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ABSTRACT

Dynamic penetrometer is a worldwide practice in geotechnical exploration and the French Panda ™ lightweight variable
energy is the most developed device nowadays. Widely used in France and other countries, The Panda penetrometer is
relatively unknown for characterizing surface soils domain and the possibilities it offers. In this article, the authors offer
a brief review of the principle of measurement, its uses, advantages and disadvantages calibration, and interpretation, as
well as the different relationships with other in-situ test (CPT, SPT...) and some geotechnical parameters. A summary of
the works that can be found and that are based on this technology is also presented. The overall aim is to provide the
reader with a basic historical document for a better understanding of the operation and analysis of the results obtained
with this device, enabling it to be integrated, as a complement, into in situ investigation campaigns.

Keywords: Dynamic Penetrometer, Panda, instrumented DCP, soil characterization, in-situ test, compaction control,

field correlation.

1. Introduction

Dynamic penetration tests (DPT) are a worldwide
technique for soil characterization. Due to its rapid
implementation, affordability, and suitability for a large
range of soils, DPT are present in many countries
(Sanglerat, 1972). This is certainly the oldest one
technique for geotechnical soil characterization.
According to literature review presented by (Massarch,
2014), the first known experiences of the DPT date back
to the 17" century in Europe. N. Goldmann described a
dynamic penetrometer as a method of hammering a rod
with a conical tip where penetration per blow can be
recorded to find differences in the soil stratigraphy
(Goldmann, 1699). At the beginning of the 20" century,
the first major development also took place in Germany
with the development of a lightweight dynamic
penetrometer, the Kiinzel Priifstab, later standardized in
1964 as the "Light Penetrometer Method".

With the European development of DPTs and due to
its simplicity, numerous developments have occurred.
Scala developed in Australia the Scala dynamic
penetrometer (Scala, 1956), which has been widely used
for design of pavement. Sowers and Hedges developed
the Sowers penetrometer, for in-situ exploration and to
assess the bearing capacity of shallow footings (Sowers
& Hedges, 1966). Webster et al. and the US Army Corps
of Engineers developed the dual mass DCP (Webster et
al., 1992), well known in North America and many other
countries (ASTM-D6951-18, 2015; Salgado & Yoon,

2003). The Mackintosh probe was developed recently by
Sabtan and Shehata (Sabtan & Shehata, 1994). The
lightweight penetrometer was standardized in Germany
in 1964.

Moreover, the low driving energy and limited probing
depth led to the development of heavier devices in
Europe and the USA (SPT, Borros, Andina...) (Broms &
Flodin, 1988). Several generations of DPTs have
succeeded one another, and today, a wide variety of them
can be found (Sanglerat, 1972). Despite the wide variety
of DPTs developed over the last century, the fundamental
principle, equipment, and technology remain unchanged
from those described by (Goldmann, 1699) and the
Kiinzel Prufstab (Kunzel, 1936). Indeed, unlike the CPT
(Lunne et al., 1997; Massarch, 2014), which has
undergone significant technological development, DPTs
have not embraced these advances and continue to rely
on old and rudimentary techniques.

It was only at the end of the 1980s that the first major
improvements in design, measurement principles, and
equipment took place. "In France, engineer and
researcher Roland Gourvés developed the first
instrumented lightweight dynamic variable energy
penetrometer: the Panda (from French Pénétrométre
Autonome  Numérique Dynamique  Assisté  par
ordinateur) (Benz-Navarrete, 2009; Benz-Navarrete et
al., 2020a; Gourves, 1991; Gourvés & Zhou, 1997;
Langton, 1999). However, despite being widely used in
France, Europe, America, and many other countries
around the world, the Panda technology remains
unknown to many practitioners and contractors.
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2. The PANDA penetrometer

Created in 1989, the test belongs to the family of
lightweight dynamic penetrometers, whose principle
consists of driving a cone fixed to the lower end of a rod
into the soil. The main idea was to design an instrumented
and autonomous device at low cost, lightweight, and
small, yet with sufficient penetration power to test most
soils to a depth of a few meters. The implementation of
variable energy, which allows the driving energy to be
adapted according to the hardness of the soil, is one of
the fundamental principles and the main originality of the
device. Energy variation is achieved by using a standard
manual hammer and adjusting the intensity of the blow.

