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Introduction 
 

The soil behavior at small-strain levels is commonly 

described by linear elasticity theory. In particular, several 

studies from different point of views have demonstrated that 

the sedimentary soils' behavior at small strains can be 

described by a cross-anisotropic elasticity model. 

Conceptually, different aspects of the stiffness anisotropy 

have been labeled ‘inherent’ and ‘induced’. The inherent 

anisotropy is intrinsically related to the grain forms and the 

depositional processes, and independent of the applied 

stresses and strains, while the induced anisotropy is caused by 

stress or strain changes following the depositional processes. 

The knowledge of the anisotropy characteristics of the soil, 

both inherent and induced, is an important prerequisite for 

making an accurate ground deformation prediction. 

 Despite the relative simplicity of the theory and 

formulation of cross-anisotropic elasticity, existing 

experimental investigations into its parameters are limited to 

those on soils with relatively uniform gradation, such as 

reconstituted sands [1-3], reconstituted silt [4], natural shale 

[5] and natural clays [6-11]. In this study, a so-called 

“intermediate” non-uniform offshore soil samples were 

studied to characterize their soil stiffness at small strains. The 

anisotropy stiffness patterns were investigated experimentally 

via a simple effective-stress-dependent cross-anisotropic 

elasticity model, and their relation to factors such as the 

sample age and physical properties was considered. 

Understanding the general picture of multi-dimensional 

stiffness characteristics of offshore intermediate soils will be 

helpful in analysing dynamic responses of marine structure 

such as breakwaters and wind turbine piles against wave and 

earthquake loading. 

  

 

Cross-Anisotropic Elasticity Model 
 

The cross-anisotropic model is a direct deduction of the 

Hooke’s law under some mechanical and thermodynamic 

considerations. This model has a main assumption that a 

material presents isotropic behavior in one plane and a same 

pattern of anisotropy in the orthogonal planes.  

 In order to take into account the effective stress 

dependency of the modulus values, a set of equations, Eqs. 

(1) to (2), proposed for the moduli of sand [3], were adopted 

to parameterize the stiffness anisotropy patterns. 

 (1) 

 

 (2) 

 

where pr is a reference pressure and the in-situ vertical 

effective stress (σv0') estimated for each sample have been 

adopted as its values in this research. The coefficients Cv, Ch, 

Cvh and Chh are normalized model parameters obtained from a 

linear regression analysis of the moduli values measured by a 

triaxial test with local deformation measurements and bender 

element tests. The exponents, mv, mh, nvh and nhh, represent 

the effective stress dependency of each modulus for all the 

tested samples. The function f(e) is a void ratio function, to 

take into account the effect of the density of the soil on 

stiffness. A void ratio function previously proposed [12] is 

used, as is given by Eq. (3) 

 

(3) 

 

where e is the void ratio and χ is a constant. A χ value of 1.3 

is used in this study, as was proposed [12] for clays. 

 

Materials and Method 
 
Tested Materials 
 
In this study, nine saturated natural samples, in undisturbed 

conditions, of fined-grained Holocene and Pleistocene 

sediments from different depths were tested. The soil samples 

were retrieved from a breakwater construction site in the 

Ishikari Bay New Port, Japan, by a pushed thin-wall sampler 

or a triple-barrel rotary core sampler, depending on the 

resistance of each layer. According to the physical properties 

of the soil samples, obtained from the materials collected 

during the trimming process of each sample, many of them 

can be classified as low plasticity (with four of them non-

plastic) and non-uniform materials and regarded as 

‘intermediate soils’ (mixed soils with the plasticity index of 

less than 30), with a wide range of physical characteristics, as 

shown in Fig. 1a) and 1b). 
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Fig. 1. a) Gradation curves; b) plasticity of the tested 

samples, respectively. 
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Testing Machine 
 
Two identical triaxial testing machines equipped with bender 

elements and local deformation devices, were used to 

determinate the necessary five elastic parameters in the cross-

anisotropic elasticity model. The two pairs of bender element, 

one across the sample diameter and the other across the 

height, were used to measure the shear moduli, Ghh and Gvh, 

respectively [7].  

      In this study, specimens with nominally 75-mm diameter 

and 100-110 mm height were tested. These dimensions are 

meant to match the common core sizes in Japan. A detailed 

description of the triaxial testing machine can be found in 

[13]. 

