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Introduction
Cone penetration testing (CPT) is widely used 
to determine the geotechnical engineering 
properties of soils and delineate soil stratig-
raphy. The resolution of CPT in delineating 
stratigraphic layers is related to the size of the 
cone tip and the friction sleeve and the sample 
recording rate relative to the penetration rate. 
Where two different soil layers meet, a transi-
tion zone exists around the interface, since the 
measured resistance will be affected by both 
the under- and overlying layers. The dimen-
sions of such a transition zone are a function 
of the stiffnesses of both layers but also of the 
cone tip size. For deposits containing intervals 
with multiple thin layers, the situation is even 
more complicated since the cone resistance 
may be affected by several surrounding layers. 
As a consequence the CPT interpretation within 
 these intervals holds large uncertainty. For 
several applications a better understanding of 
CPT in thinly layered soils is desired. Examples 
are the estimation of the liquefaction potential 
of thin sand layers and the shear strength of 
thin soft layers. 

This study focuses on the cone resistance of 
sand layers in so called ‘flaser beds’. These 
are sedimentary bedding patterns created 
when sediment is deposited by intermittent 
flows, leading to alternating sand and clay 
layers. Such deposits typically exist in marine  
environments. Figure 1 shows an example of 
a sediment core containing such depositional 
features. The layers typically have a thickness 
of 5 mm to several centimeters. 
 
The effect of layer transitions on cone resist-
ance has been investigated extensively by  
numerical as well as physical modelling (see 

De Lange et al (2018) for relevant papers). From 
the literature it appears that the size and the 
location of the transition zone depend on the 
ratio of the characteristic resistances in the 
stiff and soft soil layer. It also appears that to 
develop the full steady state cone resistance in 
a sand layer more penetration is needed than 
in a clay layer. Furthermore, it appears that 
the difference between the measured and the 
characteristic cone resistance in a “thin” sand 
layer, interbedded in soft layers, increases with 
increasing density index of the sand. Therefore, 
for multi-layer systems, it is expected that the 
cone resistance will be influenced by the layer 
thickness (relative to the cone diameter), the 
number of layers within the zone of influence 
and the characteristic cone resistances of the 
individual layers, which depend on, inter alia, 
the porosity and the stress level.

Koppejan modelling
Van der Linden et al. (2017) suggested to use 
the Dutch so called ‘Koppejan’-method for pile 
base capacity as an interpretation tool for CPTs 
in thinly layered soils. The study described in 
the present paper can be used to investigate 
the feasibility of such an approach by model 
experiments in well-controlled circumstances. 
The aim is to devise a correction method 
which will ascribe more realistic engineering 
properties to thin sand layers within thinly 
interlayered zones. The underlying reason to 
focus on sand layer properties is the interest 
in liquefaction properties of flaser beds in 
the presence of earth quakes. The measured 
cone resistance needs to be converted to a 
‘clean sand’ resistance, hereafter referred to 
as ‘characteristic resistance’, in order to assist 
interpretation of the CPT values with existing 
correlations. 
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Figure 1 - Sediment core with flaser bed 
sedimentation. Core diameter 65 mm
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The Dutch Method, also called 4D-8D- or 
Koppejan-method, estimates the pile base 
capacity of a driven foundation pile by averaging 
the CPT values in a region between (max.) 4D 
below and 8D above the pile base, D being the pile  
diameter. The governing equation in this 
method reads:

 (1)

with qb;max the pile base capacity and qc the 
CPT value, where subscripts I, II and III refer 
to the trajectories for which a governing cone 
resistance has to be determined by some sort 
of averaging (different for I and II) (figure 2). The 
coefficients αp and βs are related to non-driven 
 and non-cylindrical pile types and can be  
ignored for a CPT. For details the reader is  
referred to Van der Linden (2016), annex E. 
 
After simulation of a number of test results 
Van der Linden et al. (2017) propose different 
approaches for layer thicknesses greater and 
smaller than the cone diameter D. The fol-
lowing relations are proposed to approximate 

the measured cone resistance in thinly inter- 
layered zones:

for H > D: (2)

for H < D: (3)

where qb now represents the measured cone 
resistance, H the thickness of the layer the 
cone tip is located in, and D the penetrometer 
diameter. The characteristic cone resistance of 
the individual layers qc is used as input for the 
calculations.

