
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


1 INTRODUCTION 

Stiffness is an essential characteristic of soil re-
sponse and a critical parameter in geotechnical de-
sign. Strains occurring in the ground for structures 
designed to be far from failure (Serviceability Limit 
State design) are generally small. Therefore, a better 
knowledge of stiffness parameters at small and very 
small strain level is important for realistic predic-
tions of ground deformation (Burland 1989). Fur-
thermore, the small-strain analysis should take into 
account the unsaturated condition of the soil for the 
case of shallow geotechnical structures interacting 
with the atmosphere. In these cases, the use of ‘con-
ventional’ saturated soil stiffness parameters might 
lead to erroneous predictions of ground movement. 

The small strain shear modulus G0 is recognised 

to be affected by both suction and degree of satura-

tion (Picornell & Nazarian 1998; Vinale et al. 1999; 

Mancuso et al. 2002). A number of experimental in-

vestigations have shown how soil may be signifi-

cantly stiffer along either a wetting path (Khosravi 

& McCartney 2011; Ng et al. 2009; Ng & Xu 2012) 

or a drying path (Khosravi et al. 2016). The incon-

sistency of the experimental evidence is in contrast 

to the common assumption that unsaturated soil 

stiffness is controlled by the average skeleton stress 

(Jommi 2000). If this was the case, higher values of 

degree of saturation at the same value of suction 

(drying path), which lead to higher values of average 

skeleton stress, should lead to higher values of stiff-

ness, which is not always the case. 

This paper presents a conceptual model able to 

explain qualitatively the different trends of variation 

of G0 along the water retention hysteresis loop, 

based on both the intergranular stress under unsatu-

rated conditions and the water retention characteris-

tics of the soil. Furthermore, the results of an exper-

imental investigation of small strain stiffness of 

unsaturated well-graded sand via the propagation of 

mechanical waves (BE technique) are presented and 

qualitatively justified using the proposed conceptual 

model. 

2 CONCEPTUAL MODEL FOR G0 IN 
UNSATURATED SOILS 

The conceptual model proposed in this paper is 
based on the widely accepted assumption that the 
small strain shear modulus G0 of soil aggregates is 
dependent on the level of stress of the aggregate it-
self. In unsaturated soils, the stress developing at the 
particle scale (intergranular stress) is related to both 
suction and degree of saturation, these in turn de-
scribing the water retention characteristics of the ag-
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gregate. If the intergranular stress (microscopic lev-
el) is assumed to reflect on the effective stress of the 
aggregate (macroscopic level), the evolution of the 
intergranular stress along the water retention hyste-
resis loop can be explored to predict qualitatively the 
evolution of G0.  

2.1 Intergranular stress of ideal unsaturated soils 

In unsaturated soils, the two-phase pore fluid (water 
and air) can be ideally described as the coexistence 
of a region fully occupied by bulk water (saturated 
region) and a region occupied by the menisci alone 
(unsaturated region). Therefore, the intergranular 
stress of an unsaturated soil aggregate will be de-
pending on the intergranular stress developing in 
both the bulk water region and the unsaturated re-
gion.  

Let us consider an ideal unsaturated packing as 

shown in Figure 1. Particles are arranged in an open 

cubic configuration, and the contact area of each pair 

of spherical particles is a point. The intergranular 

stress of the unsaturated packing, , can be derived as 

follows (Boso et al. 2005): 𝜎𝜎𝑖𝑖 = 𝜎𝜎 + �𝜎𝜎𝑖𝑖𝑏𝑏  
𝑆𝑆𝑟𝑟−𝑆𝑆𝑟𝑟𝑟𝑟1−𝑆𝑆𝑟𝑟𝑟𝑟 

+ 𝜎𝜎𝑖𝑖𝑚𝑚  �1 − 𝑆𝑆𝑟𝑟−𝑆𝑆𝑟𝑟𝑟𝑟1−𝑆𝑆𝑟𝑟𝑟𝑟 
��  (1) 

where Sr is the total degree of saturation of the pack-

ing, Srm is the degree of saturation of the unsaturated 

region, σ is the total stress, σi
b is the intergranular 

stress in the saturated region, and σi
m is the inter-

granular stress in the unsaturated region. 
 

