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ABSTRACT: The small-strain quasi-elastic stiffness is one of the parameters which 
describe the soil behaviour under working loads, including small and medium earthquake 
motions. Toward this end, many researches have been attempted to accurately measure 
the small strain behaviour of soils. This paper presents the laboratory test results on the 
stress-strain curves for specimens of Auckland clay for axial strains ranging from less 
than 0.001% up to 1.0% using linear variable differential transducers (LVDTs). Three 
submersible miniature LVDTs mounted on yokes, which clamp onto the 75mm diameter 
soil specimen at three points, each 120o from the other, were used to measure axial strains 
over a gauge length of 100mm. These LVDTs can consistently resolve displacements of 
less than 0.1 microns and, together with the 0.4N resolution internal load cell (i.e. axial 
stress of less than 0.1kPa on a 75mm diameter specimen) and a 16 bit A/D converter, 
gave accurate measurements of axial stresses and strains. Along with a description of the 
mechanical system, the recent modifications to the conventional triaxial equipment and to 
the testing methodology, which were introduced to further improve the test results, were 
also discussed. Finally, the performance of the device and the revised experimental set-up 
was illustrated by conducting tests on a rubber specimen and on three different types of 
soils under similar isotropic confining pressures.  Hyperbolic curve fitting was applied to 
the relationship between the deviator stress and axial strain in order to estimate the small-
strain stiffness of the soil. Test results confirmed that the measuring system can provide a 
detailed characterisation of the small-strain behaviour of soils under triaxial compression. 

1 INTRODUCTION 

The measurement of the small-strain quasi-elastic stiffness of ground is very important in the 
performance-based seismic design of foundations and soil structures. Past researches have shown that 
the measurement of small strain behaviour of soils in triaxial testing requires that sensitive 
instrumentation be attached directly to the soil specimen so that bedding errors and other effects at the 
top and bottom platens are eliminated (e.g., Burland & Symes, 1982; Costa Filho, 1985; and DaRe et 
al., 2001). In this paper, modifications were done on conventional triaxial apparatus to ensure that the 
testing system is able to produce good and reliable results when measuring the small strain stiffness of 
Auckland soils. These modifications can be divided into three main components to eliminate typical 
errors associated with specimen preparation, deformation and load measurement in the conventional 
triaxial testing. Moreover, preliminary test results are presented on the strain-dependent properties of 
shear moduli of selected Auckland soils to show the performance of the system. 

2 SOIL SAMPLES USED 

Samples were obtained from selected sites around Auckland by pushing 200 mm diameter and 200 
mm long sampling tubes which were fitted with a low angle cutting shoe into the ground at the desired 
depth using a hydraulic jack. Sample ends were levelled and sealed with thin rubber disks between the 
soil and caps to preserve the natural water content. The soil sample was then extruded using laboratory 
hydraulic jack (see Figure 1a and b) and cut into four quarters through the cross-section using electric 
band-saw. Each quarter of material was then trimmed to 75 mm diameter and 150 mm long using a 
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hand-operated soil lathe, thereby minimising the disturbance to the specimen. 

To ensure flat and square ends of the specimen, a special three-part split mould was used to cut the soil 
surplus. Top and bottom retaining rings assisted in holding the mould when the trimming of 
specimen’s ends was performed (see Figures 1c, d, e). Thin layer of quick-setting plaster was applied 
on the ends if necessary, to ensure that the specimens have flat and parallel ends (Figure 1f).  

In the tests presented herein, three different types of soil were used. These are the residual soils 
obtained in Hillcrest and Orewa, respectively, and the natural clay taken from Ponsonby. In this paper, 
the samples are named from the places where they were obtained. Table 1 shows the physical 
properties of the materials used in this study. Note that residual soils, which are products of 
weathering from underlying parent rocks and transported to various sites, behave very differently 
when compared to natural (sedimentary) soils. Because of this reason, and the fact that residual soils 
are deposited extensively in Auckland region, they are a matter of considerable geotechnical interest.  

