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ABSTRACT: Field determination of small-strain modulus (E0) and compressional wave velocity (cp) is a major issue. 
Even though many techniques allow determining these parameters, most of them are not able to provide precise and 
reliable data at low-cost. Moreover, most of these techniques do not allow to assess a soil strength parameter. Panda 3® 
is a dynamic penetrometer for shallow soil characterization. The device’s principle consists to measure wave propagation 
within the rod to each blow during driving. Force and acceleration measurements combined with signal analyses allow 
the obtain stress and velocity generate by the impacts. An approach based on the shock theory is proposed to determine 
cp and E0 from shock related equations. This paper presents the principle and the theoretical background applied. Addi-
tionally, shock relationships provide an estimating of soil axial stress-strain response during each shock. The results from 
a series of test carried out in calibration chamber on two sands at different densities, moisture contents and confining 
stresses are presented. These results are compared to those reported in the literature. 
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1. Introduction 
Soil’s failure and deformation parameters are key to 

geotechnical design. These parameters are determined by 
in situ and/or laboratory tests. Dynamic penetration tests 
are widely known as an easy and low-cost technique 
routinely applied to assess soil strength parameters. 
Nevertheless, this technique a priori does not allow to 
evaluate soil’s deformability once the penetration is 
mostly a high-strain associated phenomenon. 

Soil’s deformability modulus is highly dependent 
upon the strain level [1] [2]. Soil’s small-strain 
parameters are mainly determined whether by wave 
velocity tests or resonance tests [3]. In laboratory most 
common techniques are piezoceramic elements and 
resonant column test, and in situ by seismic test such as 
surface wave methods (e.g. MASW, SASW) or borehole 
tests (e.g. cross-hole, down-hole). 

Surface wave testing is appealing for its non-
destructive and non-invasive nature and also because 
they are able to sample a representative volume of the 
ground even in difficult materials (fractured rocks or 
gravelly deposits). However, often these techniques 
employs inverse analysis which can produce some 
incertitude. On the other hand, borehole tests are 
appreciated due to its reliability and precision, but they 
are more expensive and time-consuming. 

                                                      
1 The letter c indicates wave velocity instead of the classical notation 
(v) to avoid any misunderstading between this parameter and particle 
velocity (which will be later on indicated by the letter v). 

Moreover, in general, none of these methods (surface 
and borehole tests) provide soil shear strength parameters 
other than by means of correlation. Thus, in geotechnical 
design, often these tests should be associated to other 
techniques who are able to evaluate soil failure behaviour 
such as SPT and CPT. 

To obtain parameters at two opposite ends of the strain 
spectrum (i.e. in low-amplitude such as cp

1, E0 and in  
large-strain behaviour, such as strength parameters), 
seismic cone penetration test or seismic dilatometer can 
be employed [4] [5]. Although, these techniques are less 
common and a more extensive than a dynamic 
penetrometer test. 

The main objective of this study is to propose a 
methodology to determine soil small-strain modulus 
through a dynamic penetrometer and thus to provide 
simultaneously soil strengh and a soil deformability 
parameter. 

Laboratory test were carried out in order to evaluate 
the method. Experimental program consists in a series of 
penetrometer test carried out in a calibration chamber on 
two sandy soils. Specimens were reconstituted by wet 
compacted with moisture contents around 3% in different 
densities (relative density of 20% and 40%). Samples 
were confined under different stresses (25kPa and 50kPa) 
by means of an overload. 

 



 

2. Soil small-strain modulus 
Soil’s deformability modulus is highly dependent 

upon the strain level. The soil’s modulus determined by 
traditional laboratory test such as classical external 
sensor triaxial test are unable to evaluate soil’s 
deformability under 10-3 level. As a result, modulus 
determined by triaxial or oedometric test underestimate 
soil’s maximum modulus. [1] observed maximum 
modulus that were five times bigger than results from 
careful laboratory tests.  

