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ABSTRACT: In this study, an effort has been made to study the influence of specimen size 

on deformation characteristic of medium dense (Dr 40-50%) Toyoura sand subjected to 

undrained cyclic loading. Two series of test were performed on hollow cylindrical specimens 

with different size, by air pluviation method, isotropically consolidated at an effective stress 

of 100kPa and then cyclically sheared under undrained conditions. Test were performed by 

using a modified torsional shear apparatus that is capable of achieving double amplitude shear 

strain up to about 100%. A parabolic relation is establish for the membrane correction force 

taking into account specimen size affect. In addition, comparison of liquefaction resistance, 

which is evaluated at double amplitude shear strain (DA) of 7.5%, is provided. Furthermore, 

the limiting value of the shear strain, at which initiation of strain localization appear during 

undrained shear loading test is evaluated by comparing the deviator stress (q) with shear 

strain(). 
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INTRODUCTION 

 
Specimen size has been investigated by various researchers on the behavior of granular soils using 

triaxial shear tests (marshal 1967, Marachi et al. 1969, Chew and Bharati 2011, Tarek et al (2014)). 

Shear strength parameters are significantly influenced by the change in the specimen size, that can affect 

the design and analysis of many geotechnical applications. Particularly, difference in the instability lines 

can affect in evaluating the liquefaction trigger resistance of soils. Critical state models (Jefferies 1993; 

Manzari and dafalias 1997; Andrade and Borja 2007) that depends on the critical state parameters 

(cscs used to predict granular sand behaviors, obtained from by experimental testing, and 

specimen size can greatly affect the accuracy and reliability of these models. 

It is commonly perceived that a large specimen provides a better representation of field soil behavior. 

However, the associated cost of materials used in the experimental testing limits the specimen size. 

Accordingly, several studies have proposed a minimum sizes for the direct shear and triaxial specimens 

to reduces or avoid specimen size effect. For example, the ASTM D3080 (2011) standard method for 

direct shear testing of soil requires a minimum specimen thickness of six times the maximum soil 

particle (Dmax) diameter and minimum specimen width of 10xDmax. Similarly, ASTM D4767 and 

ASTMD7181 (2011) standard method for triaxial undrained and drained compression test requires 

cylindrical specimen with minimum diameter of the largest of 6xDmax or 33mm. 

It is widely recognized that simple shear tests simulate field stress conditions expected during 

earthquakes more accurately than triaxial tests. The conclusions achieved by Yoshimi and Oh-oka 

(1975), through the performance of ring shear tests, were substantially opposite to those based on the 
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triaxial tests by Seed (1968). However, most of the above studies, shear strain was limited to 10%. 

Therefore, it is important to clearly understand the implications of changing the specimen size on 

extremely large shear strain.  

Based on the above-mentioned background, the aim of this study is to better understand the role of 

specimen size on undrained cyclic resistance on the large deformation behavior of medium dense 

saturated sand during undrained cyclic loading. 

 

TEST APPARATUS 
 

The fully-automated torsional apparatus, shown in Figure 1, was used in this study for laboratory testing. 

This device was developed by Kiyota et al. (2008) in the Institute of Industrial Science, University of 

Tokyo, and is capable of achieving γDA levels exceeding 100% by using a belt-driven torsional loading 

system that is connected to an AC servomotor through electro-magnetic clutches and a series of 

reduction gears. Torque and axial load are measured by a two-component load cell, which is installed 

inside the pressure cell, having axial load and torque capacities of 8kN and 0.15kNm, respectively.  

Difference in pressure levels between the cell pressure and the pore water pressure are measured by a 

high-capacity differential pressure transducer (HCDPT) with a capacity of over 600kPa. Volume change 

during the consolidation and initial shearing processes is measured by a low-capacity differential 

pressure transducer (LCDPT). An external potentiometer with a wire and a pulley is employed to 

measure large torsional deformations. Specified shear stress amplitude is controlled by a data acquisition 

system connected to a computer, which monitors the outputs from the load cell and calculates the shear 

stress. The measured shear stress is then corrected for the effects of the membrane force (Koseki et al. 

2005), as described henceforward. 

Toyoura sand (Gs = 2.659, emax = 0.951, emin = 0.608), which is a uniform sand with negligible fines 

content (Fc <0.1%), was used in this investigation. Its particle size distribution is shown in Figure 2. 

Four medium-size hollow cylindrical specimens with dimensions of 100mm in outer diameter, 60mm 

in inner diameter and 200mm in height were prepared by air pluviation method, thus producing a sand 

fabric with horizontal bedding planes (Sze and Yang 2014), at a relative density of 50±3% (Table 1). 

