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Geoengineering design and analysis require to repre-
sent in a realistic way the mechanical behaviour of 
soils. In ordinary practice, this is mainly achieved 
based on classical laboratory tests, such as triaxial 
tests, or in situ tests, such as pressuremeter tests 
(widely used in the French practice) or SPT. Alt-
hough these tests do provide useful information on 
soil behaviour and most rupture mechanisms, they 
do not allow fully characterizing the soil behaviour 
from very small to very large deformations. One of 
the most important geoengineering properties is the 
stiffness of the material. Soil stiffness is known to 
decay as deformation increases (Kramer 1996). As it 
is known, the shape of the modulus reduction curve 
(Fig. 1) depends on several factors such as mean ef-
fective confining pressure, soil plasticity, void ratio, 
overconsolidation ratio, and number of loading cy-
cles. Mean effective confining pressure and soil 
plasticity play the most important role. 

A site in the east of Paris, France has been select-
ed for carrying out an experimental program de-
signed to obtain shear modulus reduction curves 
from various types of tests and for increasing strain 
level. The experimental program includes in-situ and 
laboratory tests. More specifically, surface wave 
methods (MASW) have been used, standard and cy-
clic pressuremeter tests, resonant column tests, as 
well as cyclic triaxial and monotonic triaxial tests 
have been performed.  

Figure 1. Schematic variation in shear modulus with different 
shear levels for different geoengineering applications, in-situ 
tests and laboratory tests (modified after Atkinson & Sallfors 
1991, Mair 1993). 

2 EXPERIMENTAL PROGRAM 

2.1 Materials 

The site chosen for running the experimental pro-
gram is characterized by silty soils in the first 3 me-
ters from the surface. Beneath this level, clay and 
sand was found together with some calcareous blocs. 
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ABSTRACT: Soil is known to behave nonlinearly when large strains are attained. The aim of the present pa-
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shear modulus degradation up to moderate soil strains, cyclic triaxial tests and standard triaxial tests to obtain 
the material strength at failure. All laboratory tests are conducted on specimens from the on-site soil samples. 
Finally, a 2D shear modulus reduction model is constructed combining all these tests. 
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The soils were sampled on-site by rotary core tube 
sampling in order not to cause soil disturbance and 
to get intact material for laboratory experiments. 
Sample quality assessment using volumetric strain 
was found to be fair to good (after Andersen & 
Kolstad, 1979). Soil identification and classification 
tests such as particle size distribution, Atterberg lim-
its, water content and soil mass density were carried 
out.  

Figure 2. Site location (Geoportail/IGN) and in situ measure-
ments emplacement). 

The core SC01 (Fig. 2) revealed a 3-m deep layer of 
silty soil with an Ip = 19 %, followed by 2 m of cal-
careous clay with an Ip = 40 %. Then, sand (Ip = 
7%) constitutes the rest of the 10-m soil column 
sampled on site. Two calcareous blocs were found at 
a depth of 9.30 m and 9.80 m in the soil column. 
Their size was respectively 0.25 m and 0.17 m. 
Standard pressuremeter test (PMT 1) and cyclic 
pressuremeter test (PMT 2) were run at both sides of 
SC01, at a distance of 5 m. 

2.2 Testing procedures 

To fully characterize the shear modulus reduction 
curve for the soil, an experimental program was es-
tablished. The program includes in situ and laborato-
ry tests with on-site soil samples. 

2.2.1 Surface wave methods 
Surface waves methods have gained in popularity for 
being less expensive and non-intrusive methods for 
characterizing soils and providing useful information 
on stiffness profile.  

Multichannel analysis of surface waves (Park et 
al. 1999) was realized on site to define the 1D and 
2D shear wave velocities profiles of the site. 
Knowledge of Vs allows defining in situ low strain 
shear modulus, Gmax, with the relationship:   

 (1) 

where  = soil density [kg.m-3]; and VS = shear 
wave velocity [m.s-1]. 

For this experiment, 24 geophones of a frequency 
of 4.5 Hz were placed in a line on the ground with a 
distance of 2 m from one to another. The line was 
moved by steps of 4 m to cover a 80-m long linear 
profile. A manual penetrometer mass was used as a 
hitting mass causing the required shock to start sig-
nal acquisition.  

