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ABSTRACT: Advanced geotechnical design using numerical models requires the characterization of the elasticity properties of soils 
from the small strain domain up to failure. Innovative pressuremeter tests, performed using enhanced testing equipment and following 
specific testing procedures, are alternative for accessing, in situ, the elementary shear modulus of soil at the small strain domain. 
With these procedures, it is possible to evaluate the shear modulus decay curve of the soil, which can be used to characterize advanced 
constitutive models. This paper focuses on providing guidelines to the determination of the initial shear modulus G0 and the threshold 
shear strain ref for undrained hyperbolical behaviour of soil based on the results of pressuremeter tests with unload-reload loops. 

RÉSUMÉ : Le calcul géotechnique à partir de modèles numériques avancés nécessite la caractérisation des propriétés d'élasticité des 
sols depuis le domaine des petites déformations jusqu'à la rupture. Des essais pressiométriques innovants, réalisés à l'aide de matériel 
d'essai perfectionnés et suivant des procédures d'essai spécifiques, constituent une alternative pour accéder, in situ, au module de 
cisaillement élémentaire du sol dans le domaine des petites déformations. Grâce à ces nouvelles procédures, il est possible d'évaluer la 
courbe de dégradation du module de cisaillement du sol, qui peut être utilisée pour caractériser des modèles constitutifs. Cet article vise 
à fournir des recommandations pour la détermination du module de cisaillement initial G0 et du seuil de référence de la distorsion ref 
pour un comportement non-drainé hyperbolique à partir de boucles de décharge-recharge d’essais pressiométriques. 
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1  INTRODUCTION 

Pressuremeter tests are cylindrical cavity expansion tests which 
basically provide deformation and failure parameters for the soil. 
When the test is performed according to current standards 
(AFNOR, 2015), the resulting parameters are the so-called 
Ménard pressuremeter modulus EM and the pressuremeter limit 
pressure pl. The test results can be used in different manners in 
geotechnical design. In French practice they are frequently used 
to assess soil-structure interaction parameters for the design of 
shallow and deep foundations under monotonic loading, both for 
the serviceability and limit states. Procedures are standardized 
and defined on the national appendices of Eurocode 7. Empirical 
relationships correlating Ménard Modulus and the “elasticity 
modulus” of soil, are also available. These relationships were 
established based on back analyses of full-scale foundation 
testing assuming, implicitly, that the strain level associated to the 
so-called “elasticity modulus” corresponds to that associated to 
the service loading of the tested foundations. These correlations 
are largely accepted amongst practitioners and are frequently 
used in day-to-day practice. However, they cannot be extended 
to other types of applications, such as foundations under cyclic 
loading, where the strain level is much lower, neither be used to 
characterize the constitutive behaviour of the soil. 

Recent research carried out in the context of the French 
National Project ARSCOP (“improvement of the ground 
investigation and the design of geotechnical structures with the 
use of pressuremeter”), introduced by Burlon and 
Reiffsteck (2015), has contributed to and confirmed the 
possibility of assessing the elementary shear modulus of soil, at 
the small strain domain, using the pressuremeter. The testing 

procedure required for so differs from the standard one. A more 
complete pressuremeter-probe calibration procedure is 
necessary, as well as a loading protocol including well 
programmed unload-reload loops. Moduli are interpreted 
assuming non-linear elastic behaviour of the soil, enabling the 
derivation, for each unload loop, of a maximum shear modulus 
and the shear modulus decay as a function of the shear strain at 
the cavity wall. Interpretation procedures enabling transforming 
the behaviour measured at the cavity wall into the corresponding 
elementary behaviour of the soil are also available.  

The combination of these procedures has been tested in 
laboratory calibration chamber and further validated in situ, on 
sites where the soil properties have been characterized from a set 
of other well-known geotechnical investigation tests. Under 
undrained conditions, the elementary shear modulus decay curve 
of the soil can be determined through a straightforward strain 
transformed approach (Lopes, 2020). 

