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Soil Dynamic Stiffness and Wave Velocity 

Measurement Through Dynamic Cone 

Penetrometer and Wave Analysis 
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a
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b
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Abstract. The main objective of this article is focus on the investigation methods to 
estimates two important geotechnical soil parameter that are modulus and shear 
wave velocity by using lightweight dynamic penetrometer called Panda 3®. Firstly, 
wave equation, decoupling and reconstruction implemented method are presented. 
Then, the approach to determine soil modulus as well as the soil shear velocity 
through shock polar curves in frequency domain will be presented. The obtained 
results are evaluated with other in – situ geotechnical tests. The analysis shows a 
good accuracy and quality of the measurements. In addition, due to the high 
resolution of the vertical measurements (around 200 measures/meter), the proposed 
device, Panda 3, could be a good tool in order to improve shallow soil 
characterization. 

Keywords. Dynamic penetrometer, Panda3®, modulus, wave shear velocity, wave 
equation, spectral analysis, transfer function. 

1. Introduction 

Amongst the different in situ test methods, the dynamic penetrometer is one of the most 

used test worldwide; yet he did not take advantage of recent advances in electronics and 

computing and remains a rather old and rustic on a technical point of view. Nevertheless, 

the work done for the past 20 years on the lightweight dynamic penetrometer Panda® 

and especially the last research work on the Panda 3®, recent innovative instrumented 

dynamic cone penetrometer, showed that the integration of various sensors and a chain 

of acquisition and processing of the measured signals make it possible a complete 

description of the physical phenomenon of driving penetrometer and its interpretation. 

Numerous laboratory tests have shown the feasibility and validity of the results. However, 

very few tests were performed under real conditions in order to validate its use in the 

context of a geotechnical characterization campaign. 

After a brief reminder of the Panda 3® principle and the used implemented method, 

we will present a new approach to determine soil modulus and wave velocity. This 

approach is founded on the transfer function (FFR) applied to Panda 3® tip 

measurements. Assimilating the cone tip of the penetrometer to a circular plate embedded 
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in a semi-infinite elastic medium, it is possible to determine dynamic modulus EKd as 

function of frequency according to Boussinesq method. 

The results of a test campaign on an experimental field will be used in order to 

evaluate the reliability of measurements.  

2. The Panda 3®: fundamental principle and signal analysis 

In the early 1990s we witnessed in France the development of the lightweight 

penetrometer Panda® [1], the only dynamic variable energy penetrometer equipped with 

sensors to automatically record the drive energy during the survey. Driving is performed 

with a manual hammer that can be accelerated blow per blow according to the soil 

hardness. Recently, benefiting from the latest sensor technological developments, we are 

witnessing to the development of the third generation of Panda®, named the Panda 3®. 

Although the principle of the device remains basically the same, this is a device that 

makes it possible to obtain (by signal processing and wave decoupling blow per blow) 

both the soil dynamic resistance and additional parameters governing the settlement 

behaviour of the soil involved when the conical tip penetrate it, as shown by the load-

penetration curve of the soil [2]. Moreover, the work carried out by [2, 4] shows that the 

spectral analysis (Frequency Response Function, FRF) of the cone reconstituted signals 

(strength, stress, speed, displacement…) is very powerful and useful if it is implemented 

to Panda 3® analysis. 

The main principle of Panda 3® is as follows: during penetrometer driving et after 

one blow, deformations ε(t) and accelerations a(t) caused by the compression wave 

created by the shock, are measured in a section of the rod near to the anvil. In fact, when 

the hammer hits the anvil, a compression wave u(x,t) is created in the rods propagating 

downwards at ct speed the tip. When the wave u(x,t) arrives at the tip/soil interface, part 

of it is used to penetrate into the soil. A second part is reflected upwards into the rods. 