 
Figure 1. Ideal unsaturated packing. 
 

The first term in square brackets takes into account 

the intergranular stress developing in the saturated 

region, which equals suction (σi
b = s). The second 

term in square brackets takes into account the inter-

granular stress for the case where a meniscus forms 

at the inter-particle contact (Fisher, 1926): 𝜎𝜎𝑖𝑖𝑚𝑚 =

2𝜋𝜋𝑟𝑟𝜋𝜋1+𝑡𝑡𝑡𝑡𝑡𝑡(𝜃𝜃 2⁄ )𝜋𝜋𝑟𝑟2  (2) 

 

 
Figure 2. Qualitative evolution of the intergranular stress with 
suction in the saturated and unsaturated region. 

 

where θ is the angle defining the position of the me-

niscus junction (in turn related to suction s), r is the 

particle radius, and T is the surface tension. 

Figure 2 shows qualitatively the variation of σi
m 

and σi
b with suction. It can be seen that the inter-

granular stress in the unsaturated region σi
m can be 

assumed to be practically independent of suction. 

Furthermore, σi
m prevails on σi

b for small values of 

suction (s < s*), while its contribution to the total in-

tergranular stress becomes less relevant as suction 

increases (s > s*). This reversal of trend is assumed 

to play a role in the variation of G0 with suction and 

degree of saturation, depending on the water reten-

tion characteristics of the soil aggregate. 

2.2 Influence of water hysteresis on G0 

Let us now consider the water retention hysteresis 

loop characterising a soil aggregate (Figure 3). For 

the same value of suction si, taken anywhere in the 

suction range of the water hysteresis loop, the degree 

of saturation of the packing assumes different values 

if taken on a drying or on a wetting path. On a dry-

ing path (point A in Figure 3), the degree of satura-

tion corresponding to si is higher than the degree of 

saturation taken on a wetting path for the same suc-

tion (point B in Figure 3). Equally, the area of the 

saturated region of the corresponding idealised un-

saturated packing is larger than the area of the un-

saturated region in point A, vice-versa in point B. 
Let us now look at the evolution of the intergran-

ular stress during the wetting-drying cycle. Two dif-
ferent scenarios can be considered: case 1) the water 
retention behaviour develops over a range of suction 
contained in the interval [0, s*], i.e. si < s*, and case 
2) the breadth of the water retention hysteresis loop 
exceeds the interval [0, s*] and si > s* (Figure 4).  

In the first case, the intergranular stress of the 
saturated region, σi

b, never exceeds the intergranular 
stress of the unsaturated region, σi

m .  



 
Figure 3. Water retention hysteresis loop. 

 

 
Figure 4. Intergranular stress for case 1) si < s* and case 2) si > 
s*. 

 
This means that, over a whole wetting-drying cy-

cle, the contribution of the presence of the menisci 
to the intergranular stress of the unsaturated packing 
is always higher than the contribution of suction in 
the bulk water region. Since the effect of the menisci 
is more relevant along a wetting path, where the de-
gree of saturation for the same value of suction is 
smaller and the area occupied by the menisci is larg-
er, the soil is expected to exhibit a stiffer behaviour 
upon wetting rather than upon drying.  

In the second case, the intergranular stress of the 
saturated region σi

b crosses the intergranular stress of 
the unsaturated region σi

m (at s = s*), and eventually 
becomes the predominant contribution to the inter-
granular stress of the packing as suction increases (s 
> s*). This means that, since the intergranular stress 
is initially dominated by the intergranular stress due 
to the presence of the menisci (s < s*) and then 
dominated by the intergranular stress in the bulk wa-
ter (s > s*), a trend reversal of the evolution of G0 

with suction is expected to occur. The soil may ex-
hibit a stiffer behaviour upon drying for si > s*, 
where the area occupied by the bulk water is larger 
than the area occupied by the menisci (i.e., the de-
gree of saturation at the same suction is higher). 

3 EXPERIMENTAL INVESTIGATION 

An experimental investigation of the effect of suc-
tion and degree of saturation on the small strain 
shear modulus of unsaturated, well-graded sand was 
carried out in this study. The small strain shear 
modulus of the specimen along a water retention 
hysteresis loop was inferred via the propagation of 
mechanical shear waves using the Bender Element 
technique (Shirley and Hampton 1978).  