This paper presents a new strain transformed approach that 
enables the determination of parameters G0 and ref assuming 
undrained hyperbolic soil behaviour as described by Hardin and 
Drnevich (1972) type equations. The strain transformed 
approach proposed herein was calibrated from Finite Element 
models performed adopting the constitutive model known as 
Hardening Soil with Small Strain Stiffness in software Plaxis. 
The relationship obtained was further applied to the results of a 
real pressuremeter test performed following these innovative 
procedures. The satisfactory results obtained enabled validating 
the method. 
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2  TESTING AND INTERPRETATION PROCEDURES 

The derivation of elasticity properties of the soil from 
pressuremeter tests has been extensively discussed in the 
literature, both from a theoretical and a practical point of view. 
Experience gathered over the past years has shown that moduli 
determined from the initial loading of the cavity walls is 
generally lower than the expected elementary elasticity modulus 
of the soil, defined at the very small strain domain. It has been 
generally observed that moduli derived from unload-reload loops 
are closer to the expected elastic modulus of soil (Lunne et al. 
1989). This difference can be attributed to the following factors: 
(a) disturbance of the initial state of the ground due to probe 
insertion methods (pre-bored or self-bored), (b) irregular surface 
of the cavity wall, or (c) inaccurate measurements at the 
beginning of the expansion (bad probe behaviour or inadequate 
calibration procedure). Besides these practical aspects, the cavity 
expansion theory for linear elastic perfectly plastic materials 
shows that the elastic domain at the beginning of the expansion 
is relatively small in comparison to the elastic domain within 
unload-reload loops. On that manner, performing loops during 
the pressuremeter loading test is the best way to try to assess the 
elastic response of the ground. 

However, assessing elementary moduli from unload-reload 
loops in a pressuremeter test requires a special testing procedure. 
The following aspects shall be carefully addressed: 

• Probe calibration procedure, to ensure that measurements at 

the control unity correspond the most accurately as possible 

to the behaviour of the cavity wall on the ground, 

• Probe position on the ground, to ensure that the test is 

performed in a zone of quasi homogeneous properties, 

• The loading protocol, including at least three unload-reload 

loops of limited amplitude, performed at increasing cavity 

pressure levels, and preceded by a sufficiently long pressure-

hold period, 

• The loop interpretation procedure, that shall enable taking 

the non-linear elastic response of the ground into account. 
Each of these steps is briefly described in the following 

section.  

2.1  Testing procedure 

Pressuremeter probe shall be rigorously calibrated to fully 
account for equipment self-compressibility and membrane 
thinning and hysteretic compliance. In complement to what is 
recommended in the standard procedures, it is proposed that the 
probe be calibrated using calibration cylinders of four different 
diameters. In the case of volumetric measurement based probes, 
this procedure enables determining the relationship between the 
injected volume and the probe’s external diameter. In the case of 
probes equipped with local punctual measurement systems, it 
enables confirming the variation in membrane thickness during 
probe expansion, instead of adopting any mathematical 
relationships. Pressuremeter probes shall also be calibrated for 
membrane compliance (Fahey and Jewell, 1990), which accounts 
for additional corrections due to membrane hysteresis when the 
probe is unloaded and reloaded. This calibration is done by 
placing the probe inside a calibration cylinder of diameter close 
to the borehole’s diameter and proceeding to pressurization 
including unloading and reloading loops at pressure levels 
similar to those that will be performed on the ground. The results 
of the membrane compliance calibration test shall be used to 
correct moduli assessed at each of the unload-reload loops 
performed on the soil. It is important to note that membrane 
compliance can lead to significant measurement errors, 
especially in stiffer soils, and that its adequate calibration and 
application of correction factors is mandatory. 

With regards to the probe position on the ground, it shall be 
carefully chosen to select a quasi-homogeneous zone, avoiding 

inter-layers or zones of contrasting strength, ensuring that the 
cavity will expand as close as possible to a cylinder. The operator 
shall use any previous knowledge of the ground to select the 
depth at which the test will be performed. This can be done using 
core logs performed near the borehole, if available, or 
information gathered during the execution of the borehole, as 
suggested by Cour and Lopes (2018). Two are the main risks if 
this procedure is not followed: the first is that the expansion will 
not happen as expected and the results will not be representative 
of a cylindrical cavity expansion, leading toa a probable 
misleading interpretation. The second risk is associated to 
damaging the testing equipment, which is generally not designed 
to undertake longitudinal differential deformations due to 
contrasts of strength on the ground. 