For each blow, the energy is directly measured by
sensors located in the anvil, while other sensors
simultaneously measure the cone penetration. These
measurements are stored and analyzed in real-time by a
specially designed Human-Machine Interface (HMI).
The cone resistance qd s calculated automatically using
the Dutch formula (Butcher et al., 1996; 1SO-22476-2,
2005a; Powell, 2017; Sanglerat, 1972).

2.1. Historical background

The instrumented variable energy lightweight
dynamic penetrometer was designed in 1989 (Gourves,
1991). The work began in the 1980s under the direction
of Roland Gourves at C/U/S/T (Centre Universitaire des
Sciences et Techniques) in Clermont Ferrand.
Subsequently, a dozen studies were conducted between
1983 and 1991 to establish the fundamental principles of
the device and to evaluate its technical and practical
feasibility, including studies on repeatability. Other
research was carried out to define operating modes,
applications, and establish correlations with other
geotechnical tests. (Turchet, 1983; Barrere, 1984;
Imbault, 1985; Labbé, 1988; Goblet, 1989; Poix, 1990;
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Figure 1. Instrumented lightweight dynamic penetrometer Panda (Gourves, 1991). (a) first génération of the devices mesureing
kinect energy just before the blow, (b) second generation (current comercial version) mesuring strain energy just after the blow,
(c) Main components of the Panda.

Bustillo, 1990; Mathieu, 1990; Barjot, 1991... cited by
(M. A. Benz Navarrete et al., 2013)). In 1991, the first
version of the device was launched. Since then, three
versions of the device have been developed (Benz-
Navarrete, 2009; Escobar Valencia, 2015; Gourves,
1991; Gourves & Zhou, 1997; Zhou, 1997).

a) First generation: Panda 1. The first generation
was created in the early 90s. In this concept, the impact
energy (kinetic energy) is measured precisely at the
moment of impact using Hall-effect sensors installed in a
mobile steel anvil. Additionally, the settlement of the
cone after each blow is measured with a digital encoder
The cone resistance is immediately computed using the
Dutch formula (Gourves, 1991; Gourvés & Zhou, 1997;
Langton, 1999; Zhou, 1997). The hammer weighs 2.5 kg
and is made entirely of steel.

b) Second generation: Panda 2. In this version,
developed from 2002 onwards, the first major innovation
in dynamic penetrometer was introduced: the strain wave
energy is measured by means of strain gauges just after
each blow (Benz-Navarrete, 2009). The energy is
computed using the simplified EF2 method
(Schmertmann & Palacios, 1979). The hammer has been
lightened and modified to produce a semi-sinusoidal
compressional wave at each blow. Cone resistance is
computed using the Dutch Formula, and a shock
pendulum was employed to establish the relationship
between the kinetic energy and the strain wave energy.

¢) Third generation: Panda 3. The studies carried
out on the second version led to a fundamental analysis:
How can the advances made over the last 20 years in pile
driving and dynamic testing of materials using the
Hopkins bar be integrated into the dynamic
penetrometer? The third and more sophisticated version
of the device was born and developed since 2010. Here,
three types of sensors are installed (accelerometers, strain
gauges and displacement) and the wave equation is



automatically solved to separate the fundamental waves
propagating in the penetrometer just after each blow. In
addition to the cone resistance, still calculated using the
Dutch formula, for each blow, the dynamic cone load
curve (DCLT) is plotted using wave reconstruction
methods. As presented by (M. Benz Navarrete et al.,
2021; Benz-Navarrete, 2009), from DCLT curve, soil
strength, dynamic stiffness, shear modulus, shear wave
velocity... are computed.

In all three versions, the measurement and processing
routines are fully automated, the drive energy still
“variable”, and the main result, cone resistance, is always
computed using the Dutch Formula, as recommended by
(1SO-22476-2, 2005a).