 
 

Figure1. Torsional shear apparatus employed in this study 
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Figure 2. Particle size distribution of Toyoura sand 

 

 

TEST PROCEDURE 

 

Air pluviation technique was employed to make it possible to minimize the degree of inherent anisotropy 

in the radial direction (i.e. moving radially the nozzle of the pluviator and at the same time 

circumferentially in alternative directions, i.e. first in clockwise and then anti- clockwise directions, De 

Silva et al. 2006) of the hollow cylindrical sand specimens. Specimen preparation was carried out 

carefully by pouring the air-dried sand particles into a mold while the falling height was kept constant 

throughout the pluviation process to obtain specimens with uniform density  

High degree of saturation (i.e. Skempton’s B-value > 0.95) was achieved by the double vacuum 

method (Ampadu, 1991), while circulating de-aired water into the specimens. The specimens were 

isotropically consolidated by increasing the effective stress state up to a p0’ = 100 kPa, with a back 

pressure of 200 kPa. Subsequently, to replicate seismic conditions, a constant-amplitude undrained 

cyclic torsional shear stress (τcyclic) was applied at a shear strain rate of 0.5%/min. The loading direction 

was reversed when the amplitude of shear stress, which was corrected for the effect of membrane force, 

reached τmax and τmin target values. During the process of undrained cyclic torsional loading the vertical 

displacement of the top cap was prevented to mimic as much as possible the simple shear condition that 

ground undergoes during horizontal excitation. 
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Test 

Relative 
Density 

Dr(%) 

Shear stresses (kPa) Mean effective stress (kPa) 
Specimen 

size 

τcyclic p0’  

1 48.4 0.20 100 A 

2 48.9 0.17 100 A 

3 48.3 0.12 100 A 

4 47 0.20 100 B 

5 40.1 0.15 100 B 

6 47 0.12 100 B 

Specimen size A = Height 200, outer dia = 100mm, inner dia=60mm 
Specimen size B = Height 300, outer dia = 150mm, inner dia=90mm 

 Table: 1 List of Test Performed 
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RESULTS AND DISCUSSION 

 

Effect on Membrane force 

 

Koseki et al. (2005), among others, pointed out that in performing torsional shear tests on hollow 

cylindrical soil specimens, due to the presence of inner and outer membranes, the effect of membrane 

force on measured torsional shear stress cannot be neglected (i.e. to calculate the actual shear stress 

applied on soils, the total stress measured by the load cell needs to be corrected for the apparent shear 

stress induced by the presence of the membrane, namely membrane force). Furthermore, membrane 

force becomes significantly important when shear strain reaches an extremely large level (Kiyota et al. 

2008; Chiaro et al., 2012). 

  

Usually, the membrane force is corrected based on the linear elasticity theory, which assumes cylindrical 

deformation of a specimen. Accordingly, the theoretical apparent shear stress (τm) induced by the inner 

and the outer membranes can be evaluated as follows: 
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here θ is the rotational angle of the top cap detected by external potentiometer; H is the height of the 

specimen; ro and ri are the outer and inner radii of the specimen; m and Em are, respectively, the 

thickness and the Young’s modulus (= 1470 kPa; Tatsuoka et al., 1986) of the membrane. 

Nevertheless, experimental evidence clearly demonstrates that at large shear strains, deformation of 

a hollow cylindrical sand specimen is not uniform along specimen height. In addition, specimen shape 

is far from being perfectly cylindrical (Kiyota et al., 2010; Chiaro et al., 2013). Accordingly, to confirm 

the validity of Eq. (1) in correcting for the effect of the membrane force, an appropriate testing procedure 

was developed over the years (Kiyota et al., 2008; Chiaro et al., 2012; Chiaro et al., 2015a). Umar et. al 

(2016) showed the hyperbolic correlation between  and m for specimen size having height 300mm, 

outer diameter 150mm and inner diameter of 90mm. In order to validate the correlating, specimen 

dimensions was changed to height 200mm, outer diameter 100mm and inner diameter of 60mm. 