Initially, these gap were attributed to sampling effects. 
Later on, with development of more precise laboratory 
measurement, it became clear that the gap was due to 
soil’s deformability degradation though strain spectrum 
[1]. Many studies shown the importance of a reliable 
estimation of soils small-strain deformation to the 
various geotechnical application [1] [2]. In most of the 
cases, E0 is obtained from wave velocity measurements 
whether in situ or in laboratory. According to 
fundamental dynamic principle, under linear elastic 
isotropic state, small-strain modulus is related to wave 
velocity (cp) and soil mass density () by Eq (1). 𝐸଴ = 𝑐௣ଶ𝜌 (1) 
 Often in geotechnical practice, soil mass density is 
merely estimated as a given average value (unit weight 
of =18 kN/m3). In fact, unit weight of natural soils varies 
from around 10kN/m3 to 21kN/m3.  In clean sands, unit 
weight are well-related to tip resistance [5]. In fact, to 
certain moisture content, there is a one-to-one 
relationship between these two parameters. They are 
related by a logaritmic law. A data basis have been 
established to A, B and C to different soil types allowing 
to estimate soil’s density [6] [7]. 𝛾ௗ = 𝐴(𝑤) + 𝐵𝑙𝑛(𝑞ௗ) + 𝐶 (2) 

In this precise study, soil unit weight is directly 
determined. In case of a conventional in situ campaign, 
once the type of soil is known, Eq. (2) can provide a unit 
weight estimation from penetrometer results. Figure 4 
illustrates the whole methodology proposed to determine 
soil’s small-strain modulus through Panda 3® test. 

It’s worth noting that small-strain modulus depends on 
a number of parameters (grain size distribution, soil’s 
history, plasticity, confining stress, saturation). Different 
studies have shown that in the case of sands, the small-
strain modulus is strongly influenced by the void ratio (or 
relative density) and the effective confining pressure [8] 
[9] Consequently, some of empirical relationships 
between small-strain modulus, void ratio and confining 
pressure stress have been proposed from laboratory 
results. The empirical model proposed by Biarez & 
Hicher [10] is accepted as a good approximation for 
geomaterials in isotropic conditions (Eq. (3)). 𝐸଴ = 450𝑒 𝑝′଴.ହ (3) 

 

3. Shock test in soils 
High-velocity penetration of solids is a complex topic 

of impact dynamics mostly because it involves a wide 
variety of their physical-mechanical properties. Even 
though shock test are not traditionally applied to 

characterize soil parameter, they can be a useful mean to 
evaluate soil behaviour at high deformation rates and 
high stress. These theories were applied to sands by using 
Split Hopkinson Pressure Bar (SHPB) or Kolsky bar 
apparatus. Although, the characterisation of sand by 
these means is more complex than for conventional 
materials (e.g. metals) as longitudinal waves in granular 
media are influenced by many parameters such as grain 
size distribution, moisture content and degree of 
compaction. Some authors have successfully determined 
the longitudinal wave velocity by Kolsky bar test [11]. 

In shock tests, deformation in the shock wave front is 
assumed to occur mainly in one-dimensional, thus the 
test can be assimilate to a confined compression test. 
Because the shock generates a high stress increase, soil 
shows no resistance to propagation wave, behaving 
similar to a fluid. Application of fluid dynamic shock 
equations is then accepted. These equations result from 
conservation of mass, momentum and energy during the 
shock. They relate stress , particle velocity v and wave 
velocity D to media parameters (bulk initial density  
and elastic modulus E) [12] [11]. 

Particle velocity v and stress  are related by the 
product of  and wave velocity D, i.e. by mechanical 
impedance (Z = D) (Eq. (4)). In the elastic domain, 
wave velocity is constant and D = c, where c is sonic 
velocity. Beyond a certain particle velocity, wave 
velocity varies with particle velocity. This relation is in 
most of cases described by an increasing linear relation, 
but can also be expressed by a quadratic model as it 
depends on shock conditions and energy-absorption (Eq. 
(4)) [13] [14] [15]. As a result, in elastic domain, the 
relation between particle velocity and stress is a linear 
relationship. Beyond the elastic domain, this relationship 
is usually parabolic. These two patterns are expressed by 
Eq. (4) where A and B are coefficients that depend only 
on the downstream media. The relationship between 
particle velocity and stress is often referred as shock polar 
curve [16]. 