2.2. Measuring principle

The principle is simple: it involves manually driving
rods into the ground by varying the intensity of the
hammer. At each blow, drive energy and cone
penetration are measured. The dynamic cone resistance
qd can be obtained using the Dutch Formula, derived
from a general driving formula based on a simple
conservation of energy principle. In fact, theoretically it
can easily be demonstrated that to drive a penetrometer
of mass P (over a distance e into a perfect elasto-plastic
soil having a tip/base resistance Qd) by means of a mass
M which falls from a height H and strikes the
penetrometer at a speed vo=(2gH)*2, both being rigid, we
can establish the following relationship:

Qdelp

Qqe = kiMgH — k,

P 1)

+ (M + P)ge

with kiMgH (or ki(1/2Mv,?)) the input drive energy,
where k; represents the efficiency of the penetrometer
driver thus ki < 1. The term ko(1/2Qd €'p) represents the
energy losses due to the elastic shortening €', of the
penetrometer, as well as those taking place at the
hammer/anvil and anvil/rod interfaces, thus coefficient kx
> ]. Expression ksMgH P/(M+P) represents the losses
energy due to the inelastic impact of the hammer M,
where ks is a function of Newton’s coefficient of
restitution ¢, ks = (1- £2), and ks is equal to 1 for a perfectly
inelastic shock and 0 for a perfectly elastic shock.
Finally, (M+P)ge the work of inertial force of the
assembly just after the impact.

Dutch formula (eq. 2) is obtained by considering that:
a perfectly inelastic shock (ks=1); no energy loss during
each blow (k;=1) and neglecting both energy losses due
to elastic shortening and inertial work after blow.

Mgh M
Ae (M +P)

where qd = Qd/A and A is the cross section of the tip
of the cone. Other driving formulas have been derived
and proposed from the general driving expression (eg. 1).
Other formulas can be obtained from the general pile-
driving formula. However, it has been shown that the
Dutch formula provides a simple and reliable estimator
of soil resistance qd and its use is recommended for the

qa = 2

interpretation of DPT test. Early on, (Waschkowski,
1983), recommended the use of the Dutch formula to
obtain comparable results with those obtained with CPTs.
Recently, (Powell, 2017), based on (Butcher et al., 1996),
show that the use of drive formulas, such as Dutch
formula, improves the quality of DPT analysis (ISO
22476-2) and makes them comparable with those
obtained through CPT.

In the case of the Panda, it has been decided to use the
Dutch formula to normalize the measurements taken at
variable engine power. Additionally, it is simple to
implement, reproducible, and recommended by ISO
standards. (1SO-22476-2, 2005b).

Table 1. Main features of dynamic penetrometers

SPT ngfe CcPT Panda

Drive mode dynamic | dynamic | sinking dynamic
M (kg) 63,5 120 - 1,76
H (m) 0,76 1 - variable
Vi (m/s) 3,9 44 0.02 21012
D, (mm) 50 60 35 14
D; (mm) 50,5 74 35.3 22,5
Dy/D; 1,0 1,2 ~1,0 1,6
A (cm?) 20 43 10 4
Cone angle 90° 60° 60° 90°
Etheo (J) 473 1177 - 3-126
Pp (kd/m?) 236 274 7,5-315
Penetration rate variable variable | 20mm/s variable
Max. depth (m) < 200 <30 20 - 30 7
Instrumentation optional optional included
Energy meas. (option) (option) | included included
Meas. type - - Strain Strain
In-situ meas. Nspr Nao Force Drive energy

. Dutch
Cone resistance Force/A formula
Accessibility + + + 4+
Investment €€€ €€ €EEE €
GPS Non Non Yes Included
Software assoc. Non Non option included
Weight (kg) > 1000 >1000 | > 1000 ~23,5

2.3. Equipment

Panda is composed by six elements: hammer,
instrumented anvil, rods, conical tips, central acquisition
unit (UCA) and HMI (TDD) (Fig. 1.c). The sections of
the cones used are respectively 2cm? or 4cmz. The former
are mainly utilized for compaction control in tests with
depths less than 1.50m, while the latter are employed for
geotechnical investigations involving greater depths. As
these cones overflow, they help minimize the skin
friction along the rods.

The UCA is an electronic device designed to drive,
centralize recordings, and process them before
transmitting to the TDD. This is an electronic HMI
device that facilitates communication between the
operator and the device. It enables the operator to define
sites and tests, save measurements, visualize surveys, and
configure various parameters.

