
1. INTRODUCTION 

In practice geotechnical contractors offering soil im-
provement measures such as vibro compaction often 
face the problem that clients demand post cone pene-
tration resistances, which in extreme cases cannot be 
achieved even if the material has its maximum den-
sity. This fact can be attributed to the application of 
inappropriate interpretation methods or the assign-
ment of (empirical) findings to other materials with-
out any additional experimental investigations. 

The cone penetration resistance not only depends 
on the state of the soil (density and stress) but also 
on the compressibility of the granulate material 
which is essentially determined by the granulometric 
properties (grain hardness, grain shape and grain size 
distribution). In practice calcareous sands often 
cause problems: Grains of a calcareous sand are e.g. 
much softer and more breakable than quartz grains. 
So, even for a comparable grain size distribution and 
grain shape and the same state, the penetration re-
sistances in these materials differ substantially [Nutt 
1993]. 

The goal of the numerical study at hand was to 
find out if it is possible to determine a so-called shell 
correction factor (SCF) maybe as a function of 
stress, density or calcite content, respectively, which 
relates cone penetration resistances of calcareous 
sands with those of quartz materials [Wehr 2005]. 
For this purpose a semi-empirical CPT interpretation 
method by Cudmani [Cudmani 2001], the Karlsruhe 

Interpretation Method (KIM) was employed. 
 

2. CPT INTERPRETATION PROCEDURES 

2.1 Method by Schmertmann 
Schmertmann [Schmertmann 1976] proposed the 
following empirical relationship for the interpreta-
tion of CPT results: 
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Equation (1) allows for different materials in terms 
of the constants Ci as well as for the initial effective 
vertical stress σv. Strictly speaking, these constants 
have to be determined for each material of interest 
by means of calibration chamber tests. 

On the basis of 80 calibration chamber tests on 
different sands, including materials with and without 
a tendency to grain fracturing, Schmertmann 
[Schmertmann 1976] proposed the constants given 
in Table 1 for general use. In order to use Equation 
(1) together with the constants listed in Table 1 qc 
and σv have to be inserted in kgf/cm² (1 kPa = 
0.01019716 kgf/cm²). 
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ABSTRACT: A numerical study was carried out to investigate cone penetration resistances qc in calcareous 
sands in comparison to those in quartz sands. It was tried to find a simple relation, i.e. a so-called shell correc-
tion factor (SCF), which together with well-known and established relations for the interpretation of CPTs, 
e.g. by Schmertmann, can be used for the quality control of e.g. vibro compaction measures. It is recommend-
ed to use the Karlsruhe interpretation method (KIM), when it is crucial to have a reliable means for CPT in-
terpretation in cohesionless materials, such as calcareous shell sands. The advantage is that the material pa-
rameters are derived from actual standard laboratory tests thus the relevant material is directly allowed for, 
which for purely empirical methods is not the case. The numerical results yield different characteristics of the 
cone resistance ratio calcareous/quartz sand (SCF) which is not necessarily constant, but depends on density 
and stress state. 



C0 C1 C2 

12.31 0.71 2.91 

Table 1. Constants Ci for the CPT evaluation after 
Schmertmann [Schmertmann 1976]. 

2.2  Karlsruhe CPT Interpretation Method 

The Karlsruhe Interpretation Method (KIM), a semi-
empirical method for the interpretation of CPT re-
sults by Cudmani [Cudmani 2001] is based on the 
numerical solution to the spherical cavity expansion 
(SCE) problem: A spherical cavity with an initial ra-
dius r0 is expanded in a hypoplastic continuum until 
a stationary expansion pressure pLS is reached. This 
limit pressure depends on the material and its state, 
i.e. on the initial void ratio e0 and effective mean 
pressure p0 (pLS = f (p0, e0, material)). Performing 
numerical simulations of the SCE for different initial 
conditions results in a set of curves as depicted ex-
emplarily in Figure 1a for Ticino sand. The similari-
ty with CPT calibration chamber testing results (b) is 
obvious.  

Cudmani [Cudmani 2001] proposed a relation-
ship between qc and pLS, with a so-called shape fac-
tor kq: 
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On the basis of CPT calibration chamber tests on 

nine different sands (0 ≤ p0 ≤ 500 kPa and 0.3 ≤ K ≤ 
2, where K = σh/σv) it was proposed that the shape 
factor kq depends on ID only, not on the material, by 
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The data points in Figure 1a represent the results 
of the SCE simulations for different initial condi-
tions. The curves are approximated by 
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Figure 1. Simulation results of the SCE (a) and calibration 
chamber tests (b) on Ticino sand [Cudmani 2001]. 
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The parameters ai and bi are found by means of 

curve fitting. Afterwards the interpretation of actual 
CPT in situ results is performed by solving the in-
verse problem: For given values of ai, bi, qc and p0, 
which is estimated by the overburden pressure and 
K0 = 1 − sin ϕc, the density index ID or the void ratio 
e, respectively, can be calculated iteratively. 

