go was calculated from Eq.1. 

   Figure 7 shows the values of small strain shear modulus of all the specimens. The data were 

categorized by the sampling orientation. 
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Figure 7. Influence of anisotropy on the small strain shear modulus for different compaction conditions. 

According to this figure, an increase in the compaction water content caused a decrease in the 

small strain shear modulus of the soil for both sampling orientations, and this behavior can be 

somehow related to a decrease in soil suction. Moreover, linear trends nicely fitting the data suggest 

that a change in the compaction water content leads to a proportional change in Go, although some 

other relevant aspects, such as the dry density of the specimens, have not been taken into 

consideration in this analysis. 

Another aspect that can be noticed in Figure 7 is that the higher small strain shear modulus does 

not correspond to the compacted soil in the optimum water content. This behavior may be 

associated to the combined effect of dry density, soil structure and suction (Heitor et al., 2013). The 

increase in dry density causes the increase of Go (Ng and Menzies 2007), but at the same time, the 

increase in water content causes reduction of suction and consequent reduction of Go (Cho and 

Santamarina 2001). Along the compaction curve, the soil microstructural changes are relatively 

small (Delage et al. 1996). Thus, this combined effect may cause the Go reduction by successively 

increasing the compaction moisture content. 

Also in Figure 7, it is possible to observe the influence of the compaction water content on 

modulus anisotropy. The specimens showed to be stiffer in the orthogonal direction to the 

compaction layers than in the parallel direction, which is in agreement with the researches that 

found stiffness to be anisotropic even at small strains (Bellotti et al., 1996; Jiang et al., 1997). The 

greater difference in soil stiffness was observed for the soil in the dry side of the compaction curve, 

which had the orthogonal Go 11% larger than the parallel Go. This value is of the same magnitude 

as the ones found by Ng and Yung (2008) for a compacted silty clay. 

The microstructure of the soil at the dry side of the compaction curve, the resulting presence of 

aggregations (Delage et al., 1996) and the soil suction are likely to have contributed to this greater 

anisotropy shown by the DS specimens. As larger water contents were used to compact the soil, the 

aggregations and the suction exerted less influence on the anisotropic behavior of the small strain 

shear modulus. 

 

5 CONCLUSION 

 

This paper presented experimental results from bender element tests on a compacted lateritic sandy 

soil to evaluate the influence of compaction induced anisotropy on the small strain shear modulus. 

   By analyzing output signals from bender element tests, a wave path to wavelength ratio of 3 or 

more was shown to be appropriate to minimize near field effects in the shear wave arrival for all the 

tests. 

   Regarding the small strain shear modulus measured parallel and orthogonal to the compaction 

layers, the modulus was always larger in the orthogonal direction. Specifically, for the specimens 
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prepared in the dry side of the compaction curve, the orthogonal Go was 11% larger than the 

parallel one. Moreover, Go was influenced by the compaction water content in both directions. In 

general, Go values showed a trend of linear decrease as the compaction water content increased. 

   Finally, this paper confirms the occurrence of compaction induced anisotropy in the small strain 

shear modulus, which should be considered for more realistic geotechnical designs of machine 

foundations and other structures subjected to vibrations. 
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