Roundtrips of the wave continue into the rods until the total energy contained in them is 

no enough to penetrate the soil. The propagation phenomenon of the wave u(x,t) in the 

rods of a dynamic penetrometer is described by wave equation (Eq. (1)). During its trips 

within the rods, the passage of the wave u(x,t) causes at any point x along the rods 

deformations ε(x,t) and particular velocity v(x,t) variations represented by the 

superposition of the two elementary waves. In fact, current solution used to solve wave 

equation is that obtained by the method of characteristics (Eq. (2)), represented by the 

superposition of the two elementary waves, ud and ur; respectively downwards and 

upwards waves within an elastic and homogeneous media: 
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According to [2, 10], if downwards and upwards waves are known at a given xA 

point on the rods, it is possible to calculate the dynamic quantities such as strength, stress 

acceleration, velocity... at any x point on the rods [6]. Moreover, in the most general case 

where the rods are considered as an elastic and/or viscoelastic, with a length Lt, wave 

propagation can be explained from its Fourier components [7]. In the BCGO method [6], 
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applied to the dynamic penetrometer driving, the stress σ(x,t), strain ε(x,t), velocity v(x,t) 

and displacement u(x,t) in a measurement point x along the rods can be expressed as 

follows : 
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where A(ω) and B(ω) are the Fourier components of the downwards and upwards waves, 

E*(ω) the complex Young's modulus and ξ(ω) = k( )+iα(ω) the complex wave number 

[4, 6, 7]. It can be noted that all the dynamic quantities can be obtained if the following 

values are known: E*(ω), ξ(ω), A(ω) and B(ω). By accepting that E*(ω) and ξ(ω) are 

determined only by rods geometrical and material properties, downwards and upwards 

wave decoupling from raw records consists in determining the values of components 

A(ω) and B(ω)[6, 7] as shown below. 

2.1. Tip reconstruction waves in Panda 3® 

The current method used to signal reconstruction at the tip level of Panda 3® consists in 

calculate, from and after the upwards and downwards waves decoupling, the strength 

FN(t) and velocity vN(t) at any point of impedance change along the rods. Considering 

the rod as a perfect elastic material, FN(ω) and vN(ω) are calculated using the following 

expressions [4, 6, 8]: 
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With xn the distance between the sections n-1 and n considered, ct the speed wave 

propagation and Zn the rods mechanical impedance (Zn = EtAt/ct). In time domain, the 

strength FN(t) and velocity vN(t) can be written [9-10]: 
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Once the penetrometer conical tip signals have been reconstructed, the dynamic 

load-penetration curve is plotted for each blow and different strength and strain 

parameters can be determined [2, 11]. Moreover, some work has been done on the 

application of this new technique implemented on the dynamic penetrometer to the soil 

characterisation [2, 12]. Neverthless, no work has addressed the issue of the dynamic 

module as well as wave velocity of soil and the relationship it could have with the load 

frequency imposed on the soils. 

2.2. Soil dynamic modulus and wave velocity measurements using FRF 

The FRF is a transfer function expressed in the frequency domain. It allows the spectral 

response of conical tip signals (acceleration, speed and displacement) to be analyzed as 

a function of the input or imposed load (force/strength). By normalizing the output 

signals with respect to the input signal, the characteristics and the response of the 

dynamic penetrometer system, such as stiffness, can be determined. 

The dynamic modulus EKd(f) will thus be determined according to this approach and 

from the raw records made by the Panda 3®. For each blow the strength, acceleration, 

velocity and cone penetration are calculated (Eqs.7-11). The FRF known as "dynamic 

rigidity" Kd(f) is then calculated by considering the strength F(f) as the input load and the 

penetration S(f) as the output signal. Moreover, the FRF called "admittance or mobility" 

can also be calculated (Eq. (13)) in order to determine the dynamic mechanical 

impedance as well as deduce the compression wave velocity (Eq. (14)). 
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By assimilating the penetrometer conical tip to a circular embedded plate in a semi-

infinite elastic medium (Boussinesq’s approach), it is possible to compute the complex 