To obtain the shear wave velocity profile, the data 
recorded on site were treated by SeisImager and Ge-
opsy. The shear velocity profiles obtained by both 
computer programs have been compared. SeismIm-
ager performs a basic inversion, mainly based on 
depth and layer thickness, using the least squares 
method. Geopsy needs prior information to be im-
plemented and uses another method of inversion 
known as the neighbourhood algorithm. For this 
study, only the shear velocity profiles obtained with 
SeisImager were taken into account because the use 
of Geopsy led to slightly higher Vs values. 

2.2.2 Resonant column tests (RC) 
Resonant column tests were performed to determine 
the shear modulus from very small strains 
(~10-4%) (Gmax) up to shear strains of 10-2%.  
Resonant column tests were performed following the 
standard procedure ASTM D 4015–92 on clayey and 
sandy material using undisturbed solid cylindrical 
specimens (D = 50 mm and H = 100 mm). The spec-
imens went through saturation (Skempton’s coeffi-
cient checked) and consolidation phase before taking 
undrained tests on them. The shear modulus is calcu-
lated from: 

(2) 

where L = specimen length [m], fT = system resonant 
frequency for torsional motion [s-1], and FT = di-
mensionless frequency factor. 

2.2.3 Cyclic triaxial tests (CT) 
The cyclic triaxial tests were run on solid cylindrical 
undisturbed specimen (D = 50 mm and H = 100 
mm) following the standard procedure ASTM D
3999–91. All specimens went through saturation
(Skempton’s coefficient checked) and consolidation
phase before undrained cyclic loading. The single
specimen went through staged loading, which means
application of progressively increasing levels of
load. Each stage consists of 40 loading cycles with
the first half cycle loaded in compression. The load-
ing frequency chosen for all the tests was 0.75 Hz.
The presented results concern only the modulus de-
termined from the tenth cycle of loading. As stipu-
lated in the standard procedure, the Young’s modu-
lus, E, is derived (3) from the test and a shear
modulus can then be deduced (4).

N
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(3) 

(4) 

where LDA = double amplitude load [kN];  SDA = 
double amplitude deformation [mm]; LS = height of 
the specimen after consolidation [mm]; AS = area of 
the specimen after consolidation [mm-2]; and v = 
Poisson’s ratio, which for the undrained condition is 
assumed to be equal to 0.5.  

2.2.4 Monotonic triaxial tests (MT) 
To obtain the reference shear strain, which is a key 
quantity to derive shear modulus reduction curve, 
monotonic undrained triaxial tests were realized. 
Undisturbed solid cylindrical specimens have been 
used according to French standards NF P 94-070 and 
NF P 94-074. These tests allowed determining cohe-
sion (c’) and internal friction angle (φ’) for soils. The 
shear modulus can be obtained by the equation (4) 
and shear strain, γ, can be calculated from the fol-
lowing equation: 

 (5) 

where ε = axial strain. 

2.2.5 Pressuremeter test and cyclic pressuremeter 
test (PMT and PMTr) 

The pressuremeter test was developed in France and 
can be credited to Louis Ménard.  

The pressuremeter is a cylindrical device that uses 
a flexible membrane to apply a uniform pressure to 
the walls of a borehole. Deformation of the soil can 
be measured by the volume of the fluid injected into 
the flexible membrane. After correcting the meas-
ured pressures and volume changes, a pressure-
volume curve can be obtained and used to compute 
the stress-strain soil behaviour. Then, useful soil pa-
rameters can be obtained, such as: pressuremeter 
modulus EM, soil limit pressure pL and the creep 
pressure pF. 

To align this test with the logic of shear modulus 
reduction curve, some precision needs to be added. 
In fact the theory of the cylindrical cavity expansion 
relies on Lamé’s (1852) equation: 

(6) 

where G = the shear modulus;  R = the radius of 
borehole; and  ∆R = the radius increase as a function 
of the increase of the pressure ∆p on the borehole’s 
wall. 
Ménard modified this relation by introducing the 
Poisson’s coefficient (v) conventionally taken to be 

equal to 0.33. He obtained from it the pressuremeter 
modulus EM also called the Ménard’s modulus. 
Since the fifties, the pressuremeter test hasn’t stop 
developing to become nowadays the most used in-
situ test in the French geotechnical practice.   
Pressuremeter tests were executed following the 
French standards NF P 94 110-1 and XP P 94 110-2. 
For the experience realized for this case study, a 44-
mm probe was inserted in a slotted tube with a di-
ameter of 56 mm and a test was performed every 
meter to a depth of 9m. The loading program was re-
alized using an automated pressure-volume control-
ler. As cited above, cyclic pressuremeter tests were 
realized on site. The probe was inflated to a pressure 
close to the creep pressure and then deflated to a 
pressure close to the contact pressure and inflated 
again to end as an increasing pressure program. This 
is realized to observe a loop on the pressure-volume 
diagram, which makes it possible to deduce a reload 
modulus GR.

