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1 INTRODUCTION 

Evaluating the in-situ dry density of a soil is a neces-
sity when controlling its compaction. Previous works 
showed that a relationship between dry density of 
tested materials and cone resistance measured from 
penetrometric test exists. However, obtaining this 
characteristic by using penetrometric technique 
means knowing the soil classification and its hydrau-
lic state. For Panda penetrometer (Gourvès and 
Richard, 1995, Gourvès et al., 1997, Breul et al., 
2009)), this unique relationship was enlightened for 
a given soil and a given water content. Three water 
contents were studied depending on proctor opti-
mum: dry, medium, wet.  
 The aim of this paper is to propose a new relation-
ship valid for any water content in order to reduce 
uncertainty of the in-situ dry density evaluation. 
Moreover, in a context of climatic changes, this rela-
tionship could be interesting in evaluating soil bear-
ing capacity variation due to drying-wetting cycles. 
In the future, this evaluation could give us a mean to 
compute suction in-situ using other parameters that 
can be easily obtained in laboratory, e.g.: grain size 
distribution, proctor results, Atterberg limits. 

2 PANDA AND EXISTING RELATIONSHIP 

2.1 Panda 

Panda penetrometer is a light dynamic penetrometer 
that allows to obtain soil cone resistance for first me-

ters below the soil surface using variable energy. 
Due to its small size (cone of 4 cm2 and rods diame-
ter of 15,4 mm) and its lightness, it gives the oppor-
tunity to examine first meters of most soft soils even 
when it is hard to get to.  

The dynamic beating is realized manually by the 
mean of a standardized hammer. The beating energy 
and the cone displacement are recorded for each 
blow. Thanks to this simultaneous measurement, the 
device provides a penetrogram (cone resistance vari-
ation versus depth) with a cone resistance measure-
ment every each 5 mm of cone displacement on av-
erage (Fig.1). 

From the recorded penetrogram, several parame-
ters are deduced for homogenous soil (Gourvès and 
Richard, 1995): 

- Critical depth zc, depth from which cone re-
sistance stays constant  

- Initial cone resistance qd0 
- Average cone resistance below zc , qd1. 
Like all penetrometers, Panda device has been de-

veloped in order to obtain the in-situ mechanical soil 
properties during geotechnical soil investigations. 
However, as considering that the dynamic resistance 
of a soil is strongly connected to the state of density 
of the tested materials, it can also be used for the 
control of compaction (Chaigneau et al., 2000), as 
for example in the control of tailing deposits in Chile 
(Villavicencio, 2009). 
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ABSTRACT: Panda penetrometer (Gourvès et al 1997) is a light dynamic penetrometer, designed for soil
characterization of the first meters below the surface. It provides the cone resistance variation with depth. For 
homogeneous soils, three parameters can be determined: the critical depth zc, the initial cone resistance qd0,
and the cone resistance in depth qd1. Some researchers showed a relationship, between cone resistance and 
dry density of the studied soil, which is unique for a given soil at a given saturation state. If this relationship is
extended to every saturation state, then it is possible to use this device for control of compaction without es-
timating the soil hydraulic state. The present study establishes, for a silt, a unique relationship between cone
resistance in depth and dry density to every saturation state. Saturation degree and suction appear to be im-
portant variables in this relationship. Finally, the relation is extended and validated for 3 different soils and
different saturation state. 

 



2.2 Existing relationship (Panda data base) 

 
Relations linking the cone resistance in depth (qd1) 
measured with the Panda to the material dry density 
were established in order to obtain an indirect evalu-
ation of the dry density of the studied soil. For that 
purpose, a base of "model soils" (containing 1 to 3 
materials for each class of soils defined in the French 
classification GTR) was built (Chaigneau, 2001). 
The objective of this base of "model soils" is to be 
able to characterize any soil studied in-situ by refer-
ring to "model soils" of similar properties. For each 
material, Panda tests have been carried out in a cali-
bration chamber (80.6 cm height and diameter of 
37.5 cm), for five levels of density, varying from the 
bulk density to about 110% of the standard Proctor 
density and for three different water contents corre-
sponding to a wet, medium, and dry state. 

In (Chaigneau et al., 2000), authors showed that 
for one material class at given water content, the re-
lation between the cone resistance and the dry densi-
ty is: 

 

β+)(qα=γ dd 1ln               (1) 

 
This relation being valid for one water content, it 

would be interesting to be able to generalize it for all 
ranges of water content of a soil in order to estimate 
the in-situ dry density of a material only from the 
knowledge of the geotechnical soil classification and 
from a penetrometric test.  

3 NEW RELATIONSHIP: PRELEMINARY 
STUDY ON CNR SILT 

The establishment of the new relationship linking 
dry density to cone resistance has been carried out on 
a silt named CNR silt. 