The total weight is less than 20kg, which makes it
easily transportable and easy to handle.

2.4. Data processing and analysis

One of the great advantages of the Panda is its ability
to conduct precise layer-by-layer exploration, ranging
from very low to high resistance, achieved by controlling



the hammering energy and adapting the intensity of
hammering. The measurements obtained enable the
establishment of penetrograms with extremely high
spatial resolution, as illustrated in Fig. 2.

2.4.1. Signal processing.

Signal processing is necessary on the raw
penetrometer data to filter the signal and enhance its
quality. It is common to perform clipping (removal of
outliers) then smoothing and regularization. For
penetrogram clipping, this is analyzed by windows of
fixed length Lw, which are not overlapped. Inside each
window, values greater than x times the variance will be
eliminated or replaced by the mean value.

Concerning penetrogram smoothing, two techniques
are recommended: averaging by sliding window of fixed
length W; (i.e.: W; = 50mm) or the Kalman filter. In order
to reduce the number of values, it is possible to regularize
the signal by consecutive, non-overlapped windows of
constant length W; (i.e.: W; = 100mm), such that:

Cone resistance, qd (MPa)

Cone resistance, qd or qc (MPa)

_ 2qd; e
e

with qd; the resistance measurements in the window

Wj and e; the measured penetrations. Fig.2.a shows an

example of raw, clipped, smoothed, and regularized
penetrograms recently obtained in a leaching pile (Chile).

qd” @)

2.4.2. Skin friction correction

In a cone dynamic penetrometer, skin friction, along
with factors such as the drive energy transmitted to the
rods and the position of the groundwater table, can
significantly influence results. To mitigate this effect in
the field, methods such as bentonite drill mud injection
or the use of overflowing tips are often employed. In the
latter case, which is the most common, the ratio between
cone and rod diameter must be at least 1.35. In the case
of the Panda test, which utilizes 22.5 mm diameter cones
and 14 mm rods, this ratio is 1.6.

Torgue measurement, Mv (Nm) Cone resistance, qd or qc (MPa)

1] 20 40 60 80 0 2 4 6 8 10 12 140 100 200 300 0 20 40 60 80
0 0 0
Lo Aguirre (Chile) 1 A/:' Cran site (clay) Dunkirk site (silty sands)
14 Leaching pile r Groundwater tabie
E = French drain fareved _____ P 7 A, A N - 4. A —Torgue-Mv (Nm) ~—- 1
2
Pile #2 3 ) —
3 4 A T -
o f ZTTITTITITI Frenchdrain foravel) ¢ V Crounduater able
i 5 4
3L
Pile #3 5 4 Panda Groundwater
S Himim o VT e deain (graved ~___ RawPanda penetrogram corrected
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Figure 2. Panda measurement penetrograms. (a) Example of signal processing (raw, smoothed and regularized signal); (b)
Correction of skin friction from torque measurements and (c) Effects of the groundwater table and example of correction.

However, it is recommended to measure the torque
(Mv) with a dynamometer key. In fact, it has been shown
that cone resistance qd increases when the torque (Mv)
increases (penetration e per blow decreases, when the
torque measurement increases). To take this into account,
the measured values of qd can be corrected qd corr from
torque measurements values (Mv) according to:

E 2aM,Ae h E; 4)
= ——--:—=" e =
sT T, T s T e
1
qd,corr = (5)

11+ 4a/45)

where Es is the energy required to mobilise a
penetration Ae, Dr is the rod diameter gs the equivalent
cone resistance associated to the skin friction, qd the
measured cone resistance and qd corr, the corrected cone
resistance. The coefficient « depends on the type of soil
(oo = 1 for sand, 2 for silts and 4 for clays). In the Fig. 2.b
an example of corrected measurements performed with
Panda are presented. CPT measured profiles are also
shown.