𝜎௫௫ = 𝐷 𝜌଴𝑣 ൞ 𝜎௫௫ = 𝑐 𝜌଴𝑣  (𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑑𝑜𝑚𝑎𝑖𝑛, 𝐷 = 𝑐)𝜎௫௫ = (𝐴 + 𝐵𝑣) 𝜌଴𝑣  (𝑁𝑜𝑛 − 𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑑𝑜𝑚𝑎𝑖𝑛)  (4) 
Considering mass conservation during wave 

propagation, [13] has shown that strain in the direction of 
wave propagation can be expressed by particle velocity v 
and wave velocity D (Eq. (5).  𝜀௫௫ = 𝑣 𝐷⁄  (5) 

Aussedat (1970) introduces the application of state 
equations to dynamic penetrometer test. He proposes a 
number of simplifications and develops a laboratory 
penetrometer (Figure 1a).  Figure 1b and c presents 
experimental results to a series of impacts on sandy soils 
[13]. Low and high stress shocks were then performed in 
a clayey soil (Eybens clay) tested in laboratory and in 
situ. He precises that the application of state equations to 
penetrometer test involves the following hypothesis and 
considerations: 

 The contact between soil and tip during wave 
transmission is assumed to be plane and 
perpendicular; 



 Damping is negligible while wave propagates 
within the rod; 

 Even if the rod encounteres simultaneously 
radial (rr) and longitudinal strain (zz) during 
driving, the mass conservation is still verified in 

longitudinal direction. Longitudinal stress is 
directly measured on the rod hence the relation 
zz =  c v can still be applied.  

 

 

  

(a) (b) (c) 
Figure 1. (a) Laboratory dynamic penetrometer developed by Aussedat [13], (b) Wave velocity D and particle velocity v relationship (adapted from 

[13]) and (c) Stress and strain relationship obtained for sandy soils (adapted from [13]). 

 
 During the time of whole event (propagation of 

incident and reflected longitudinal wave) the 
soil radial strain is negligible. Considering wave 
propagation c in steel of around 5200m/s and a 
rod length L of 1m, the pulse transit all the way. 

down and back takes around 350s (dt = 2L/c). Within 
this time interval, the rupture bulb is not yet created and 
soil strain occurs mainly in vertical direction close to the 
rod’s tip. [13] have determined wave velocity and strain 
for a series of impacts by soils shock polar curve 
construction  
Table 1. Wave velocity and strain level determined by Aussedat’s 

tests in clayey soil [13] 
0 (kPa) 0 (kPa) v (m/s) 0 (kPa) D (m/s)  (10-3) 

4400 3500 0.56 900 780 0.7 
5200 4400 0.68 800 570 1.2 

7000 5800 0.90 1200 650 1.4 

Thus, [13] showed that the shock principle can be 
applied to penetrometer test. Nonetheless, technical 
issues (number and precision of sensors) and wave 
overlay limit these tests to research context. 

4. Panda 3® lightweight penetrometer 
Panda 3® is a lightweight dynamic penetrometer. The 

device is driven by hand-hammer blows on the anvil. The 
operator is able to adapt the applied energy to stiffness of 
soil [17] [18]. 

The sensors placed close the anvil measure strain ε(x,t) 
and the acceleration a(x,t) inducted by the compressional 
wave propagation during penetrometer driving. The 
compressional wave is created by each impact and 
propagates throughout the rods and back. A displacement 
sensor in the microprocessor device is placed at ground 
level and connected to the anvil. It allows record 

simultaneously the cone penetration displacement 
throughout the test. The Human Computer Interaction 
(HCI) device allows configuration of test details and 
display of results all along test execution. 

During the test the hammer shock generates a 
compressional wave which propagates within the rod at 
the velocity c (5200m/s for steel) towards the cone. 
Once this wave reaches the soil, part of it is reflected and 
the rest is transmitted to the soil. The energy transmitted 
to the soil is responsible for penetration observed. The 
reflected compressional wave get to the anvil and then 
back to the bottom. Multiple reflections occur and the 
phenomenon becomes cyclical as the energy decreases.  