Once the probe is on place, operator proceeds to the loading 
programme. The loading procedure shall provide a compromise 
aiming at solving practical difficulties during the test, which are 
mainly: 
1) Minimise the effects of disturbance due to probe insertion. It 

has been reported that the unload-reload loops performed after 
first the cavity has been expanded to a significant expansion 
level are less influenced by probe installation effects (Lunne 
et al., 1989). For this reason, the first unload-reload loop shall 
be performed only after a plastic annulus has been created 
around the cavity (beyond of the “pseudo-elastic” domain). 

2) Avoid that time-dependent phenomena, such as creep and 
relaxation, superpose to the desired elastic properties that can 
be evaluated during unload-reload loops. The superposition of 
these phenomena can lead to an overestimation of shear 
modulus or even to apparent negative values (Wood (1990), 
Jardine (1992)). For this reason, sufficiently long pressure-
hold steps must be performed before unloading the cavity 
walls. 

3) Ensure that the behaviour during the unload loop remains 
elastic. For this, the loop amplitude might need to be adjusted 
in function of the nature of the ground. It shall be small 
enough to avoid failure in extension (excessive unloading), 
but big enough to enable the non-linear elastic behaviour to 
manifest during unloading. A loop amplitude of 
approximately 0.4 times the cavity pressure before unloading 
is generally a good compromise between these two 
constraints. 

4) Describe the stress dependency of the shear modulus, in the 
case of drained materials. On this case, at least three unload-
reload loops shall be performed to characterize shear modulus 
evolution in function of the pressure applied at the cavity wall. 
Under these ideal conditions, it should be expected that the 

response measured within the unload-reload loops will be 
representative of the elastic behaviour of the soil. In this case, 
theoretical procedures for the determination of moduli and other 
elementary elasticity properties can be applied.  

2.2  Interpretation procedure 

According to the cavity expansion theory in linear elastic 
homogenous materials, that the shear modulus G can be 
determined as half the slope between the variations in cavity 
pressure pcav and in radial strains 𝜀𝜀𝑐𝑐𝑎𝑎𝑐𝑐, as follows: 
 𝐺𝐺 = 12 Δ𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐Δ𝜀𝜀𝑐𝑐𝑐𝑐𝑐𝑐 = Δ𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐Δ𝛾𝛾𝑐𝑐𝑐𝑐𝑐𝑐  (1) 

 

where the radial strain at the cavity wall is defined as the ratio 
between variations in cavity radius r and the initial cavity 
radius R0 (𝜀𝜀𝑐𝑐𝑎𝑎𝑐𝑐 = Δ𝑟𝑟/𝑅𝑅0).  

Several methods exist for the interpretation the cavity 
expansion test accounting for the non-linear elastic response of 
the ground. Briaud et al (1983) observed that the response 
measured at the cavity wall during a pressuremeter unloading or 
reloading loop can be approximated by a hyperbola. 
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Wood (1990) presented a theoretical relationship between the 
soil’s elementary secant modulus and modulus derived from 
pressuremeter tests. The procedure requires the differentiation of 
the pressuremeter curve, which is difficult in practice due to 
measurement noise that adds significant uncertainty to the results. 
Jardine (1992) proposed an integral form of the solution given by 
Wood (1990), enabling directly transforming the strains 
measured at the cavity walls during the pressuremeter loop to the 
corresponding shear strains obtained at an elementary triaxial 
soil test resulting in a similar shear modulus. The procedure 
enables transforming a pressuremeter shear modulus decay curve 
(Gcav-cav) into an elementary secant shear modulus decay curve 
(Gs-s). The author calibrated the proposed transformed strain 
approach based on results of triaxial tests. The method is 
relatively easy to use and is independent from the pre-assumption 
of any constitutive behavioural laws for the soil. 

Bolton and Whittle (1999) proposed an interpretation 
procedure that assumes that the elementary stress-strain 
relationship of the soil can be described by a power law. The 
procedure enables the determination of the shear modulus decay 
curve of the soil from the results of pressuremeter loops. A 
drawback of this procedure is that the power law model has an 
infinite slope when the shear strains tend to zero, differently from 
most hyperbolic models, where the shear modulus tend to a 
constant value G0 when the shear strains tend to zero.   