deformation modulus EKd(f) as a function of frequency f (Figure 1.a). This curve allows 
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to identify the range of frequency where the EKd(f) is linearly proportional to the 

frequency, as shown in (Figure 1.a). This frequency range depends on the nature and 

compaction state of the soil. The more rigid the soil, the greater the extent of this 

proportionality range. It is therefore important to determine the maximal and minimal 

limits of frequency defining this range. To do this, the top (measurement point) and 

bottom (conical tip reconstructed signal) curves of EKd(f) (Eq. (12)) are calculated and 

plotted in order to determine the minimum fmin and maximum fmax values of frequencies. 

Minimal value fmin depends on the characteristics of the data acquisition system (24Hz). 

Maximal frequency fmax is determined in our approach as the frequency where the value 

of EKd(f) at the top and bottom begins to diverge. The values of the dynamic modulus of 

the soil EKd are therefore calculated for these two limits frequencies. A third EKd value is 

also calculated; it represents the average value of the dynamic modulus between fmin and 

fmax. 

On the other hand, by using the same approach to the determination of the dynamic 

modulus EKd, dynamic impedance is also calculated. By considering the force F(f) as the 

input excitation and the velocity VP(f) as the output signal at the tip level (Eq. (13)). 

Considering same mobility behavior of medias at the tip/soil interface, the wave velocity 

of the soil can thus be determined as a function of frequency by dividing the dynamic 

impedance Zn(f) by the tip section A and the soil density γ  (Eq. (14)).  

Figure 1.b shows an example of the compression wave velocity curves VP(f) 

calculated at the top and bottom of penetrometer for different blows. In this article, we 

will only present the compression wave velocities Vp and shear wave velocities Vs which 

are calculated using the shock polar [13] as well equation presented below. In this 

approach, for each blow the peaks values of the downwards and upwards waves recorded 

into the rods in the range of time from to to to+2Lrod/c allows to calculate the soil 

compression wave velocity Vp [2, 3, 13]. The shear wave velocity Vs is calculated from 

the expression (Eq. (15)) and by assuming a value of ν equal to 0.33 (Poisson’s 

coefficient). 

 

Figure 1: Example of the evolution of the dynamic modulus EKd (a) and the compression wave velocity VP as 

a function of frequency f. Red lines represent the signals recorded at the top (measurement section), while the 

blue lines represents the signal reconstructed at the bottom level (penetrometer tip) 
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3. In-situ test validation 

The experimental site is located south of the city of Castelló d'Empúries in the province 

of Girona in Spain (Figure 2). It is located in an alluvial plain forming a Mediterranean 

deltaic fill. At depth there is an alternation of sandy horizons and silty and clayey layers, 

with gravelly passages [14]. On this site, an important number of geotechnical testing 

were carried out : 8 Panda 2® holes (zfinal ∼ 8.0m), 6 Grizzly 3® (zfinal ∼ 15.0m) [3], 

1 MASW 2D profile and 6 Panda 3® (zfinal ∼ 8.0m). Existing geotechnical test on the site 

are: 2 CPTu, 1 pressuremeter test (PMT) and 2 seismic Marchetti dilatometer (sDMT). 

In order to evaluate reliability of the dynamic modulus EKd determined by using this 

new approach based on FFRs functions, a comparison between the Panda 3® and 

pressuremeter test PMT is presented. Considering that the range of deformation in the 

soil caused by the pressuremeter test is above of 10e-4 - 10e-3, and the loading speed 

remains low, the value of EKdmin determined for frequency f = 24.4 Hz is considered. 

Both modulus, Ekd and EM are plotted on the same graph.  

Moreover, strength parameter are also compared. Panda 3® cone résistance qd are 

compared with CPT qc results, as shown in Figure 3.a. 

 

Figure 2. Castelo d'Empuriés experimental site (Girona, Spain) (a) Geographical location of the site, (b) 

Castello d'Empuriés test site (Google earth©) and (c) Drilling layout scheme. 