A hollow cylindrical water specimen, monotonic torsional shear test was performed and results is 

plotted in Figure 3, to compare the specimen size effect on membrane force. From the Figure 3, it can 

be observed, changing the size of the membrane, membrane force is not greatly influenced. Therefore, 

it implies that existing correlation for the correction of membrane force is applicable irrespective of 

specimen dimensions.  
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Figure 3: a) Comparison of membrane force between two different specimens 

 

Undrained cyclic loading   

 
The effect of specimen size on sand behavior during undrained shear is presented in the following paragraph 
with respect to excess pore water pressure generation and undrained cyclic shear strength. Typical test results 
describing the cyclic loading behavior of two Toyoura sand specimens subjected to cyclic stress ratio of 0.15 

and 0.17 respectively are shown in Figure 4 and 5. 
Figure 4 and 5 compares the undrained shear stress versus mean effective stress principal stress and shear 

strain of two different specimen size (Test No.2 and Test No.5) respectively. In Figure 4a, specimen type A, 
full liquefaction (i.e. the state of zero effective mean stress, p’= 0) was achieved in 10 loading cycles. 
Similarly, in Figure 4b, specimen type B, the state of p’= 0 was reached in 21 number of cycles. Cyclic 

mobility was observed in the effective stress path in different specimen size, where the effective stress 
recovered repeatedly after reaching the state of zero effective stress (i.e., full liquefaction). It was 
accompanied by a significant development of shear strain, as evidenced by the stress–strain relationship 

(Figure 5). The difference in the rate of excess pore water pressure generation could be related to the slight 
different in the relative density and stress ratio, which can also be evident from different stress-strain 

relationship in Figure 5.  
  

 
 

Figure 4: Typical test results of effective stress path a) Test No.2 b) Test no 5 
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Figure 5: Typical test results of stress-strain relationship of  

Toyoura sand a) Test No.3 b) Test no 7 

 

Resistance against liquefaction 

  
Conventionally, the resistance to liquefaction or to cyclic strain accumulation of soils is evaluated as the 

number of cycles to develop a specific amount of double amplitude shear strain (γDA) during cyclic loading. 
Accordingly, Figure 6 compares the liquefaction resistance of different specimen sizes of Toyoura sand 

corresponding to a double amplitude shear strain (γDA) of 7.5%, which is equivalent a double amplitude shear 
strain of 5% in triaxial tests. It is evident, in spite of having different specimen size, Toyoura sand exhibits 
nearly same liquefaction resistance. 

 

 

 
 

Figure 6: Liquefaction resistance comparison with specimen size 
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Effect of specimen size on strain localization 

 

Failure of granular material is often characterize by the localization of non-uniform deformation 

commonly referred as shear band. Kiyota et al. (2008) found that the change in deviator stress q (= v’- 

h’) response observed in undrained torsional shear tests, in which any vertical displacement of the top 

cap was prevented (i.e. to attain simple shear condition), to be consistent with the behavior observed 

during drained monotonic torsional shear tests by Tatsuoka et al. (1986). Kiyota et al.(2008) considered 

the state at which q is suddenly reduced, as the state at which formation of shear band takes place. Chiaro 

et al.2013) further confirmed that this state (sudden reduction of q) marks the initiation of formation of 

shear band and it is followed by a residual stress state after full development of shear band(s). In the 

previous studies conducted by Chiaro et al. (2015) and Umar et al. (2016), it was confirmed that strain 

localization is intrinsic property of granular material depending on relative density only, irrespective of 

the stress state. However, effect of specimen size can also be associated with strain localization and 

boundary conditions.  

For Test No. 2 and 5, shear stress () and deviator stress (q) variation with shear strain during 

undrained cyclic simple torsional shear loading (where the vertical displacement is prevented) is shown 

in Figure 8a and 8b, respectively. Note that in Fig. 7a and 7b, sudden drop of q can be observed at the 

shear strain of 27%, which is regarded as the initiation of the shear band within the specimen. This 

implies that, strain localization is purely dependent on the relative density of sand.  

 

 
 

Figure 7: a) Comparison of undrained monotonic simple shear test 

 

 

CONCLUSIONS 

 

Undrained cyclic torsional shear loading tests with the modified torsional apparatus that is capable of 

achieving double amplitude shear strain up to about 100% were performed to investigate the effect of 

specimen size. Two series of test was performed on Medium dense (Dr 40-50%) Toyoura sand subjected 

to undrained cyclic loading. A parabolic relation is present for membrane correction force taking into 

account specimen size affect. Comparison of liquefaction resistance, which is evaluated at double 

amplitude shear strain (DA) of 7.5%, is provided. The limiting value of the shear strain, at which 

initiation of strain localization appear during undrained shear loading test is evaluated by comparing the 

deviator stress (q) with shear strain(). It can be concluded from the above findings, specimen size of 

height=300mm, outer dia=150mm, inner dia=90mm and height=200mm, outer dia=100mm, inner 

dia=60mm, does not greatly influence the sand deformation behavior. 
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