 



2.3 Hypoplastic Constitutive Model 

The mechanical behaviour of cohesionless soil is 
modelled by a hypoplastic constitutive equation. It 
describes the changes in stress of a simple grain 
skeleton due to rearrangement of the grains 
[Wolffersdorff 1996]. 

One advantage of this model is the rather simple 
determination of the material parameters (see below) 
by means of standard laboratory tests, i.e. shear (tri-
axial, simple or direct shear) and oedometric com-
pression tests. With one set of parameters the me-
chanical behaviour of a cohesionless granular 
material can be described realistically over a wide 
range of soil states relevant for geotechnical engi-
neering purposes. 

In the following, the meaning of the material pa-
rameters and how they are determined is described in 
short. 

2.3.1 Limit Void Ratios ed0, ec0 and ei0: 
ed0 ≈ emin is a lower bound void ratio of a grain 
skeleton at zero pressure, ec0 ≈ emax is the void ratio 
in a critical state at zero pressure. Both, emin and emax 
are determined through standard index tests (e.g. ac-
cording to ASTM D4254 and D4253). ei0 is an upper 
bound void ratio of a simple grain skeleton at van-
ishing pressure (without macropores). ei0 ≈ 1.15 · eco 
and ed0 ≈ 0.6ec0 are simple estimates [Herle 1997] 
which have been used successfully for more than a 
decade. 
 
2.3.2 Critical Friction Angle φc:  
The critical friction angle φc determines the re-
sistance of a granulate subjected to monotonic shear-
ing in critical state. Appropriate for the determina-
tion of φc are drained or undrained triaxial tests, 
simple shear or direct shear tests on initially very 
loose specimen (e0 ≈ emax). 
The simplest, fastest (and therewith cheapest) and 
yet reliable estimate is the angle of repose. A hopper 
is lifted slowly without loosing contact with the 
forming cone of dried granular material. On the sur-
face of the cone the granulate is subjected to large 
monotonic shearing, therewith it may be assumed to 
be in a critical state. The inclination of the cone, and 
hence the critical friction angle, can be determined 
by measuring the height and diameter of the cone 
(tan φc = 2h/d) or with a set of stencils (increments 
of 0.5° are sufficient). 
 
2.3.3 Granulate Hardness hs and Exponent n: 
In the case of an isotropic compression of a very 
loose sample (e0 = emax) the hypoplastic constitutive 
equation reduces to the compression law by Bauer 
[Bauer 1992]: 
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where a referential pressure, the so-called granulate 
hardness hs, together with the exponent n govern the 
compression for an increasing effective mean pres-
sure p′. 

For simplicity hs and n are determined from con-
ventional oedometric compression tests (OCT). 
However, it is very laborious to install a sample with 
e0 ≈ emax by moist placement [Verdugo 1996]. Thus, 
hs and n obtained by curve fitting (least square 
method) using (7) are only a first approximation. 
 
2.3.4 Exponent α:  
The exponent α controls the peak friction angle of 
the material, and hence also the dilatancy behaviour. 
Using the results of a drained triaxial test on an ini-
tially dense sample, α can be calibrated. But as men-
tioned above, hs and n also influence the calculation 
results of the triaxial test simulation, thus it might be 
necessary to adjust these values, too. 
 
2.3.5 Exponent β:  
The stiffness of a grain skeleton with e < ec can be 
adjusted via the exponent β. It can be calibrated with 
simulations of an OCT on an initially dense speci-
men and the subsequent comparison with actual test 
results. It also influences the initial stiffness during 
triaxial compression tests. As a first estimate or 
when lacking experimental data β ≈ 1.0 has often 
proved satisfactory. 

2.4 Example: Zakkum Island Sand 

In order to determine the material parameters of the 
hypoplastic constitutive equation [Wolffersdorff 
1996] by means of the procedure described above 
the following laboratory tests were performed: de-
termination of grain density according to DIN 
18124, determination of void ratios emin and emax ac-
cording to DIN 18126, determination of critical fric-
tion angle φc by means of angle of repose tests, de-
termination of grain size distribution according to 
DIN 18123 and 4 oedometric compression tests on 
dry samples (2 tests on loose and 2 tests on dense 
samples).  

The index properties are summarised in Table 2. 
The resulting hypoplastic parameters are given in 
Table 3. Figures 2 and 3 show oedometric compres-
sion tests together with the numerical results (calc). 
It can be seen that the hypoplastic model is able to 
realistically reproduce the experimental results for 
different initial densities and over a wide pressure 
range with only one set of state independent material 
parameters.  



 

 

 

 

 

 

 

 

 

Figure 2. Oedometer tests: Loose initial packing. 

 

 

 

 

 

 

 

 

 
 

Figure 3. Oedoemeter tests: Dense initial packing. 

 
Next the spherical cavity expansion problem is 

solved for different initial conditions. The numerical 
results are then approximated by means of curve fit-
ting using Equation 4. The resulting parameters ai 
and bi are shown in Figure 4 together with the array 
of curves according to Equation 4 and the actual 
numerical simulation results. 

 
d10 

[mm] 

d60 

[mm] 

CU 

=  

d60/d10 

ρs 

[g/cm
3
] 

emin emax φc 

1 2 2.6 2.671 0.579 0.859 31.1◦ 

Table 2. Index properties of Zakkum Island Sand. 