A triaxial cell apparatus was modified by incor-
porating Bender Elements (BE) into the pedestal and 
top cap to transmit and receive mechanical waves 
respectively. A function generator and an oscillo-
scope allowed the input signal to be sent and both 
input and output signals to be recorded respectively. 

The negative water column method was used to 
determine the soil water retention curve on both dry-
ing and wetting paths. Pore-water pressure inside the 
specimen was controlled with the aid of a height-
adjustable water reservoir connected to the bottom 
drainage of the sample. 

3.1 Testing material 

Tests were carried out on a cylindrical sand speci-
men of 124.5 mm height and 100 mm diameter, with 
a well-graded particle size distribution (D0 = 0.212 
mm, D100 = 1.7 mm). A well-graded particle size 
distribution leads to a well-graded pore size distribu-
tion and, hence, to a gradual desaturation process. A 
smoother water retention curve minimises differ-
ences in the degree of saturation between the top and 
the bottom of the specimen. 

A cylindrical (10×100 mm) silt filter was in-
stalled on top of the base pedestal to transmit posi-
tive/negative pore-water pressure to the specimen, 
rather than a conventional porous stone. The silt lay-
er provides a high air-entry interface to allow trans-
mission of suction to the specimen while preventing 
the ingress of air into the water drainage system. 
Furthermore, it prevents the development of large 
pores at the specimen/filter interface (so called wall 
effect) which is likely to occur in coarse grained ma-
terials. The filter was prepared using a crushing 
quartz stone known by the commercial name of Sili-
ca (mean particle size of 25.2 µm). The silt filter pa-
rameters and sand specimen parameters are shown in 
Table 1 and 2 respectively. 

Table 1. Silt filter parameters. 

Parameter  
Height (cm) 1 
Diameter (cm) 10 
Total volume (cm3) 78.54 
Specific gravity 2.7 
Dry density (g/cm3) 1.25 
Void ratio 1.16 
Dry mass (g) 98 

 



Table 2. Sand specimen parameters. 

Parameter  
Height (cm) 12.45 
Diameter (cm) 10 
Total volume (cm3) 977.82 
Specific gravity 2.63 
Dry density (g/cm3) 1.59 
Void ratio 0.49 
Dry mass (g) 1554.24 

 

3.2 Testing procedures 

3.2.1 Silt filter preparation 
A 100 mm diameter cylindrical splitting mould was 
used to give the required shape to the specimen and 
the silt filter. In order to prevent silt loss, filter paper 
was first placed on the base pedestal. A latex mem-
brane was placed inside the mould, fixed to the cell 
pedestal with two O-rings, stretched to the top of the 
mould and held open by applying a vacuum. A silt 
slurry (w=500%) was poured into the mould and al-
lowed to settle for 48 hours. The amount of silt used 
to prepare the slurry was calculated in order to ob-
tain a 10 mm thick filter. After sedimentation oc-
curred, excess water was drained out of the mould 
by adjusting the water reservoir height until its water 
level was up to the top of the silt surface.  

The silt filter was consolidated by applying suc-
tion up to approximately 10 kPa (smaller than the air 
entry value of the silt). Suction was applied in steps 
by lowering the water reservoir below the bottom of 
the silt filter. The consolidation process was moni-
tored by recording the water exchange between the 
silt filter and the reservoir using a balance. After ap-
plying the last suction step, the water reservoir was 
raised in steps until its water level was 2 mm above 
the top of the silt filter. 

3.2.2 Specimen preparation 
Different sizes of oven-dried fine, medium and 
coarse grained sand were mixed together and placed 
into the mould with the aid of a specially manufac-
tured pluviator, in order to obtain a homogeneous, 
repeatable specimen. Pluviation was performed in 
steps until a 124.5 mm height sample was obtained. 
The triaxial cell top cap was then covered with filter 
paper and placed on the top of the specimen. 