 

 

Testing Method 
 
The stiffness parameters were evaluated at three different 

stress states for each tested soil sample, as shown in Fig. 2, 

starting from isotropic stress conditions to anisotropic 

(K=0.5) stress states. At each stress point, three different 

types of loading-unloading probes were conducted, following 

the procedures explained by [13]. Each set of probes 

consisted of (a) 6 cycles of drained axial loading-unloading 

with a constant radial stress, (b) 6 cycles of drained radial 

loading-unloading with a constant axial stress, both with 

strain amplitude of 0.001% at a very slow rate of 

0.001%/hour, and (c) 6 cycles of undrained axial loading-

unloading with a strain amplitude of 0.001% at a rate of 

0.04%/hour. The resultant small deformations in the axial and 

radial directions were measured locally with a pair of LVDTs 

and a set of three non-contact gap sensors, respectively. To 

measure the remaining elastic parameters, bender element 

tests were carried out at each stress point. 
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Fig. 2. Stress state path of the triaxial tests performed 

 
Results and Discussion 
 
Model Parameterization and Indices of Inherent 
Stiffness Anisotropy 
 
The model parameter values in the set of Equations (1) y (2) 

were determined from the measured elastic moduli values. 

The  modulus  values  were measured  at each  corresponding  

stress state, defined by the stress path (Fig. 2). The values of 

the normalized coefficients, Cv, Ch, Cvh and Chh, and the mv, 

mh, nvh and nhh, were determined by a linear regression 

analysis of the relationship between each elastic moduli 

normalized by the void function, f(e), and a product of 

corresponding stress components (such as Ev'/f(e) against σv' x 

σv') in a log-log scale, as shown in Fig. 3. These coefficients 

express the magnitude of the moduli at a particular reference 

pressure, pr. The ratios between them represent the anisotropy 

at isotropic stress stresses, or inherent anisotropy, that 

underlies their variation during anisotropic stress changes. 

The modulus ratios of the respective coefficients values are 

showed in Table 1. 

 

10

100

500 5000 50000

E
la

st
ic

 m
o

d
u

li
/f

(e
) 
(M

P
a)

σv'σv', σh'σh', σv'σh'(kPa2)

T1-3: Clay:19%   Silt:46%   Sand:35%

Ev'/f(e)

Eh'/f(e)

Gvh/f(e)

Ghh/f(e)

Cvh nvh

Ghh/f(e)

Eh'/f(e)

Gvh/f(e)

pr2=σ'v0
2

Ev'/f(e)

A O,O'B

f(e)=e-χ

χ=1.3 [7 ]

 
Fig. 3. Example of elastic moduli normalized by the void 

ratio function plotted against corresponding stress products 

 

Table 1. Modulus ratios at isotropic stress states 

Sample Eh'/Ev' Ghh/Gvh Ch/Cv Chh/Cvh 
T2-1 1.44 1.29 1.71 1.09 

T1-1 1.24 0.72 1.85 1.17 

T1-3  1.16 0.95 1.02 0.80 

T1-4  1.38 0.97 1.33 0.98 

T1-5  0.60 0.93 0.79 0.97 

S2-3  1.24 0.99 1.88 0.77 

S1-1  0.98 1.20 0.79 1.27 

T2-6  1.37 1.07 1.41 1.07 

S1-5 1.00 0.90 2.05 1.09 

 
 
'Cohesive' and 'Non-cohesive' Soils and 
Comparison with Existent Studies 
 
In both type of soils, the inherent stiffness anisotropy is 

evident (Fig. 4). However, the way how the anisotropy is 

developed is slightly different. According to the results 

obtained, at ‘cohesive’ soils, the horizontal stiffness is larger 

than vertical, in most of the case. Although, the picture at 

‘non-cohesive’ soils is not completely different, the values of 

modulus ratios are slightly smaller.  This fact could be related 

to the way how the soil internal particles are organized, as 

consequences of the geological depositional processes, 

strongly influenced by the gravity force [7]. Although, post 

depositional geological processes may disturb the original 

arrangement of internal structure of soils, some studies [4]; 

[9-10]; [12] have demonstrated that the initial anisotropy  



patterns are dominant in over-consolidated clays’ stiffness 

and fairly robust against straining. 
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Fig. 4. Graphic representation of modulus ratios indicating 

the inherent anisotropic characteristics for 'cohesive' (black 

filled marks) and 'non-cohesive' soils 

   

    It is of interest to compare the observed anisotropy to those 

reported by previous studies. The ratio Chh/Cvh, equivalently 

to Ghh/Gvh at isotropic stresses, involving parameters directly 

obtained from the bender element tests, is a ratio typically 

quoted to evaluate the anisotropy at isotropic stress 

conditions. In case of sand and clays, the values reported for 

this ratio have been normally larger than unity (e.g., sand: [1]; 

[3]; clay: [6-8] and Nishimura [11] ). 