The procedure proposed in this paper uses a formulation 
similar to that of Briaud et al (1983) assuming a hyperbolic 
response at the cavity wall during the pressuremeter unload-
reload loops. A modified transformed strain approach is adopted 
assuming that the elementary soil behaviour can also be 
described by a hyperbolic model. The next section presents the 
proposed approach. 

3  DETERMINATION OF ELEMENTARY PARAMETERS 

3.1  Assumption of the constitutive model 

To enable modelling the hyperbolic stiffness decay as previously 
described, it is assumed in this paper that the elementary response 
of the soil on the elastic domain is hyperbolic and that it can be 
described by a Hardin and Drnevich (1972) type model according 
to Eq. 2: 

 𝐺𝐺𝑠𝑠𝐺𝐺0 = 11+𝑑𝑑 𝛾𝛾𝛾𝛾𝑟𝑟𝑟𝑟𝑟𝑟 (2) 

 
where G0 is the initial shear modulus, Gs is the secant shear 
modulus associated an elementary shear strain level . Parameter 
d in Eq. (2) is related to the reference amount of secant modulus 
decay dk,ref obtained when the shear strain 𝛾𝛾  is equal to the 
reference threshold shear strain 𝛾𝛾𝑟𝑟𝑟𝑟𝑟𝑟. In the original Hardin and 
Drnevich (1972) formulation, d = 1, meaning that when 𝛾𝛾 =𝛾𝛾𝑟𝑟𝑟𝑟𝑟𝑟, 𝐺𝐺0 = 𝑑𝑑𝑘𝑘,𝑟𝑟𝑟𝑟𝑟𝑟 = 1/2. Other authors formulate the equation 
differently, such as the case of Santos and Correia (2001). In this 
case, d = 0.385, meaning that when 𝛾𝛾 = 𝛾𝛾𝑟𝑟𝑟𝑟𝑟𝑟 ,            𝐺𝐺0 = 1/(1 + 𝑑𝑑) = 𝑑𝑑𝑘𝑘,𝑟𝑟𝑟𝑟𝑟𝑟 = 0.722. This is also the case of the 
constitutive model Hardening Soil with Small Strain Stiffness 
implemented in the commercial software Plaxis (Plaxis, 2019), 
that will be further used for the analysis in this paper. 

In order to characterize soil behaviour in the small strain 
domain using this constitutive model, two parameters are 
required: the maximum shear modulus 𝐺𝐺0  and the reference 
threshold shear strain 𝛾𝛾𝑟𝑟𝑟𝑟𝑟𝑟 . In this specific case, as     𝑑𝑑𝑘𝑘,𝑟𝑟𝑟𝑟𝑟𝑟 = 0.722 , 𝛾𝛾𝑟𝑟𝑟𝑟𝑟𝑟  will be noted as 𝛾𝛾0.7 . A stress 
dependency parameter m might also be required. In this paper, 
behaviour under pressuremeter loading will be considered as 
undrained and thus non stress dependent (m = 0). 

3.2  From cavity wall response to elementary response 

To determine these parameters from a pressuremeter unload 
loop, it will be assumed that the response at the cavity wall is 
hyperbolic and will follow a relationship described by Eq. (3), 
adapted from Briaud et al (1983): 
 𝛾𝛾𝑐𝑐𝑐𝑐𝑐𝑐Δ𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 = 1𝐺𝐺𝑠𝑠,𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑎𝑎 + 𝑏𝑏𝛾𝛾𝑐𝑐𝑎𝑎𝑐𝑐 (3) 

 
where 𝛾𝛾𝑐𝑐𝑎𝑎𝑐𝑐  is the shear strain evaluated at the cavity wall 
(𝛾𝛾𝑐𝑐𝑎𝑎𝑐𝑐 = 2𝜀𝜀𝑐𝑐𝑎𝑎𝑐𝑐), Δ𝑝𝑝𝑐𝑐𝑎𝑎𝑐𝑐 is the pressure increment measured with 
the pressuremeter at the cavity wall, 𝐺𝐺𝑠𝑠,𝑐𝑐𝑎𝑎𝑐𝑐 is the secant shear 
modulus as evaluated from measurements at the cavity wall, and 
a and b are the model parameters to be determined for each 
unload-reload loop as follows: 
1) Determine the origin of the unload loop and isolate the 

unloading curve. Only the unload curve is used. 
2) Calculate the secant pressuremeter shear modulus between all 

measuring points and the origin of the loop using Eq (1). 
3) Plot the inverse of the secant pressuremeter modulus as a 

function of the shear strain at the cavity wall (Figure 1). 
4) Fit a straight line and obtain the parameters a and b of Eq. (3) 