 
Figure 1. Process of soil sampling at site and illustration of how the three-part split mould was used in the 
process of preparing the specimen. 

(a) (b) 

(c) (d) 

(e) (f) 
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Table 1: Physical properties of selected materials in the study. 

Type of soil Particle 
density, 

Gs 

Liquid 
limit, wLL 

(%) 

Plastic 
limit, wPL 

(%) 

Plasticity 
index, Ip 

Natural 
water 

content, 
wN (%) 

Bulk unit 
weight of 
specimen, 
γ (kN/m3) 

Hillcrest (residual) 2.69   63.8 30.4 33.4 32.1 17.7 

Ponsonby (natural) 2.64 137.8 40.1 97.7 42.6 17.8 

Orewa (residual) 2.59   65.4 42.3 23.1 37.8 17.6 

3 EXPERIMENTAL SET-UP 

Compared to a conventional triaxial testing machine, the apparatus used in this study used a stepper 
motor to raise the pedestal during the shearing stage. The stepper motor can perform 200 steps per 
revolution and, assuming no system backlash, each step moved the working surface by 0.39 μm. The 
used of a 16 bit A/D converter in the system produced a resolution better than 1µm over a 100 mm 
gauge length. Moreover, it enabled the data acquisition system to record 1520 data/sec at this setting. 
However, the rate of data acquisition can be adjusted depending on the rate of shearing applied. 

Accurate measurement of soil deformations in the triaxial test was the most challenging part in small 
strain stiffness study. Table 2 below briefly explains the typical errors associated with the strain 
measurements. For this purpose, several modifications and improvements were done to conventional 
testing procedures. For example, in order to improve the performance of the device for small-strain 
testing, a restrained cap was introduced to eliminate errors due to the rotation of the top cap and 
specimens during the consolidation process. Moreover, an internal load cell was used to eliminate 
nominal error associated with friction between the loading ram and the bush.  

In this study, three submersible miniature linear variable differential transducers (LVDTs) were used. 
Each transducer was 16.8 mm long and only 5g in weight. The principle of displacement measurement 
was based on changes in the movement of the LVDT core which triggered changes in voltage signal. 
To supplement the measurement for higher levels of strain (say, up to more than 10%), an external 
transducer attached to the base of the apparatus was also employed.  

Figure 2 shows the experimental set up used in this study. Three sets of mounting blocks (or yokes) 
were clamped individually into the 75mm diameter soil specimen at three points, each 120o from the 
other. Each LVDT block had an inner surface lined with emery paper and held against the specimen 
using rubber bands. The top and bottom blocks were positioned using an alignment pin and the gauge 
length set to 100 mm. This method of mounting the LVDTs was simpler than the usual approach of 
having a pair of spring-loaded cradles attached to the specimen. It also has the advantage that 
specimens of different diameters can be accommodated easily.  

The LVDTs can resolve distances less than 1 micron, or an axial strain of 0.001% for a 100 mm gauge 
length. Moreover, the load cell can resolve forces of less than 0.4 N, that is, an axial stress of less than 
0.1 kPa on a specimen 75 mm in diameter. Therefore, the small strain stiffness can be discussed within 
an accuracy of 0.1 MPa. 

The system required non-conductive cell fluid for unsealed electronic devices. Thus, Dow-Corning 
#200 silicone oil was used as cell fluid instead of normal water. The oil used has extremely low 
viscosity under a wide range of temperature and is optically transparent (see right side of Fig. 2), thus 
ideal for observation purposes during the test. The oil also does not degrade the O-ring seals or the 
latex membrane which enclosed the specimen. In addition, its large molecular structure helps prevent 
cell fluid penetration through the membrane and eliminates osmotic pressure gradient across it.  
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Table 2: Typical errors in the deformations measurement. 

No Type of error Illustration/Remarks 

1 BEDDING ERROR  

 Surface irregularities and poor fit at the 
interfaces between the specimen, porous stone 
and top loading cap. 