 

Figure 3. In-situ test campaign: comparative tests. (a) Peak resistance profiles qd: Panda3® vs CPTu; (b) 

Module profiles (EKd min / EM): Panda 3® vs PMT, and (c) Shear wave velocity profile: Panda 3®, MASW2D 

and sDMT. A very good correspondence is observed between the different tests. 
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Figure 3-a shows the results obtained on site in terms of cone resistance obtained in 

site through Panda 3® and CPT tests. The cone resistance profiles qd(z) obtained from 

the six Panda 3® carried out are presented in grey line. The average profile of qd(z), 

calculated every 100mm increments, is presented in red line. Moreover, the results 

obtained with the CPT tests are also presented in blue line. They are compared with each 

other on the same graph. We note a good agreement of both profiles. 

Figure 3-b shows the comparison of the Panda 3®determined modulus with the 

pressuremeter test (PMT). The EKdmin profiles obtained from the six Panda 3® test are 

presented in grey line. The average value, calculated in the windows with 1.0 m width, 

is presented in the same graph in red line in order to facilitate the comparison with PMT. 

Indeed, one of the big difficulties when comparing the results obtained with PMT tests 

is related to the low resolution of vertical measurements (1 meas./meter); while the 

Panda3® sampling frequency is about 200 measures/meter, which facilitates the 

statistical analysis of the raw data. PMT results are superimposed and plotted in a blue 

line on the same graph (Figure 3.b). No PMT measurements were made until 2.0m depth, 

because a very compact backfill is presented on site. A very good correspondence 

between the values obtained is also noted, especially between 2 and 6 meters deep. 

Above that, PMT measured EM value is much lower, which seems strange. Indeed, for 

this layer, the measured cone resistance with CPT and Panda, and with DMT, increase. 

A decrease in the modulus values suggests either a variability in soil characteristics or 

an error in the measurement at this level. 

In Figure 3-c a comparison between wave velocity Vs determined by different 

methods: MASW2D, sDMT and Panda 3® is also presented. Panda 3® profiles of Vs(z) 

(calculated according to Eq. (14)-(15)) obtained from the six test performed on site are 

presented in grey line. Average value is plotted in red line. The Vs(z) profiles measured 

with the sDMT and MASW2D are also presented in blue and green lines respectively. 

Despite the different resolution of measurement between each compared method, it can 

be seen that there is also a very good agreement between all profiles Vs(z) measured on 

site. 

4. Conclusion 

The works presented by [2, 3, 4, 11, 12] proposes a new soil characterization technique 

associated to the dynamic variable energy penetration test, the Panda 3®. 

Reliability of the measurements was carried out with the device; combined with the 

simplicity, rapidity and high resolution of the obtained signal, make it an interesting 

alternative for the geotechnical engineer in order to assess soil dynamic parameter. 

In this article a new approach to determine soil’s dynamic modulus and wave 

velocity from transient measurements made with dynamic penetrometer Panda 3® was 

presented. To do this, we applied to the penetrometer tip reconstructed signal a spectral 

analysis and the transfer functions (FRF). Dynamic rigidity and mobility FRF curves, 

was analyzed and the values of the dynamic modulus EKd(f) as well as compression wave 

speed VP(f) of soil are determinate from shock polar curves. 

To evaluate reliability of measurement, an in-situ test campaign was carried out in 

an experimental site, located close to Girona (Spain). In-situ comparative tests shown a 

good relationship between the results obtained with Panda 3® technique (elastic modulus, 

wave velocity, dynamic cone resistance) and those proposed by other classical 

geotechnical techniques (CPTu, PMT, MASW2D, sDMT...). In addition, the Panda 3® 
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repetitively, sensitivity and reliability was shown, and its great quantity of data make 

easy to improve the soil layer characterization by using statistical data analysis [14]. We 

have highlighted the quality and richness of the measurements. 
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