 

 
Figure 1. Determination of parameters from the cavity response 
measured during unload pressuremeter loop 

For the early beginning of the unload curve, when the shear 
strain tends to zero, Eq. (3) leads to:  

 𝐺𝐺0 = 1𝑎𝑎 (4) 

 
Still according to Figure 1, one can define the reference 

threshold shear strain at the cavity wall as follows: 
 𝛾𝛾𝑐𝑐𝑎𝑎𝑐𝑐,𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑑𝑑 𝑎𝑎𝑏𝑏 (5) 

 
The assumption of hyperbolic response is consistent with the 

observations made by Briaud et al. (1983) and confirmed by 
recent experiments performed by Lopes (2020). For the specific 
case of undrained expansion, the variations in total pressure 
during the test will not result in variations of effective stress and 
the maximum shear modulus will not evolve during the test as a 
function of the cavity pressure before unloading. In this case, if 
several unload loops are performed at increasing cavity pressure 
levels, the maximum shear modulus at the beginning of each loop 
will be the same and will correspond to the in situ initial shear 
modulus.  

Thus, for this specific case, the initial shear modulus of the 
soil can be evaluated directly from one pressuremeter unload 
loop. However, it is recommended to carry out at least three loops 
during one test to check if this statement is true for the specific 
soil being tested (especially if measurements of excess porewater 
pressure are not available) and to obtain redundant values to 
enable checking the test results.  

Assumed hyperbolic behaviour 
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Equation 3 can be normalized with respect to the maximum 
shear modulus to obtain Eq. (6): 

 𝐺𝐺𝑠𝑠,𝑐𝑐𝑐𝑐𝑐𝑐𝐺𝐺0 = 11+𝑏𝑏𝑐𝑐𝛾𝛾𝑐𝑐𝑐𝑐𝑐𝑐 (6) 

 
The transformed strain approach can be written by equalling 

equations (2) and (6), respectively for the elementary constitutive 
behaviour and for the response at the cavity wall. This enables 
obtaining the relationship between the elementary shear strain  
and the shear strain at the cavity wall cav, as presented in Eq. (7). 
 𝑏𝑏𝑎𝑎 𝛾𝛾𝑐𝑐𝑎𝑎𝑐𝑐 = 𝛾𝛾𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑 𝛾𝛾 (7) 

 
The principle of the strain transformation approach is 

presented in Figure 2. The relationship between the elementary 
and the cavity strains at a given value of secant shear modulus 
can be written as: 

 𝛾𝛾𝑐𝑐𝑎𝑎𝑐𝑐 = 𝐶𝐶𝐿𝐿𝛾𝛾 (8) 

 
where CL is the strain transformation coefficient. Combining 
equations (7) and (8), CL can be defined as:   

 𝐶𝐶𝐿𝐿 = 𝑑𝑑𝛾𝛾𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑏𝑏 (9) 

 
The coefficient is dependent on elementary parameters 

(d and ref) and on parameters derived from the response 
measured at the cavity wall (a and b). Thus, it can be calibrated 
from a series of tests enabling measurements of a and b on a soil 
of known constitutive behaviour (known d and ref). For the case 
of the Hardening soil with small strain constitutive model, d is 
equals to 0.385 and ref is an input parameter that can be defined 
by the user.  

 

 
Figure 2. Principle of the strain transformation approach adopted in this 
work 

3.3  Calibration of the strain transformed approach 

The following procedure was adopted to calibrate the strain 
transformed coefficient CL as defined in Eq. (8): 
1) A Finite Element (FE) model representative of the cavity 

expansion problem (2D, axisymmetric) was established. The 
geometry adopted is presented in Figure 3. It is important to 
note that due to very sharp decrease of radial stress as a 
function of the distance of the cavity and the high level of 
shearing strains involved, the FE mesh needs to be highly 
refined near the cavity wall. 