3.1 CNR silt results 

CNR silt is classified in A1 for the French GTR 
classification and its characteristics are: 

- D max=2.6mm 
- Passing at 80microns: 77.76% 
- Grain volumetric weight:  26.62 kN/m3.  
- Liquidity limit:  25.8% 
- Plasticity limit: 22.5% 
- Normal proctor results: wopt=14.2% and opti-

mum dry volumetric weight 17.98kN/m3. 
 
This database also gives us results of Dynamic 

penetrometer Panda tests were carried out for each 
soil at different saturation state and density. For each 
test, the average dry density, the cone resistance in 
depth, and the average water content were measured. 
Each test is repeated three times and results are the 
average over these three tests. Figure 1 presents an 

example of the obtained penetrogram for wet CNR 
silt. Thanks to this penetrogram, we obtained 
zc=0.26m, qd1=4.05MPa, qd0=2.33MPa. In this 
study, only qd1, the cone resistance in depth, is used.  

The objective of the presented study was to char-
acterize the influence of pore water on cone re-
sistance.  

In order to verify water content effects on cone 
resistance, we present results in (qd1, γd) plane 
without taking water content variations into account 
(Fig. 2). We can notice that the obtained relationship 
is not accurate enough and the dependency to water 
content is to be studied. 

 

 
Figure 1: example of CNR silt penetrogram. 
 
 

 
Figure 2: Calibration points (qd1 v/s γd) plotted together with-

out water content distinction. 
 

Calibration curves for each water content tested 

are presented in Fig. 3. With these calibration 

curves, knowing water content of a soil, we can ap-

proximate a )f(q=γ dd 1  law.  

 



 
Figure 3: Calibration curves (qd1 v/s γd) for different water 

contents. 
 

These curves lead to the following relationship 
for each water contents:  

 

β(w)+)(qα(w)=γ dd 1ln             (2) 

 
Figure 4 shows values of α and β parameters ver-

sus water content. It is difficult to conclude on the 
dependency of these parameters on water content. 
Any correlation cannot be found. To choose a varia-
ble mechanically acceptable and that is in accord-
ance to experimental data, we performed a prelimi-
nary study. 

 
Figure 4: Variation of α and β parameters with water content. 

3.2 New relationship: Previous study. 

Among previous studies on cone resistance (Pour-
naghiazar et al., 2011, 2013) formulated a relation-
ship for CPT as follows: This relation is given in 
eq.3. 
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effective stress and rD , relative density 
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We can rewrite this equation to get closed to 

Chaigneau relationship (Chaigneau et al., 2000): 
 

)(p'+CB+)(qA=γ dd ln''''ln'' 1         (4) 

 

If we consider the simplified form of effective 

stress given by Bishop:  
 

ra sS+uσ=σ' 
 
so ra sS+up=p' 

      
(5) 

 

With σ' Bishop effective stress for unsaturated soils, 

σ
 
total stress, au  air pressure, s suction and rS

 
sat-

uration degree.
 
 

We made the assumption that calibration curves 
were realized with no confining pressure and that air 
pore pressure is zero. So eq.5 can be simplified to: 

 

)(sS+CB+)(qA=γ rdd ln''''ln'' 1     
    (6) 

3.3 New relationship: application to CNR silt 

To verify this equation, we measured the retention 
curve of CNR silt. This curve gives suction for each 
saturation degree. To obtain this curve, we used the 
Normalized Whatman 42 filter papers (ASTM, 2003, 
Bicalho et al., 2007, Muñoz-Castelblanco et al., 
2010). For each point, water content and void ratio 
of the soil were measured as well as the water con-
tent of the filter paper. This method is based on the 
suction equilibrium between the sample and the fil-
ter paper with a well-known retention curve. Suction 
of the filter paper can be obtained using these equa-
tions:  
 
For w<45.3% w=(s) 0.07795.327log       (7) 

 
For w>45.3% w=(s) 0.01352.412log       (8) 
 

Samples where realized at a constant void ratio of 
0.80. Figure 5 shows the experimental points ob-
tained and the simulation results using a Brooks and 
Corey law (eq. 9) (Brooks and Corey, 1964).  
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Where se, air entry suction and k are material param-
eters linked to particle size distribution and particle 
chemistry.  

For CNR silt, we obtained se=5kPa and k=0.25. 



 
Figure 5: Water retention curve of CNR silt (Brooks and Corey 

equation and experiment). 

 
Figure 6 shows the dependency of B parameter 

toward sSr. 
 

 
Figure 6: Variation of and B with sSr for CNR silt. 

 
The obtained curve global equation is: 
 

)(sS+)(q=γ rdd 0.768ln18.5950.82ln 1        (10) 

 
Figure 7 shows the good agreement between 

measured and calculated dry densities. Mean differ-
ence between measured and calculated dry densities 
is about 2.5%. 
 