 

 

 

2 ALIGNMENT ERROR  

 Tilting of specimen 
 Non-uniformity of porous stone’s thickness 
 Non-horizontality of platen surface 
 Non-verticality and eccentricity of loading ram 
 Rotation of specimen causes expansion and 

compression during shearing. 

 

3 SEATING ERROR  

 Gaps closing between ram or internal load cell 
and top platen, or platen and porous stone 

 

 

 

 

 

4 COMPLIANCE ERROR 

 Deflection of internal load cell 
 Compression of lubricant in the system 
 Extension of tie bars  causes relative 

displacement of the cell top with respect to the 
piston 

 Compression of filter paper 

 

These are obvious sources of 
extraneous displacements which 
can be eliminated by direct 
measurement using on-specimen 
transducers. 

 

4 TEST RESULTS AND DISCUSSION 

4.1 Calibration testing 

Rubber specimen with 75 mm in diameter and 150 mm high was used to calibrate the performance of 
the system. The same specimen set-up discussed earlier was used in preparing the rubber specimen. 
Figure 3 shows the results of calibration test, indicating an excellent agreement between the three 
LVDTs (A, B and C), from very small strain levels up to 2.5%. 
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For axial strains less than about 0.3%, the displacements measured by external transducer gave 
displacements much larger than those obtained by on-specimen transducers. This observation is fairly 
common and therefore transducers attached directly to the specimen are required to obtain more 
accurate measurements of soil stiffness at small strains. 

4.2 Tests on Auckland soils 

The soil specimens were saturated by applying 700 kPa back-pressure, and then consolidated to an 
effective pressure of 65 kPa. During consolidation, a small axial load was maintained to ensure that no 
rotation of the top cap occurred at the top of the specimen. Undrained shearing was done at a specified 
displacement rate and the data logging system took 150 sets of readings every second. 

Figure 4 illustrates the shear stress – axial strain relation observed for Orewa residual clay within a 
small range of strains (i.e. up to 0.01%). Unlike the trend seen in the rubber specimen, the readings 
obtained by the three LVDTs are a bit different but fairly close to each other. This difference can be 
due to the natural variability within the clay specimen. Looking closely, the plots show an initial linear 
portion at strains up to about 0.002%, indicating the quasi-elastic properties of the soil. As the strain 
level increases beyond this threshold value, a continuous decrease in stiffness is observed. 
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Figure 2: Experimental set up for small strain triaxial test. 
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Figure 3: Shear stress vs axial strain measured by LVDT A, B and C for the rubber specimen. 
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For the purposes of data representation, the hyperbolic model shown in Equation (1) was used to 
idealise the nonlinear stress-strain behaviour of soil (e.g., Tatsuoka , 1987; Ishihara, 1995): 
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                                                                                                  (1) 

where, q is the deviator stress, q0 is the initial deviator stress, εa is the axial strain, εa0 is the initial axial 
strain, Emax is the Young’s modulus, and a is a constant.  

Firstly, the Young’s modulus, Emax, of each specimen was determined from the slope of the quasi-
elastic portion of the deviator stress-axial strain curve (up to 0.002% axial strain) using the method of 
least squares. Then, the constant value, a, which gives the minimum root mean square error, was 
computed using the Emax determined earlier and the average of the data points up to about 0.1% axial 
strain. The initial shear modulus (or shear modulus at small strain), Gmax is related to Emax using a 
Poisson’s ratio ν=0.5. The hyperbolic curve obtained from least-squares fitting is also shown in Figure 
4, where it is clear that the curve represents the trend in the data very well. Similar procedure of fitting 
a hyperbola was adopted in assessing the test results for the other types of soils. From the fitted 
hyperbola, the secant shear modulus of the soil for a wide range of axial strain can be easily obtained. 