2.4.3. Boreholes below the water table

Given the dynamic nature of the DCP test, in some
cohesionless soils, the presence of the water table can
have significant effects on the measured qd. For fully
drained sand, qd can increase significantly, by up to
250%, compared to fully submerged sand. To take
account of the effects of water content, we recommend

using the following expression, based on the
recommendations of 1SO 22476-2:
da = alqd,gw + a; (6)

where qd gwis the cone resistance measured below de
water-table and ai, a; are dimensionless coefficients.
Empirical studies have shown that a;e[1,95 — 2,85] and
a»e [0,65 — 1,05]. In practice, for clean, uniform sand, it
is assumed that qd~2,5qd gw. Fig. 2.c shows an example
of penetrograms obtained in a sandy site, with qd values
above and below water table. Cone resistance measured
with CPT is also presented. The values a;=2.4 and a; =
0.65 are used to correct the qd gw values.



2.4.4. Effects of overburden pressure

Since the measured value corresponds to the net
resistance qd, it is recommended, for some analyses, to
consider the overburden pressure as follow.

ady = qd (5-)" )
OJ‘UO

with qd cone resistance (Mpa), pa atmospheric
pressure (1 atm = 103 Kpa = 0.1 Mpa),o the effective
stress of the soil mass and m the stress normalization
exponent (for sandy soils asumed equal to 0.5).

(Villavicencio et al., 2018, 2021) studied the effects
of overburden pressure on qd for mine waste soils (,
confirming the above relationship (eq. 6) and the
exponent m=0.5. As part of its studies to develop a
method for assessing slope stability (Athapaththu et al.,
2007, 2015, 2016; Tsuchida et al., 2011) show the effects
of vertical confining pressure on results for Masado‘s
residual dsandy soils. More recently, in a more
exhaustive calibration chamber study, (L6pez Retamales,
2022; Retamales et al., 2021) confirmed the good
agreement of expression above. The study here focused
on the Fontainebleu and Hostun sands.

3. Field applications

Panda technology is mainly used for soil investigation
at shallow depths; for compaction control of road
embankments, dikes, earth dams, etc.; for assessment of
the bearing capacity of wasteland or road earthworks; for
assessment of the risk of liquefaction of earth dams or
tailings dams.

3.1. Shallow soil characterisation

Investigations with the Panda can reach depths of 6 to
7 meters, or even more in some cases, depending on the
soil resistance and the absence of skin friction along the
rods. This depth capability is sufficient to address a
significant number of shallow geotechnical problems,
typically in the range of 0-100 kPa.

3.1.1. Layer detection

One of the significant advantages of the device is its
ability to continuously record soil resistance. The
resulting penetrogram offers valuable insights into the
stratigraphy of shallow formations. Based on this data,
various methods have been applied to detect ground
stratigraphy from the test results. The most common
method is the 'empirical' approach, where the operator
defines the boundaries between each stratum based on
variations in cone resistance observed in the
penetrogram. (Chaigneau, 2001) proposes an automatic
stratigraphy identification technique: the cone resistance
qd follows a log normal law and the coefficient of
variation is constant for a homogeneous material. More
recently, in a more exhaustive work, (Sastre Jurado,
2018; Sastre Jurado et al., 2016, 2021) proposes the
application of the T-ratio, Intra-class coefficient and
Bartlett test techniques, which are based on the analysis
of penetrograms by sliding window. A very good
agreement between empirical analysis and automatic
predictions from Panda penetrograms was obtained.

3.1.2. Spatial modelling of soil variability

Another area of application for the device is the
assessment of the spatial variability of soils. With almost
continuous recording at depth, and given the simplicity
of conducting the tests, it is easy to apply geostatistical
analysis and modelling methods to assess the site's
hazard. Very early, (Deplagne & Bacconnet, 1993) used
Panda to carry out a structural analysis of a clay dike
using a geostatistical approach. Later, (Chaigneau, 2001)
applied these same concepts to the spatial modelling of
trench compaction properties. In addition, (Lepetit, 2004;
Villavicencio, 2009; Villavicencio et al., 2011, 2022)
proposes, based on (Deplagne & Bacconnet, 1993) work,
to apply these methods to the spatial modelling of the
liquefaction safety factor and compaction control of earth
dam and tailings dams. For its part, (Athapaththu et al.,
2016; Tsuchida et al., 2011) use Panda data to model soil
behaviour and cone resistance features as part of the
diagnosis of the Masado’s slope. More recently, (Sastre
Jurado, 2018; Sastre Jurado et al., 2016, 2021) proposes
a probabilistic approach to modelling and predicting
shallow soil properties based on geostatistical and
machine learning techniques.