      The ratio Ch/Cv, or its equivalent Eh'/Ev', at isotropic 

stresses, is less commonly studied than Ghh/Gvh, and the 

existing studies mainly focused on sandy materials, since the 

evaluation of the drained stiffness for cohesive soils is 

technically difficult [11]. Results obtained by existent studies 

have shown a range of Eh'/Ev' values for granular material 

between 0.8 [3-4] to 1.2 [1]. 

       The comparison of the values obtained for both ratio (i.e. 

Ghh/Gvh, Eh'/Ev') with those from previous studies for uniform 

soils (i.e. sands and clays) suggests that natural intermediate 

soils tested in this study seem to possess inherent anisotropic 

stiffness characteristics that are similar to reconstituted sands 

than natural clays. This fact suggests that larger particles 

contained in intermediate soils may be more dominant over 

inherent anisotropy. 

 
 
Stress-Dependency of the Elastic Moduli 
 
The changes of the stress states can modify the stiffness 

anisotropy patterns, incurring induced anisotropy. The 

parameterization via the cross anisotropic model given by the 

set of Eqs. (1) and (2) allows evaluating the sensitivity of the 

individual moduli to a stress change by considering the values 

for its exponents (i.e. mv, mh, nvh and nhh). The determined 

values are plotted against sample depths in Figure 5. Almost 

they ranged between 0.10 to 0.40 and more typically between 

0.2 and 0.3,  except nhh and nvh for  the  sample T1-5,  which  

showed a very small values, and mh for S2-3, which on the 

contrary showed a value as large as 0.50.  

       Due to the small number of tests and these outlier data, it 

is still difficult to discern a clear trend of these exponents 

against either depth or lithology. It is at least found, however, 

that the variability in these exponents at this site is much 

larger than for uniform clays. For example, the data by 

Nishimura [11], who looked at six clays with different ages 

and sedimentary environment at both natural and 

reconstituted states, show that these four exponents ranged 

between 0.12 and 0.31 for 17 tests. Some existing studies on 

clays (e.g. [7]; [11], these exponents showed a tendency to be 

smaller for older materials, therefore decreasing with depth. 

In other words, the inherent anisotropy becoming less 

sensitive to stress changes at larger depth. However, in this 

study, such a kind of trend was not observed; the reason for 

this may be that the variability of lithology was so large that 

any subtle effect of ageing is masked. This fact may indicate, 

again, that the influence of gradation and lithology is the 

primary factor to determine the anisotropic characteristics of 

stiffness in soils. 
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Fig. 5. Stiffness model exponents against sample depth 

 
 
Conclusions 
 
A wide variety of soils samples, so-called intermediate soils, 

were tested at triaxial testing machine. In total nine samples 

were tested. At small strain levels, the stiffness values were 

measured, considering three stress state levels, starting from 

isotropic stress condition, equivalent to one third of the 

estimated in situ vertical effective stress. By the second stress 

state, a ratio horizontal effective stress to vertical effective 

stress of 0.5 was followed, until reach the estimated in situ 

vertical effective stress. This stress scheme, allowed 

characterizes the inherent stiffness anisotropy of the samples, 

by the use of a cross-anisotropic elasticity model. Likewise, a 

cyclic undrained test was carried out, in six of the total soil 

samples, to evaluate the stiffness degradation of the soil 

subjected to cyclic loading.  

 



Considering, the gradation of the sample and ages, the results  

Suggest that the primary factor governing the inherent 

anisotropy characteristics is the soil lithology or gradation 

rather than the level of effective stresses and age. The soils 

samples were grouped taken into account the gradation 

characteristics. Two groups were defined, ‘cohesive’ and 

‘non-cohesive’ samples, and evaluated its anisotropy 

characteristics. In both type of soils, the inherent stiffness 

anisotropy is evident. However, the way how the anisotropy 

is developed is slightly different. The soils with higher 

content of clay, so-called ‘cohesive’, showed larger horizontal 

stiffness values than vertical, in most of the case. 

 

The evaluation of the anisotropy was carried out by the 

analysis of two know ratios, Ghh/Gvh and Eh'/Ev'. The values of 

these ratios, were found range 0.72 - 1.29 and 0.6 - 1.4, 

respectively. A roughly comparison of these results with that 

obtained by existent related studies, the values obtained in 

this research are closer to those reported for sands than those 

for clays. 

 

The adopted cross-anisotropic elasticity model, allowed 

assessing the stress dependency of the elastic modulus. The 

results found here showed large scatters, varying from 0.03 to 

0.6 and no clear trend against depth or age was detected. 
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