2) The constitutive model used was the Hardening Soil with 

Small Strain Stiffness. The stress dependency parameter m 
was set to zero, and the other model parameters were defined 
in order to reduce the possible influence of any numerical cap 

to the results. The following values were chosen: Eur,ref = G0/4, 
E50,ref = G0/8, Eoed,ref = G0/8, Su = 200 kPa. It should be noted 
that with these precautions, the unload loop is only governed 
by the parameters G0 and 0.7. The following values were 
adopted for these input parameters:  

G0 = [25, 50, 100, 150] MPa,  

0.7 = [1x10-2, 5x10-3, 1x10-3, 5x10-4, 1x10-4] 
3) The model was loaded radially following a pressuremeter 

loading procedure. In this case only one loop is required, as 
previously discussed. Values of radial displacement ux and of 
cavity pressure pcav, assessed at the centre of the cavity, were 
used to plot the response at the cavity wall. Radial strains were 
calculate as 𝜀𝜀𝑐𝑐𝑎𝑎𝑐𝑐 = Δ𝑢𝑢𝑥𝑥/𝑅𝑅0, and 𝛾𝛾𝑐𝑐𝑎𝑎𝑐𝑐 = 2𝜀𝜀𝑐𝑐𝑎𝑎𝑐𝑐. 

4) Each unload loop was interpreted using Eq. (3) to obtain 
parameters a and b.  

5) The strain transformation relationship was established 
according to Eq. (9) for each set of input parameters. Figure 4 
presents the relationship obtained between the shear strains 
obtained at the cavity wall and the corresponding elementary 
strains. 

6) The transformed strain relationship CL for this specific 
constitutive model was established as a function of a and b, 
as presented in Figure 5. 
 

 
Figure 3. Geometry adopted for the numerical FE model 

 
Figure 4. Example of the relationship between the shear strains at the 
cavity wall and the corresponding elementary strains for the adopted FE 
constitutive model. 

Table 1 presents a summary of the results obtained for the 
different input parameters chosen. It should be noted that certain 
combinations of parameters G0 and 07 result in non-interpretable 
results, omitted in this table. This is the case when the threshold 
shear strain is very low (1x10-4), because the quoted constitutive 
model prematurely imposes a cap to the tangent shear modulus. 

Figure 5 presents a plot of the obtained transformed strain 
coefficient for each simulated test. The following linear 
relationship can be established between the transformed strain 
coefficient and the ratio b/a: 

Response measured 

at the cavity wall

Elementary shear 

modulus decay curve

Strain transformation
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𝐺𝐺𝑠𝑠,𝑐𝑐𝑐𝑐𝑐𝑐𝐺𝐺0 = 11+𝑏𝑏𝑐𝑐𝛾𝛾𝑐𝑐𝑐𝑐𝑐𝑐


𝑏𝑏𝑎𝑎 𝛾𝛾𝑐𝑐𝑎𝑎𝑐𝑐 = 𝛾𝛾𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑 𝛾𝛾

𝛾𝛾𝑐𝑐𝑎𝑎𝑐𝑐 = 𝐶𝐶𝐿𝐿𝛾𝛾
𝐶𝐶𝐿𝐿 = 𝑑𝑑𝛾𝛾𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑏𝑏











𝜀𝜀𝑐𝑐𝑎𝑎𝑐𝑐 = Δ𝑢𝑢𝑥𝑥/𝑅𝑅0 𝛾𝛾𝑐𝑐𝑎𝑎𝑐𝑐 = 2𝜀𝜀𝑐𝑐𝑎𝑎𝑐𝑐



𝑢𝑢𝑥𝑥 =  𝑟𝑟𝑟𝑟 𝑢𝑢 = 0

𝑢𝑢 𝑥𝑥=0
 

𝑢𝑢  = 
𝑟𝑟𝑟𝑟

𝑢𝑢𝑥𝑥 , 𝑢𝑢 =  𝑟𝑟𝑟𝑟 

𝑢𝑢𝑥𝑥 , 𝑢𝑢 =  𝑟𝑟𝑟𝑟 

𝑢𝑢 𝑥𝑥,𝑢𝑢  
= 𝑟𝑟𝑟𝑟

 