Rods are assumed elastic and with constant section A. 
External forces along the rods such as skin friction are 
considered insignificant. Hence, the compressional wave 
propagation can be described by Alembert’s equation 
known as wave equation (Eq. (6)). 𝜕ଶ(𝑥, 𝑡)𝜕𝑡ଶ = 𝑐ଶ 𝜕ଶ𝑢(𝑡, 𝑥)𝜕𝑥ଶ  (6) 

A general solution to Eq. (6) corresponds to the 
overlay of downward uf (x - ct) and upward ug (x + ct) 
waves, where uf  and ug are arbitrary respectively 
functions (Eq. (7)). 𝑢(𝑥, 𝑡) = 𝑢௙(𝑥 − 𝑐𝑡) + 𝑢௚(𝑥 + 𝑐𝑡) (7) 

By assessing uf and ug at a point xA in the rods its 
possible to determine the corresponding stress (x,t), 
strain (x,t), velocity v(x,t) and displacement u(x,t). For 
a plane wave and a single mode of propagation, strain, 
stress, velocity and displacement can be expressed in 
terms of the Fourier transforms (Eq.(8)-(11)). 𝜀̃(𝑥, 𝜔) = 𝐴(𝜔)𝑒ି௜(ఠ)௫ + 𝐵(𝜔)𝑒௜(ఠ)௫  (8) 𝜎෤(𝑥, 𝜔) = 𝐸∗(𝜔)ൣ𝐴(𝜔)𝑒ି௜(ఠ)௫+ 𝐵(𝜔)𝑒௜(ఠ)௫൧ (9) 



 

𝑣෤(𝑥, 𝜔) = − 𝜔
(𝜔) ൣ𝐴(𝜔)𝑒ି௜(ఠ)௫− 𝐵(𝜔)𝑒௜(ఠ)௫൧ (10) 

𝑢෤(𝑥, 𝜔) = 𝑖
(𝜔) ൣ𝐴(𝜔)𝑒ି௜(ఠ)௫− 𝐵(𝜔)𝑒௜(ఠ)௫൧ (11) 

Next, upward and downward waves are separated. 
There are different methods of wave separation and 
reconstruction. Their application depends of types and 
quantity of sensors employed as well as initial and 
boundary conditions [19] [20] [21]. In the Panda 3® the 
employed method is based on a single point measurement 
on the rod which is placed close to the anvil [20]. In this 
point, strain and acceleration are recorded. Velocity is 
obtained by integration of acceleration data. In the single 
point measurement xA, the downward f(x-ct) and upward 
strain g(x+ct) waves are separated in time domain from 
A(t) and vA(t) recorded signals. 𝜀௙(𝑥 − 𝑐𝑡) = 12 [𝜀஺(𝑡)] − 12𝑐 [𝑣஺(𝑡)] (12) 

𝜀௚(𝑥 + 𝑐𝑡) = 12 [𝜀஺(𝑡)] + 12𝑐 [𝑣஺(𝑡)] (13) 
Once f(x-ct) and g(x+ct) are separated at the specific 

point A, stress, velocity and displacement are 
reconstructed at penetrometer’s tip located at a distance 
(xJ - xA) below the measurement point A. 

Assuming no variations of external forces and 
mechanical impedance constant along the rods, the 
iterative method proposed by [22] is used to rebuild stress 
σn(t) a velocity vn(t) for each xn section along the rods, 
especially when mechanical impedance changes occurs 
(Eq. (14)). σ୬(t) = 1 2⁄ ൣσ୬ିଵ൫t + ∆𝑡௡ି(௡ିଵ)൯+ σ୬ିଵ൫t − ∆𝑡௡ି(௡ିଵ)൯൧ … + 𝑍௡ 2⁄ [𝑣௡ିଵ(𝑡 + ∆𝑡௡ି(௡ିଵ) − 𝑣௡ିଵ(𝑡 + ∆𝑡௡ି(௡ିଵ)) 

(14) 
v୬(t) = 1 2⁄ ൣv୬ିଵ൫t + ∆𝑡௡ି(௡ିଵ)൯+ v୬ିଵ൫t − ∆𝑡௡ି(௡ିଵ)൯൧ … + 1 2⁄ 𝑍௡[𝜎௡ିଵ(𝑡 + ∆𝑡௡ି(௡ିଵ) − 𝜎௡ିଵ(𝑡 + ∆𝑡௡ି(௡ିଵ)) 

(15) 
Being ∆𝑡௡ି(௡ିଵ) = (𝑥௡ିଵ − 𝑥௡)/𝑐 and ∆𝑍௡ =ቀா೙௖ ቁ. With Zn, En and c are respectively mechanical 

impedance, elastic modulus and wave velocity measured 
at the section n. According to this technique, if the 
geometry and distance between impedance changes 
planes are known, the stress and velocity at the lower 
extremity n can be calculated from previous 
measurement n-1 point where stress and velocity were 
known (Figure 2). 