 
Figure 7: Comparison of measured dry density with calculated 

dry density for CNR silt. 

 
Equation (10) has the same form as equation (6). 

The proposed equation is in agreement with bibliog-
raphy. 

4 VALIDATION FO THE RELATIONSHIP 
 
In order to verify this methodology on other kind of 
soils, we performed a global study on Lachamps clay 
and Allier clay. 

4.1 Material properties 

Lachamps clay is classified in A2 for the French 
GTR classification. Its characteristics are regular 
values for clays: 

- D max=0.08mm 
- Passing at 80microns: 96.73% 
- Grain volumetric weight:  24.04kN/m3.  
- Liquidity limit:  42.7% 
- Plasticity limit: 27.6% 
- Normal proctor results: wopt=15.8% and opti-

mum dry volumetric weight 18.08kN/m3 
We measured the retention curve of Lachamps clay 
to obtain the relationship linking s and Sr. 

Allier clay is classified in A2-2 for the French 
GTR classification. Its characteristics are regular 
values for clays: 

- D max=0.71mm 
- Passing at 80microns: 67.88% 
- Grain volumetric weight:  24.04kN/m3.  
- Liquidity limit: 36.1% 
- Plasticity limit: 23.2% 
- Normal proctor results: wopt=14.9% and opti-

mum dry volumetric weight 17.60kN/m3. 

4.2 Water retention curves 

Measuring water retention curve is a long laboratory 
test. So we propose to use the model developed by 
Aubertin et al. (2003) to obtain this relationship. 
This simulation is mainly based on grain size distri-
bution a classical and simple laboratory test.  
 

 
Figure 8: Water retention curve of Lachamps clay (Aubertin et 

al. simulation and experiment). 

 
Figure 8 shows the good agreement between simu-

lation and experimental data. So we decided to use 
this model to simplify the methodology to obtain the 
parameters of 1d d rγ = f(q ,sS ) . We made the assump-



tion that for typical fine soils the retention curve giv-
en by the model (Aubertin et al., 2003) is accurate 
enough. We choose to validate this hypothesis using 
Allier clay results. 

Figure 9 shows the Brooks and Corey curve ob-
tained with parameters se=15kPa and k=0.28. 
 

 
Figure 9: Water retention curve of Lachamps clay (Brooks and 

Corey equation). 

 
Figure 10 shows the estimated water retention 

curve and obtained Brooks and Corey curve for Al-
lier sand with parameters se=20kPa and k=0.32.  

 

 
Figure 10: Water retention curve of Allier clay (simulation and 
Brooks and Corey equation). 

4.3 Validation of the relationship 

Using Books and Corey parameters, variation of co-

efficient B can be plot toward sSr. The accuracy of 

the relationship is quite good. 

 
Figure 11: Variation of and B with sSr for Lachamps clay 

 
Figure 11 presents results for Lachamps clay. So 

we obtain a relationship with three parameters: 
 

)(sS+)(q=γ rdd 1.7ln21.0241.06ln 1            (11) 

 

 
Figure 12: Comparison of measured dry density with calculated 

dry density for Lachamps clay 

 
Figure 12 presents the comparison of measured 

dry density with calculated dry density using equa-
tion 11. The relationship is quite accurate and the 
mean difference between calculated and measured 
dry densities is about 1.7% 
 

 
Figure 13: Variation of and B with sSr for Allier clay. 

 
Using Allier clay Brooks and Corey parameters, 

we calculated sSr for each test. Figure 13 shows the 
dependency of B toward sSr. Thanks to this curve, 
we determined the parameters of the proposed equa-
tion giving dry density: 

 

)(sS+)(q=γ rdd 1.07ln17.5711.29ln 1         (12) 

 
Figure 14 shows the comparison between calcu-

lated dry density and measured dry density. The re-
sults are quite accurate. The maximum difference 
between measured dry density and calculated dry 
density is 2.5% and the mean difference is 1%. So 
this equation can be used to predict dry density. 



 
Figure 14: Comparison of measured dry density with calculated 

dry density for Allier clay. 

5 CONCLUSIONS 

In this work we proposed a methodology to measure 
in-situ dry density without estimating the soil hy-
draulic state. Tests using PANDA penetrometer were 
performed using a calibration chamber that permits 
the measurements of three parameters: water con-
tent, dry density, and cone resistance in depth. It was 
shown that these three parameters were linked and 
we proposed a new relationship based on the hydric 
state using sSr. To obtain this relationship we pro-
posed a simple methodology based on few laboratory 
tests to complete the calibration chamber results. 
This methodology has been verified for fine soils. It 
might be discussed for sands and soils with large 
particle size distribution. With the established equa-
tion, it is possible to calculate saturation degree us-
ing dry density and cone resistance or to calculate 
dry density using saturation degree and cone re-
sistance. 
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