3.2.3 Wetting-drying cycles and BE measurements 
After preparation, the specimen was subjected to a 
first wetting and drying cycle by adjusting the water 
level in steps, up to the top of the specimen and 
down to roughly 1 m below the top of the specimen 
respectively. For each step, the change in mass of 
water in the reservoir due to the water exchange in-
duced by the suction change was recorded using a 
balance. After first drying, the splitting mould was 
dismantled, the triaxial cell assembled and filled 
with de-aired water. An isotropic confining pressure 
of 10 kPa was then applied to the cell via a pres-

sure/volume controller device, and a saturation pro-
cedure was performed in order to reach full satura-
tion (i.e. degree of saturation of the sand specimen 
higher than 0.95).  

Once the specimen was fully saturated, the nega-
tive water column method was used to perform a 
second drying-wetting cycle, up to a maximum suc-
tion of about 10 kPa. At each suction step, shear 
wave velocity measurements were taken after hy-
draulic equilibrium was reached. A sinusoidal input 
wave with a frequency of 5 kHz was applied to the 
BE transmitter. Output signals were recorded and 
filtered in order to enable identification of the first 
wave arrival. Once the wave travel time Δt was de-
termined, the shear wave velocity Vs and the small 
strain shear modulus G0 were calculated as follows: 𝑉𝑉𝑠𝑠 =

𝐿𝐿𝑡𝑡𝑡𝑡∆𝑡𝑡                                  (3) 𝐺𝐺0 = 𝜌𝜌𝑉𝑉𝑠𝑠2                               (4) 

where Ltt is the travel length, taken as the tip-to-tip 
distance between the transmitter and the receiver 
bender element, and ρ is the dry density of the soil. 
The travel time Δt was taken as the time distance be-
tween characteristic points of the input and output 
signals. 

3.3 Discussion of the experimental results 

Figure 5 shows the degree of saturation plotted 
against applied suction (drying and wetting path of 
the soil water retention curve). The small strain 
shear modulus measured at some critical points is al-
so reported in the figure.  

The tested specimen exhibits a stiffer behaviour 
upon wetting, as often reported in the literature. This 
behaviour can be elucidated by invoking the pro-
posed conceptual model. Under the adopted test 
conditions, the higher stiffness observed along the 
wetting path is a result of the evolution of the inter-
granular stress within the breadth of the water reten-
tion hysteresis loop: it can be speculated that the 
suction range explored in this study (from 0 to 10 
kPa) corresponds to a range in which the intergranu-
lar stress of the unsaturated region is always higher 
than the intergranular stress of the saturated region, 
as for case 1) previously described. 

4 CONCLUSIONS 

Soil stiffness has been widely observed to be de-
pendent on suction and degree of saturation. The 
evolution of G0 with suction and degree of saturation 
is still not clear as controversial experimental results 
have been gathered over the last years, with the soil 
being stiffer along either a wetting path or a drying 
path during hydraulic hysteresis.  



 
Figure 5. Water retention behaviour and small strain stiffness 
during hydraulic hysteresis 

 
This paper presents a conceptual model for the in-

terpretation of the evolution of the small strain shear 
modulus with suction and degree of saturation. Ac-
cording to the proposed model, the variation of G0 is 
controlled by the evolution of the intergranular stress 
over a hydraulic hysteresis loop. The breadth of the 
water retention curve has an effect of the evolution 
of the intergranular stress and, hence, can lead to dif-
ferent patterns of G0 during hydraulic hysteresis: if 
the intergranular stress due to the presence of the 
menisci remains higher than the intergranular stress 
in the bulk water within the explored suction range, 
soil is stiffer upon wetting; if the intergranular stress 
in the bulk water becomes predominant within the 
explored suction range, soil can be stiffer upon dry-
ing. 

An experimental program has been carried out us-
ing a modified triaxial cell to investigate unsaturated 
soil behaviour in the very small strain range. Exper-
imental results confirm that wave velocity and, 
hence, stiffness is not controlled by the average 
skeleton stress (Bishop stress) as would be expected. 
Soil exhibited a stiffer behaviour upon wetting, lead-
ing to the conclusion that the intergranular stress due 
to the presence of the menisci was relevant with re-
spect to the intergranular stress in the bulk water un-
der the adopted test conditions. 
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