In the case of current penetrometer device, where rods 
are elastic and homogenous, as well as there are no 

impedance changes at the connectors sections and no 
external skin forces, the only impedance change take 
place at tip/rod screwing section. The tip signal 
rebuilding is done by two iteration of Eq. (14), as follow: 
- In the first iteration, stress C(t) and velocity vC(t) 

signal for section C (noted n) in calculated (Figure 
2) from the signal A(t) and vA(t) recorded in the 
measurement section A (or n-1) by mean of Eq.(14). 

- In the second iteration, stress t(t) and velocity vt(t) 
signals for section J (Figure 2) are calculated from 
stress and velocity records that has been calculated 
previously for section C. In Eq. (14), J and C signal 
are noted respectively as n and n-1 section. 

 
Figure 2. Scheme of penetrometer showing different sections A (meas-
urement point) and B, C and J (points of wave reconstruction) (adapted 
from [22]). 

Once the stress t(t) and velocity vt(t) records are 
calculated for the penetrometer tip, strain t(t) and 
strength Ft(t) are calculated by mean of elasticity 
relationships. Displacement ut(t) is calculed thought 
numerical integration. Next, assuming stresses and 
displacements equal in cone/soil interface during the 
cone penetration, cone stress-penetration curve is 
determined. 

 Determination of wave velocity through 
Panda 3® 

Panda 3® test allows to measure stress and particle 
velocity evolution in the rod during the shock. Once the 
incident and reflected stress wave are determined by 
wave separation method, transmitted wave (t and vt) is 
deduced. Transmitted stress wave allows to build soil’s 
shock polar curve. 

[17] was the first to apply this approach to Panda 3® 
test. He carried out tests with different materials. Shock 
polar curve of testing materials attest the sensitivity and 
repeatability of this method. In this approach, wave 
velocity of soil cs is determined with the pic stress (f and 
g) and particle velocity (vf and vg) data of incident and 
reflected waves (Eq.(16)).  𝜎௙ −  𝜎௚ = 𝜌௦ 𝑐௦(𝑣௙ + 𝑣௚) (16) 

 

 



 
  

(a) (b) (c) 
Figure 3. (a) Dynamic penetrometer Panda 3® apparatus, (b) Example of Panda 3® raw data (force, acceleration and displacement signals) recorded 
for one single blow [17] and (c) Experimental shock polar curve obtained for different materials (steel rods, concrete, wood and sand). [17] 

The application of Eq. (16) is justified by the short time 
interval of the whole event (pulse transit down and up the 
rod, i.e. 320s). [17] laboratory test results show a good 
agreement to testing materials velocity wave (Table 1) 
Table 1. Wave velocity of laboratory test results [17] 

Material 𝒄𝒑തതത ± 𝝈 (m/s) 
Concrete 3768 ± 403,6 

Wood 5250 ± 244,9 
Allier sand(γ ~16,5kN/m3) 789 ± 82,6 
Allier sand(γ ~14,5kN/m3) 432 ± 112,6 

Wave velocity tests were carried out in clay-marl 
formation in France [23]. Surface technique MASW and 
Panda 3® tests were executed in adjacent spots. Results 
show good agreement between both methods. Shear 
wave velocity (cs) was estimed by cp results and 
Poisson’s ratio  (Eq. (17)) and compared to MASW 
profiles. 𝑐௦ = ඨ 1 − 2𝜈2(1 − 𝜈) 𝑐௣ (17) 