3 RESULTS 

The results of all laboratory tests and pressuremeter 
tests are plotted together in the following charts. All 
laboratory tests were conducted under the same 
mean effective confining pressure (that is 60 kPa for 
silty and clayey specimens and 100 kPa for sandy 
specimens). To represent shear modulus reduction 
curve of soils on site, a modified hyperbolic model 
was fitted to the data. The chosen hyperbolic model 
reads: 

(7) 

where a and b = material constants; γ = shear strain; 
γr = reference shear strain calculated as τmax/Gmax;
and τmax = shear stress at failure. 
τmax was determined based on shear strength enve-
lopes derived from the consolidated undrained mon-
otonic triaxial tests by using the Mohr-Coulomb 
failure criterion, as reported by Benz (2007). 

As often reported in the literature (Tatsuoka et al. 
1995, Pitilakis & Anastasidis 1998, Stokoe & San-
tamarina 2000) is known to be larger than  

   . This fact was also verified in this study be-
cause it is known that disturbance due to soil sam-
pling and specimen preparation in laboratory causes 
reduction of low strain shear modulus (Ishihara 
1996, Benz 2007). For this purpose Tatsuoka’s 
(1995) normalization was accepted to provide more 
reasonable results (Pitilakis & Anastasiadis 1998).  
Nevertheless, the low strain modulus obtained from 
shear wave velocity values seemed to be very large 
(sometimes 4 to 5 times the laboratory low strain 
modulus) considering the soils encountered on site 
and the small depth investigated. The use of this 
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modulus could lead to rapid decrease of the normal-
ized shear modulus, which can be true for low plas-
ticity soils, but it is not always the case in this study. 
For the reasons cited above, the relation provided by 
Jamiolkowski et al. (1995) leads to a much more re-
alistic approach for the low strain shear modulus. 

 (8) 

where σ’m = mean effective confining pressure, pa = 
reference pressure (equal to 100 kPa), and e = void 
ratio. 
Maximum shear modulus obtained by resonant col-
umn tests, , were chosen to be raised to the 

 values, because of the fact that these types of 
tests do provide the lowest strains generated in la-
boratory in our experimental program. Thus the ratio 
in equation (9) was raised at this value. 

(9) 

The results of all tests were normalized by the 
 values for the three types of soils. Here be-

low are presented the normalized shear modulus re-
duction curves for clay and sand. 

Figure 3. Normalized modulus reduction curve for clayey soil 

(left) and sandy soil (right) 

The normalized modulus reduction curves for the 
3 types of soils encountered on site helped develop-
ing a strain dependent imagery of the in situ shear 
modulus. As an example, Figure 4 presents the shear 
modulus imagery for γ =10-1%. This was realized us-
ing a basic nodal model based on low strain shear 
modulus, soil ruptures characteristics, soil density 
and mean effective confining pressure.  

Figure 4. Shear strain-dependent imagery of shear modulus 

4 CONCLUSION 

An experimental program was applied to a site near 
Paris in order to fully characterize the modulus re-
duction curve of soils encountered on site. The pro-
gram includes in-situ tests such as surface wave 
methods and pressuremeter tests and laboratory tests 
such as resonant column tests, cyclic triaxial and 
monotonic triaxial tests. These tests helped deter-
mining the normalized shear modulus reduction 
curves for the on-site soils. The presented curves do 
exceed the threshold shear strain of 1% often report-
ed in the literature linked to soil dynamics, in this 
way we do have modulus values beyond this limit. 
The strain dependent imagery of the site has been 
presented.  
The in-situ shear modulus obtained by using shear 
waves velocity values is large. At the moment, we 
are not capable of establishing how much the pres-
ence of calcareous blocs on site does influence the 
shear velocity profile because we do not know the 
on-site distribution of these blocs and their dimen-
sions. 
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