 







 

 

 𝐶𝐶𝐿𝐿 = 4.77 + 0.004(𝑏𝑏𝑎𝑎) (10) 

 
Table 1. Summary of results of the numerical calibration of the 
transformed strain coefficient for the hyperbolical constitutive model 

Input parameters Derived parameters  

G0  

(MPa) 

0.7 a 

(1/MPa) 

b CL 

25 1.0E-02 0.0404 0.319 4.8 
25 5.0E-03 0.0404 0.620 4.8 

50 1.0E-02 0.0202 0.162 4.8 

50 5.0E-03 0.0202 0.319 4.8 
50 2.0E-03 0.0204 0.801 4.9 

100 1.0E-02 0.0101 0.081 4.8 

100 5.0E-03 0.0101 0.162 4.8 
100 2.0E-03 0.0102 0.400 4.9 

100 1.0E-03 0.0101 0.766 5.1 

100 5.0E-04 0.0103 1.419 5.3 
150 1.0E-02 0.0067 0.054 4.8 

150 5.0E-03 0.0067 0.108 4.8 

150 2.0E-03 0.0067 0.269 4.9 
150 1.0E-03 0.0067 0.523 5.1 

150 5.0E-04 0.0068 0.999 5.4 

 

 
Figure 5. Calibration of the strain transformation coefficient for the 
Hardening Soil small Strain model based on numerical model 

 
With these results it is possible to determine the elementary 

threshold shear strain of the soil based on measurements 
performed using a pressuremeter test, according to the following 
equation: 

 𝛾𝛾𝑟𝑟𝑟𝑟𝑟𝑟 = 𝛾𝛾𝑐𝑐𝑐𝑐𝑐𝑐,𝑟𝑟𝑟𝑟𝑟𝑟𝐶𝐶𝐿𝐿 = 𝑑𝑑 𝑎𝑎𝑏𝑏 1𝐶𝐶𝐿𝐿 (11) 

 
In the following section, this transformed strain relationship 

is applied to the results of a real pressuremeter test.  

4  APPLICATION TO A REAL TEST AND VALIDATION 

To validate the proposed procedure, it is proposed to apply it 
to a test performed at 12m depth in overconsolidated clays at the 
Merville reference testing site in France. The test result is 
reproduced in Figure 6. A comparison with other assessments 
performed on the same site were presented by Lopes et al. (2021).  

Three unload-reload loops (L1 to L3) were performed in this 
test, all of them were interpreted according to Eq. 3, resulting in 
values of G0, ranging from 53 to 59 MPa. As expected for the 
undrained cavity expansion and for the practical purposes of this 
paper, it can be considered that it is a non-stress dependent test. 
An average initial shear modulus of 55 MPa can be assumed. The 
slightly variation of modulus between the three loops can be 
attributed to experimental errors. The parameters a and b 
obtained from the interpretation of each loop are summarised in 
Table 2. 

 

 
Figure 6. Result of the pressuremeter test performed at 12 meters depth 
in overconsolidated clays (Lopes et al, 2021) 

 

Three unload-reload loops (L1 to L3) were performed in this 
test, all of them were interpreted according to Eq. 3, resulting in 
values of G0, ranging from 53 to 59 MPa. As expected for the 
undrained cavity expansion and for the practical purposes of this 
paper, it can be considered that it is a non-stress dependent test. 
An average initial shear modulus of 55 MPa can be assumed. The 
slightly variation of modulus between the three loops can be 
attributed to experimental errors. The parameters a and b 
obtained from the interpretation of each loop are summarised in 
Table 2. 

The application of Eq. (9) to these results lead to an average 
strain transformation coefficient of CL = 5.1. The reference 
threshold shear strain obtained by the application of Eq. (10) 
ranges from 8.5x10-4 to 1.1x10-3, with an average value of 
0.7 = 1.1x10-3. As stated before, these minor variations can be 
attributed to experimental errors (mainly measurement noise and 
difficulties to identify the start of the unloading curve). A choice 
is made to consider the average values obtained for G0 and 07 as 
representative of the tested soil. 
 