 Shock polar curve from single blow data 
fitting 

During Panda 3® test, velocity and stress are measured 
almost continuously (frequency 50kHz to 100kHz) for 
each block. The approach introduced by [17] provides a 
fair determination of compression wave velocity [23], 
nevertheless Panda 3® allows to evaluate stress and 
particle velocity increase continuously during one single 
shock. Hence, it is possible to analyse soil response 
gradually. In fact, Aussedat suggests that stress and 
particle velocity increase produced by wave propagation 
can be exploit in multi-steps. Using this approach, it is 
possible to perceive an impact as a series of shocks of a 
growing stress. This would allow to observe show soil’s 
behaviour change and to limit wave velocity 
determination to the linear domain. Beyond this zone, 
wave velocity is expressed as a function of particle 
velocity so it would longer correspond to sonic wave 
velocity. 

In fact, in laboratory shock tests such as oedometric 
shock test, boundary conditions are well-defined and 
specimen size is small enough to more easily meet 

equation state conditions. Nevertheless, some 
experimental results suggest a highly repeatibility of 
shock polar curve. This fact motivate us to evaluate the 
application of a new approach to some zones of the 
specimen where this phenomenon has been encountered. 

Experimental program were carried out to evaluate the 
method. It consists in a series of penetrometer test on two 
sandy soils carried out in a calibration chamber under 
different conditions. 

 

5. Experimental program 

 Tested materials 
The soils tested were Hostun sand (HS) and 

Fontainebleau sand (FS). These are two siliceous sands 
with angular grains. These soils were selected because of 
the large laboratory test results reported not only for 
conventional tests but especially for small-strain 
parameters [24] [25]. The soils characterisation results as 
well as the literature data are summarised in Table 2. 
Table 2. Selected sands characteristics [25] [26] [27] 

Soil 
Present study Reported in literature* 
d50 

(mm) Cu emin  emax 
cp 

(m/s) 
E0 

(MPa) 

HS 0.38 1.54 0.60 0.93 119.5 - 
412.1 

20.4 - 
252.5 

FS 0.23 1.72 0.62 0.96 139.6 – 
267.2  

28.7 - 
113.5 

*e values from [24]; vp and E0 values from [25] [26] [27]. 

 Sample preparation and test procedure 
All samples were prepared by wet dynamic 

compaction. Water were added so all sample would have 
same moisture content (2-5%). Next, homogenized soil 
was dynamically compacted inside the chamber in layers 
by using a rammer. Constant compaction energy was 
applied to each layer. Soil’s density was controlled 
throughout the compaction by measuring mass and 
volume after each layer compaction. Additionally, 
homogeneity was later on attested by Panda 3® 
penetrogram results (Figure 4). 

Depending on the vertical and horizontal 
displacements (v and h) and stresses (v and h) in the 



 

calibration chamber during penetration, boundary 
condition (BC) can be classified in four types: BC1 (v = 
h = 0), BC2 (v = h = 0), BC3 (v = 0 and v = constant), 
or BC4 (v = 0 and h = constant) [28]. This nomenclature 
is usual when dealing with calibration chamber boundary 
conditions. In this study, boundary conditions correspond 
to the BC3 type i.e. vertical stress is kept constant and no 
radial displacement is allowed. 

The vertical stress is added by means of an overload 
(25kPa and 50kPa). Perforated metallic plates are placed 
on the chamber surface imposing a constant vertical 

stress. During the test a PVC tube placed around the rod 
prevent lateral friction between rod and the soil. A Panda 
3® test was effectued at the axis of chamber. After, the 
test soil samples are collected to moisture content 
determination in oven. 

Upward and downward waves are obtained through 
force and acceleration measurements and separation and 
reconstruction wave method as described previously. 
Stress and particle velocity of the transmitted wave is 
then deduced incident and reflected wave signals within 
velocity increasing. 