3.1.3. Empirical correlations

Numerous investigations have been conducted to
establish empirical correlations between the cone
resistance qd and various physical, state, or mechanical
properties of the soil, as well as the results obtained from
other in-situ tests.

For sand and cohesionless soils, dynamic
penetrometers are widely used to assess its state
parameters (D.R., dry density, void index...) and
mechanical parameters (angle of friction). Concerning
relative density (D.R.), (Villavicencio et al., 2016, 2021,
2022) proposes, for silty sands, an empirical model was
adapted by using a simple regression on all the pairs of
experimental data (qdi1, DR).

DR = 28,5In(qd,) — 65,4;20 < qd, <326 (8)

where qd; is cone resistance qd coorected from
overburden pressure effects. More recently, (LOpez
Retamales, 2022; Lopez Retamales et al., 2021) based on
tests carried out in a calibration chamber using dry,
saturated Fontainebleau and Hostun sands, proposes the
following relationship between DR and normalized qd..

DR = a, In(qd,) + a, 9)

For dry condition, the a; value is 33.5 or 23.4, while
the a, value is 23.7 or 26 for fontainebleu and hostun sand
respectively. For saturate state, the a; value is 29.4 or
31.2, while the a, value is 15.9 or 13 for fontainebleu and
hostun sand respectively.

(Athapaththu et al., 2015; Tsuchida et al., 2011)
proposes a relationship between void index (e), degree of
saturation (Sr in %) and cone resistance qds (qds is
defined as cone resistance for 5 kPa overburden stress
and can be as follow qds = qd — 0.01*(»*z - 5)).

e = 1.19 — 0.0841In(qd,) — 0.007S, (10)

In addition, the Panda developers propose the
following relationship between cone resistance qd, dry



and bulk y densities, for sands and all soils, above the
water table, respectively:

Y4 = 0.18log (Z—Z) + 1.39 (sands)

Ya = 0.25log (Z—Z) + 1.33 (all soil) (11)
yro_ 4q ,

T~ 0.361og (pa) + 1.43 (all soil)

Concerning the evaluation of the friction angle ¢‘,
(Villavicencio et al., 2011) proposes the expression:

@' =14.79 + 5.54In(qd,); 10 < qd, <280 (12)

(Athapaththu et al., 2015; Tsuchida et al., 2011)
proposes a relationship between friction angle ¢,
apparent cohesion (cq in kPa), cone resistance qd and
degreee of saturation (Sr) of the Masado soils given by :

@' =299 + 1.611In(qds) + 0.142S, (13)
¢y = 10.6 + 1.191n(gds) + 0.041S, (14)

For fine cohesive soils, such as clays and silts, the
most important parameter in the field is undrained shear
strength, notes s,. Dynamic penetration tests have long
been used to estimate the value of s,. There is a very good
relationship between qd and s,.

qa — Ovo
Ny

With gy, the vertical pressure and Ny the correlation
factor as a function of soil plasticity. Generally, it can be
assumed s, = qd /(15 to 20) (Langton, 1999; Zhou, 1997).

Table 2. Estimation of the undrained shear strength sy
Plasticity index (IP)
10to 12 1210 25 25 to 40 > 40
Nie") 11 13 17 23
®) with Ny ~0.285*IP + 7.64

Sy =

(15)

Coeff.

Panda & SPT relationship.

Despite the high variability in results obtained with
the SPT probe due to factors such as apparatus type,
drilling effects, energy corrections, and rod length, there
exists a strong correlation between the cone resistance qd
and the number of blows Nspr from the SPT test.

Table 3. Summary of the Nser-qd correlation coefficient

Soil o
Organic clays 1,8t02,4
Clays 2,2103,0

Silt, clayey silts and silt mixtures 2,8103,6
Silty sand, clay sand, clay sand 3,0to 4,5
Sand, sandy gravels 4,41t06,8

The correlation coefficient & primarily depends on
the soil type.