Table 2. Parameters a and b obtained for the unload loops L1 to L3 in the 
PMT test performed in o.c. clays (Lopes et al., 2021). Application of the 
proposed transformed strain approach to evaluate 07 

Determined from measurements Transformed strain 
Loop a b G0= 1/a  

(MPa) 

CL 07 

L1 1.90E-02 1.68 53 5.12 8.5E-04 

L2 1.68E-02 1.20 59 5.06 1.1E-03 

L3 1.85E-02 1.10 54 5.01 1.3E-03 

 
The obtained values of G0 and 07 were used as input 

parameters for a FE model of the cavity expansion problem. On 
this case, the same loading procedure applied for the real test of 
Figure 6 was simulated. The goal is to validate if the transformed 
strain approach applied to the results of a real pressuremeter test 
can used to successfully simulate a pressuremeter loop. 

Figure 7 presents a comparison between the secant shear 
modulus evaluated from the measurements of the loop L3 of the 
quoted test and the secant modulus determined from the response 
of a FE model using the input parameters obtained according to 
the proposed approach. It can be observed that the model 
response is close to the measured ground response. This figure 
also presents the constitutive elementary shear modulus decay 
curve, adopted for the FE model.  

Figure 8 presents a comparison between the response 
measured at the cavity wall in terms of cavity strains and cavity 
pressure, and the response modelled using FE. It can be noticed 
that the numerical model successfully captures the measured 
non-linear response. It should be noted that the procedure 
presented herein applies only to the elastic domain, which is 
considered valid within the pressuremeter unload loop. 
Accurately modelling the entire pressuremeter expansion curve 

CL =4.77 + 0.004(b/a) 
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requires the determination of other parameters (strength, creep), 
which are not covered by this work. 

 

 
Figure 7. Secant shear modulus decay curve determined from 
pressuremeter measurements (L3) and elementary elasticity parameters 
evaluated using the quoted transformed strain approach 

 
Figure 8. Comparison between the behaviour measured at the third loop 
of the test and the behaviour modelled considering the parameters G0 and 
07 derived from the PMT test using the transformed strain approach 

5  CONCLUSION 

The non-linear elastic response of the ground can be assessed 
through pressuremeter tests performed according to specific 
testing procedures, using high performance testing equipment 
and including adequately programmed unload-reload loops. 

Measurements performed at the cavity wall are an integration 
of the elementary behaviour of the surrounding soil. The strain 
transformed approach is a straightforward method which consists 
on determining the relationship between the strain measured at 
the cavity wall and the elementary corresponding strain, resulting 
in a same value of secant shear modulus.  

This paper presented a transformed strain relationship 
established assuming that the nonlinear elastic behaviour of the 
soil is hyperbolic and that it can be described by the constitutive 
model known as Hardening soil with small strain stiffness. 
Undrained conditions and no stress dependency (m = 0) were 
assumed. Under these conditions, non-linear elastic soil 
behaviour depends on two parameters: the initial shear modulus 
G0 and the threshold shar strain 0.7. The transformed strain 
relationship was calibrated based on axi-symmetrical finite 
element models of the cavity expansion problem and validated 
based on the results of a real pressuremeter test. 

It is concluded that the proposed transformed strain 
relationship can be used to evaluate the threshold shear strain of 
soils with an assumed hyperbolic, non-stress-dependent elastic 
behaviour based on the results obtained from pressuremeter tests 
including unload-reload loops. The following procedure is 
suggested: 
1) Run a pressuremeter test on the ground including at least three 

unload-reload loops according to the procedure described, 
2) Interpret each loop using Eq. (3) to determine the parameters 

a and b. 
3) For an undrained behaviour, use Eq. (4) to determine G0 and 

Eq. (10-11) to determine 07. The obtained parameters can 
then be used as input in FE analyses. 
A next step of this research is to extend the transformed strain 

relationship for the case of the drained cavity expansion. In this 
case, the response at the cavity wall will be stress dependent, and 
both the values of the initial shear modulus and of the threshold 
shar strain will vary in function of the pressure applied at the 
cavity wall at the start of the loop. A stress state transformation 
will also be required for this case.  
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