Figure 5(a) presents the secant modulus-axial strain relationship obtained for Hillcrest, Ponsonby and 
Orewa samples at a displacement rate of 0.1 mm/sec for strains up to 2.5%. The average of the data 
obtained by the three LVDTs were plotted (for axial strains ranging from 0.1% to 2.5%) and these 
were extrapolated through a hyperbolic curve using least-squares fitting as described above. For each 
sample, the plots indicate an initial linear portion for strains up to about 0.002%, indicating the initial 
shear modulus, Gmax, of each specimen. With increasing strain level, degradation of stiffness is 
observed. 

The results shown in Figure 5(a) appear to indicate that the plasticity index (Ip) has significant effect 
on the initial shear modulus, Gmax, of the soil, with the highly plastic Ponsonby natural clay (Ip=97.7) 
showing the highest Gmax. This observation is not consistent with the findings obtained by Zen et al. 
(1997) and Yamada et al. (2008) where they noted that increasing plasticity index results in decreasing 
initial shear modulus. The reason for such discrepancy probably lies on the fact that the previous 
works were based on natural clay samples and remoulded samples containing sand and clay mixtures. 
It is possible that residual soils, which are products of weathering from underlying parent rocks and 
have undergone different formation process, behave very differently when compared to natural soils 
and therefore, existing correlations applicable for natural soils may not be applicable.  Further tests are 
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Figure 4: Shear stress-axial relation for Orewa residual clay up to an axial strain of 0.01% obtained by the three 
LVDTs and by least-squares fitting (shearing rate = 0.1mm/sec).  
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planned in the future to confirm this. Figure 5(b), on the other hand, shows the variation with axial 
strain of shear modulus normalized with respect to Gmax. It can be seen that there is not much 
difference among the three types of soils, although Ponsonby natural clay shows wider elastic range 
than the two residual soils. 

Figure 6 compares the effect of shearing rate on the strain-dependency of shear modulus for Orewa 
clay. Two different rates were considered: 0.1 mm/s and 0.01 mm/s. It is observed from Figure 6(a) 
that Gmax at 0.1 mm/s is about 13% lower than that at 0.01 mm/s. Although Shibuya et al. (1992) 
asserted that the rate of shearing hardly affects the stiffness at very small strain range, it is not clear 
whether such observation is valid only for natural clays and not for residual clays. Again, further tests 
are being planned in the future to confirm this finding. However, Figure 6(b) clearly indicates that the 
normalized shear modulus (G/ Gmax) is not affected by the rate of shearing. 

5 CONCLUSIONS 

Preliminary testing on three different types of soils show that the apparatus developed was capable of 
measuring the soil stiffness at very small strain. The LVDTs used showed the possibility of obtaining 
shear modulus – axial strain relationship for large range of strains. The major conclusions obtained 
from this study are as follows. 
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(a)                                                                                    (b)  

Figure 5: Strain-dependent characteristics of (a) shear modulus; and (b) normalised shear modulus for the 
Hillcrest, Ponsonby and Orewa samples. 
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(a)                                                                                    (b)  

Figure 6: Effect of shearing rate on the strain-dependent (a) shear modulus and (b) normalised shear modulus 
for Orewa residual soil. 
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− An excellent agreement between the three LVDTs attached to the rubber specimen was observed 
up to 2.5% axial strains, confirming that the LVDTs and the modifications made to the apparatus 
were capable of producing good results. 

− Least squares fitting of hyperbolic curve on the stress-strain relations helped in producing good 
quality quasi-elastic stiffness of Auckland soils. 

− The Gmax obtained from natural clay was substantially higher than those obtained for residual clays, 
indicating possible differences in their microstructure. 

− The small difference between the Gmax obtained from two different shearing rates seemed to indi-
cate that the rate has no significant effect on the soil stiffness at very small strain.  

The objective of developing a low-cost system with simple installation and operation appeared to be 
successful. Further investigations are needed to be carried in order to better understand the small-strain 
behaviour of both natural and residual Auckland soils. 
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