(qa/pa)
— =«
Nspr *
with qd the cone resistance (Mpa), pa the atmospheric
pressure (0.103 MPa), Nspr™ the SPT value (“assumed
near to Neo) and « the SPT-qd correlation coefficient.
(Langton, 1999) proposes a coefficient o of between 1,0

(16)

and 1,95, based on comparative tests conducted on
predominantly clay soils. Recently, (Angelim et al.,
2016) proposes a correlation coefficient « equal to 2.73
for clayey soils. For silty sand, (Sanhueza &
Villavicencio, 2010; Villavicencio, 2009)has obtained a
correlation coefficient of 2,25.

Panda & CPT relationship. Various studies have
demonstrated a strong correlation with CPT (cf. Fig. 2).
(Benz-Navarrete et al., 2020b) presents a summary of the
work reported in the literature and proposes :

q. =1.06q,; —0.21

087 < <111 (17)

qa
This correlation is valid for most soils (Dmax < 50mm),
for qd values greater than 0.4Mpa and less than 50Mpa,
and above the water table.

Panda & dual mass DCP relationship. "Since the
work of Scala (1956), the dynamic penetrometer DCP
has been widely utilized for the design and control of
shallow foundations and pavement structures. The US
Army Corps of Engineers has developed the dual mass
DCP, known as ASTM 6951, which is extensively used
in America and worldwide. This DCP features a dual
mass hammer (4.6kg and 8kg) and a conical tip with an
area of 3.14cm? and an apex angle of 60°. Due to their
great similarity, a strong correlation has been
demonstrated between the cone resistance qd and the
penetration index IDCP. (Langton, 1999; Lopez
Retamales et al., 2019).

qq = aIlDCP™Y+ (18)

with qd the cone resistance Panda (Mpa), IDCP the
penetration index in (mm/blow), « and g the correlation
coefficients (Table 5).

Table 4. Panda-dual mass DCP relationship (qd-1DCP)

Type of mass a g
DCP weight of 4.6Kg (R2 0-87) 62.4 0.34
DCP weight of 8.0Kg (R? 0.83) 108.7 0.27
General relationship (average) 97.8 0.31

Panda & DPL, DPH and DPSH relationship. In
Europe, the use of dynamic penetrometers is described in
Eurocode 7 and their main characteristics presented in
(1SO-22476-2, 2005b). DPL, Borros (DPH) and DPSH-
B are widely used. Given their geometric characteristics
and the test procedure, there is a good correlation
between the values of cone resistance qd and the results
of the DPL (N1o), DPH (N1g) and DPSH-B (N2o) tests.

qa = ny(a * L, + b)_l (19)

Table 5. Panda-1SO 22476 penetrometer correlation (qd-Nxy)

Type of penetrometer acoeff'c'emsb
DPL, Nxy = N1o 0.62 4.05
DPH, Nxy = N1o 0.07 0.88
DPSH-B, Nxy = N1o 0.08 1.18

In terms of cone resistance qd, it can be assumed that:
qq = [0.88 — 0.98]qq,ppr (20)



where qd is cone resistance measured with Panda,
qdoer is the cone resistance, obtained through Dutch
formula using DPT ISO 22476-2 penetrometers.

Shear wave velocity Vs correlation. The
development of shear wave velocity measurements for
shallow soils has led to the implementation of many
comparative tests, mainly including MASW. The Panda
manufacturers, without citing the external source,
propose the following relations as a first approach.

All soils Vs = 113.5q,%3*
Vs = 141.5q,%%°
Sand Vs = 125.5q,%%8

Gravels Vs = 110%0'29

Clays and silt
(21)

whit Vs the shear wave velocity in m/s and qd cone
resistance in MPa. Recently, (Kang et al., 2023) proposes
a Vs-qd relationship for railway ballast and fouled ballast
as Vs=25.47*qd""°. However, a more suitable ratio for
this type of soil is Vs=87.5*qd%3".

3.2. Compaction control

One of the most important uses of the device in
France is quality assurance/quality control (QA/QC) of
earthworks ~ compaction.  Although traditionally,
compaction control is conducted by measuring the dry
density and comparing it to the optimum Proctor value,
control using the dynamic penetrometer has developed
over the past thirty years. It involves comparing the
penetrogram obtained with a pair of reference curves, ggr,
and qu, corresponding to the cone resistance qd that
should be obtained if the compaction was satisfactory.