 

(a) (b) 
vxi = particle velocity of  the blow i, xxi = stress of the blow i, qd = tip resistance, Zi = mechanical impedance, cpi = compressional wave,  = soil 
mass density, A and B = empirical coefficients,  = soil unit weight, g = gravitational acceleration, E0 = small-strain modulus 

Figure 4. (a) Schema to determine small-strain modulus from Panda 3® test for a blow i and (b) Experimental set-up, penetrogram and velocity wave 
determination method applied to each blow 
 

6. Results and discussion 
Penetrograms of the eight tested specimens are 

presented in Figure 6 as well as tip resistance values. 
Specimen’s characteristics as well as wave velocity and 
small-strain modulus are presented summarized in Table 
3. Wave velocities were obtained from the average shock 
polar curve of a series of five consecutive impacts 
Average mechanical impedance is determined from 
linear regression of linear assumed zone, and then wave 
velocity is obtained from mass density (Z=c). Figure 5a 
illustrates the method. Next, small-strain modulus is 
determined from wave velocity and mass density by Eq. 
(1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Experimental results to the tested sands 
Sample w 

(%) e DR 
(%) 

v 
(kPa) 

Z 
(MPa/(m/s)) 

cp 
(m/s) 

E0 
(MPa) 

HS1 2.5 0.94 25 25 0.330 
± 0.06 236 78 

HS2 2.9 0.88 41 25 0.357 
± 0.03 253 93 

HS3 2.7 0.95 21 50 0.416 
± 0.13 270 96 

HS4 2.2 0.88 42 50 0.521 ± 
0.06 361 188 

FS1 4.5 0.85 39 25 0.324 
± 0.04 213 69 

FS2 4.4 0.77 56 25 0.360 
± 0.02 226 81 

FS3 4.6 0.87 16 50 0.288 
± 0.03 201 58 

FS4 4.5 0.97 55 50 0,439 
±0.06 276 121 

HS = Hostun sand, FS = Fontainebleau sand, w = moisture content,  
DR = relative density, v = overburden applied. 

In general, the results to small-strain modulus 
obtained are of the same order of literature data results 
(Table 2). It is important to notice that sand key factors 
(relative density and overburden pressure) are not 
identical, so a direct comparison is not possible.  

Once, test conditions are not the same, results of this 
study and of literature data are compared to Hicher & 
Biarez (1994) empirical model. Figure 5c show that 
variation of the results of this study are comparable to 
variation of literature data from laboratory tests deduced 
from other techniques (laboratory cross-hole and 
piezoceramic elements tests). 



 
(a) (b) (c) 

Figure 5. Example of results (a) Shock polar curve to a series of five consecutive blows of HS2 specimen (DR=41%, v =25kPa) and mechanical 
impedance deduced to the linear assumed zone (grey zone) (b) Stress and strain relationship in linear assumed zone expressed in log scale (c) Experi-
mental results and literature data evaluation by Hicher et Biarez (1994) model. 

 
Shock tests are often applied to estimate stress-strain 

material behaviour. In fact, in plate impact experiments, 
uniaxial stress induced by impact in direction of shock 
propagation is much higher than deviatory effects. So, in 
weak materials such as sands, the stress x in the 
direction of wave propagation [25]. 

 

 
Figure 6. Penetrograms of the specimens and tip resistance results 

It can be also assumed that for this short time interval, 
stress-velocity increase and strain are mostly uniaxial. If 
we analyse the linear assumed domain the application of  
axial strain xx = v/c, with c constant to this zone. 
Evolution of the axial strain is evaluated in function of 
stress increase to this zone. Figure 5(b) illustrate the 
application of approach to specimen HS2. Results 
suggests a strain interval associated to the impact from 
10-4 to 10-2 strain. 

7. Conclusion 
Being able to assess soil strength and deformability 

behaviour through a single rapid in situ technique would 
provide economical and technical gains. It would allow 
to evaluate soil under field conditions and to optimize 
experimental campaigns. 

A methodology is presented to determine small-strain 
parameter (cp and E0) through a rapid and low-cost in situ 
testing technique: the Panda 3® penetrometer test. To 
illustrate its application, wave velocity is determined to a 
series of consecutive impacts of eight specimens. Two 
sands were tested in a calibration chamber in different 
states (DR and confining pressure). Results show good 
agreement with the literature data. A larger experimental 
campaign must be carried out in order to  validate the 
methodology to more representative number of impacts 
and to other soils under different conditions. 

The present work is part of a research project which 
aims to determine soil’s deformation (by modulus 
degradation curve estimation) and shear strength 
parameters (cohesion and friction angle) by lightweight 
penetrometer test. 
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