 

φc 

[◦ ] 

hs 

[MPa] 

n ed0 ec0 ei0 α β 

34.0 80 0.44 0.83 1.34 1.54 0.1 1.75 

Table 3. Material parameters of the hypoplastic constitutive 
model for Zakkum Island sand. 

 

 

 

 

 

 

 

 
 
Figure 4. Results of spherical cavity expansion simulations. 

 

 

 

 

 

 

 

 

 
 
 
Figure 5. Diagram for the interpretation of CPTs in Zakkum Is-
land sand. 

Eventually, taking into account the shape factor of 
Equation 2 according to Cudmani [Cudmani 2001] 
one yields a diagram for practical interpretation pur-
poses as shown exemplarily in Figure 5. 

 
3. INFLUENCE OF SHELL CONTENT ON CONE 

PENETRATION RESISTANCE 

A review of available literature concerning CPT in-
terpretation in calcareous sands is given in [Wehr 
2005]. A comprehensive study of cone penetration 
resistances of Karlsruhe quartz sand and Dubai cal-
careous sand and different mixtures of both materi-
als by means of laboratory, calibration chamber tests 
and numerical simulations, which was conducted at 
the Institute of soil mechanics and rock mechanics 
of the university of Karlsruhe, is presented in [Meier 
2009].  

The numerical study was conducted for the cal-
careous Zakkum Island sand listed in Table 2 to-
gether with the hypoplastic material parameters in 
Table 3. The corresponding model parameters ai and 
bi for the KIM are given in Figure 4.  

 



In order to find a simple correlation (shell correc-
tion factor - SCF) between the cone penetration re-
sistance qc of calcareous and non-calcareous sands 
for the same state in terms of effective mean pres-
sure and relative density, the interpretation method 
described above was employed.  

The results are depicted as ratio qc,KIM (calcare-
ous) / qc, Schmertmann (Schmertmann quartz sand) in 
Figure 6. Additionally the ratio qc,KIM (calcareous) / 
qc, KIM (Monterey quartz sand) was evaluated in Fig-
ure 7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. qc,KIM (calcareous)/qc,Schmertmann (quartz 
sand) vs. effective mean pressure p0 and density index ID. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. qc,KIM (calcareous)/qc,KIM  (Monterey quartz) 
vs. effective mean pressure p0 and density index ID. 

 
The numerical results show three different char-

acteristics of the shell correlation factor SCF de-
pending on the respective density index ID, on the 
stress state in terms of the effective mean pressure p0 
and on the material: 
 
− SCF decreases with increasing p0 or ID, 

respectively 
− SCF is almost constant 
− SCF increases with increasing p0 or ID, 

respectively 
 

In [Wehr 2005] the author concluded that the SCF 
increases with increasing density index. This behav-
iour could also be found in the numerical results at 
hand. But according to these results the material be-
haviour of granular materials is much more complex 
and is also different for other sands. Thus, from the 
results presented here, it was not possible to derive a 
simple relationship for a shell correction factor for 
practical use. Without experimental and/or numeri-
cal analyses based on a validated constitutive model, 
such as hypoplasticity, it is not possible to predict 
the actual material behaviour on a sound basis. 

 



4. CONCLUSIONS AND RECOMMENDATIONS 

A numerical study was carried out to investigate 
cone penetration resistances qc in calcareous sands in 
comparison to those in quartz sands. It was tried to 
find a simple relation, i.e. a so-called shell correction 
factor (SCF), which together with well-known and 
established relations for the interpretation of CPTs, 
e.g. by Schmertmann, can be used for the quality 
control of e.g. vibro compaction measures. 

The numerical results of the Karlsruhe Interpreta-
tion method (KIM) used here revealed a very com-
plex mechanical behavior of the different materials, 
which could not be comprised in a simple relation 
for practical purposes. These findings are supported 
by a series of more than 50 calibration chamber tests 
performed by the author [Meier 2009]. 

The following solutions are recommended for 
practical applications – it is recommended to use the 
Karlsruhe interpretation method (KIM), when it is 
crucial to have a reliable means for CPT interpreta-
tion in special cohesionless materials, such as cal-
careous shell sands: 

 
− Performance of CPT calibration chamber tests: 

This method is the most expensive one and a fur-
ther shortcoming is that the capacity of test facili-
ties worldwide is rather restricted. However, these 
tests yield a reliable data base for calibrating, e.g. 
one of the two methods described in this paper or 
another validated method, respectively. 

 
− The advantage of the KIM is that the material pa-

rameters are derived from actual laboratory tests 
thus the relevant material is directly allowed for, 
which for purely empirical methods is not the 
case. Furthermore, this method is much cheaper 
than calibration chamber tests since only standard 
laboratory tests are necessary. 

 
− FE-Analyses: The boundary value problem of the 

CPT can be solved by means of finite element 
analyses with validated models and constitutive 
equations [Meier 2009]. The numerical results 
can then be approximated in analogy to the KIM 
or using Equation (1). 
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