The gr, and g curves are obtained from calibration
curves, determined in the laboratory, but also in situ (NF
P 94-105). The calibration is based on establishing the
relationship between cone resistance qd and dry density
. In fact, (Chaigneau, 2001; Espinace et al., 2007;
Jayawickrama et al., 2000; Livneh & Livneh, 2013;
Villavicencio et al., 2022; Zhou, 1997) have shown that
for a given soil and variable water content W, there is a
one-to-one relationship between qd and .

ya = A(w) + Bln(qd) + C (22)

with A, B and C the calibration coefficients for a given
soil. At present, these values have been established for
about forty soils, thus constituting an important database.
Fig. 3 shows the qd-yd-w database for thirty-eight
different soils. Each point represents a soil sample at
different density and water content. Here, the cone
resistance represents the average value measured for all
soil samples.

Compaction control with Panda is actually
standardized in France, Morocco, and Chile (AFNOR,
2012; IMANOR, 2019; INN-NCH3261, 2012) for:

- Control of layer thickness and depth of

compaction,

- Control of compaction layer by layer or as a whole

- Control of bearing capacity (CBR) of subgrades

- Optimization of compaction processes (test bed,

number of passes, layer thickness, etc.)

- Determination of unusual areas in earthworks,

- Survey of slopes areas

3000

2500 1

y = 288,36x + 418,02
R?=0,6068

2000 +

1500 1

Dry density, v4 (kg/m?3)

1000 1
332 samples (38 types of soils)
Each sample represents a soil sample
of different density and water content.
500 1+ The cone resistance is the average
value measured for the complete soil
sample.

0
0 1 2 3 4 5 6 7 8 9 10

Cone resistance, Log(1000*qd/pa)
Figure 3. Panda compaction database. Dry density and cone
resistance measurements for differents soils comapcted at
different density and at different water content.

Finally, based on relationship proposed by (ASTM-
D6951-18, 2015) and the relationship between cone
resistance and DCP dual mass, various studies have
established a correlation between cone resistance qd and

CBR value determined according to the
recommendations of ASTM 6951.
CBR = a - (qd)*? (23)

Where o and B are the correlation coefficient and
depend on the type of soil.

Table 6. Estimate of the CBR bearing capacity index from qd

Type of soil o B
All soil 1,56 1,10
Very plastic clays and silts 3,27 1,00
Clays and silts of low plasticity (CBR< 10) | 0,304 | 2,00

4. Conclusions

After 30 years since its creation, the French
penetrometer Panda is now present inmore than 100
countries around the world. Panda is currently used by
design offices, public organizations, private companies,
research centers, universities... Nearly 4000 copies have
been distributed, making it one of the most widely used
devices for in-situ test and QA/QC of earthworks.

Its main applications are the characterisation of
surface soils, the diagnosis and control of earthworks and
the control of backfill compaction.

This prospecting method is very practical, fast and
efficient for the auscultation of soil surface formations.
In addition to its simplicity and speed of use, the
repetitiveness, reliability and low variability of the results
make this penetrometer a suitable tool for prospecting
and mapping campaigns that seek to determine the spatial
variability of soil mechanical behaviour in the field, even
in areas of difficult access. This is a very interesting tool,
ideal for easily completing the characterisation of surface




soils in addition to conventional tests, which are more
expensive and more complex.

The Panda represents a very important advance in
technology. Studies carried out over the last 30 years
have made it possible to define calculation
methodologies based on the use of the cone resistance qd
of the device and to assess orders of magnitude of the
intrinsic parameters of the soils under investigation.

Although the device has already been standardised in
France for compaction control, the process of proposing
a standard enabling this technique to be included in soil
investigation and the preliminary design of shallow
structures is ongoing. Moreover, and in spite of
everything, the use of the dynamic penetrometer with
variable energy has not been included in the Eurocodes
(soil caractérisation or earthwork control) or in the TC
102 of the ISSMGE. Nevertheless, 1SO 22476-2 accepts
the use of penetrometers with different, and therefore
variable, driving energies, provided that the Dutch
formula is used to exploit the measurements taken on site.
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