Physical model tests
CPTs have been performed in artificially con-
structed deposits containing multiple soil lay-
ers. The test set-up consisted of a hydraulic 
plunger fixed on a reaction frame that was 
able to push a miniature cone into a cylindrical 
steel cell containing the artificially built-up soil  
deposits. 

The test set-up itself is a further development 
of the set-up discussed by Van der Linden et 
al. (2017). It consists of a cylindrical steel cell, 
0.90 m inner diameter and 0.96 m high. The 
cell wall is lined with a rubber membrane and 
the space in between can be filled with a film 
of water (a geotextile was placed in between to 
ensure this). In this way the horizontal stress 
can be controlled. The horizontal stress applied 
is kept equal to 0.5 times the vertical stress. 
The vertical stress is applied by a flexible  
water-filled cushion which is placed on top of 
the soil model.

The employed cone penetrometers have a  
diameter of either 35.8 mm or 25.3 mm (cor-
responding to a cone face area of 10 cm2 and 5 
cm2, respectively), depending on the test, and 
were manufactured by Fugro Leidschendam 
(the Netherlands). The penetrometers were 
pushed in by a hydraulic jacking unit at a rate of 
4 mm/s with a measurement frequency of 4 Hz, 

Multi-layer systems consisting of multiple sequences of thin soil layers 
are typically deposited in marine environments. The geotechnical 
properties of the sand layers can be important, especially where it 
concerns sensitivity to liquefaction. Performing CPTs is a common 
method to determine geotechnical properties, but the interpretation of 
CPT within multi-layered soil zones holds large uncertainty. The Dutch 

‘Koppejan’-method for determination of pile base resistances could be 
used to model the cone resistance in thinly inter-layered soils. Model 
experiments in well-controlled circumstances have been performed to 
investigate the feasibility of this approach to come up with correction 
factors to the measured CPT values. 

Abstract

Figure 2  - Schematization of the trajectories 
taken into account in the Dutch method

Figure 3 - Schematized test set-up
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resulting in a data point every 1 mm. It should 
be noted that this penetration rate differs from 
the standard rate applied in the field (20 mm/s). 
Furthermore, the cone resistance has not been 
corrected for water pressure since no pore 
pressure measurement was performed. The  
effects of both these aspects are considered to be  
minimal. 

The in situ vertical soil stress was monitored  
using a total stress transducer, fixed in the 
center of the model at 72 cm below surface  
level. Any change in volume of the soil model 
was monitored by measuring the volume change 
in the water supply of both the membrane and 
the cushion and any water dissipated through 
the bottom drain of the test setup. Figure 3 

shows the schematized overview of the test set-
up, figure 4 the practical implementation in the 
geo-experiments hall of Deltares. 

The model preparation followed the meth-
odology of Van der Linden et al. (2017), i.e.  
pluviation of dry sand in a partially water-filled 
cylindrical container. The density of the sand 
was controlled by controlling the water height 
(for low density samples) and periodically  
gently tamping the sand surface during pluviation 
(for medium density samples). Clay layers were 
placed after trimming pre-fabricated clay bricks 
to the required dimensions. Densification of 
the sand during the placement of the clay was 
minimized by temporarily lowering the phreatic 
level, so that capillary action temporarily could 

provide apparent cohesion to the sand. During 
the preparation the bulk density was monitored 
closely by measuring the sample height. Upon 
completion of the cone penetration tests the soil 
model was excavated and volume-mass density 
measurements were performed at various posi-
tions and depths in the model. More details of 
the applied soils and the procedure can be found 
in De Lange et al. (2018). It should be noted that 
the tested multi-layered samples contained sand 
and clay layers of equal thickness. This is cer-
tainly not always the case in the field. Therefore,  
the results cannot simply be extrapolated to all 
thinly inter-layered soils.

Testing program
The test program was a continuation of the pro-
gram of Van der Linden et al. (2017). Different 
layer configurations, bulk density indices (ID), 
stress levels and cone diameters are applied in 
order to investigate the influence of these pa-
rameters. CPTs were performed on saturated 
layered soil deposits. The layered units of mul-
tiple clay and sand layers, having equal thick-
nesses, were sandwiched between two thicker 

Figure 4 - Test set up (a) before mounting, top cushion at right (b) after three CPTs have been performed 

Figure 5 - Test results of four 4 cm thick clay layers (position indicated in gray) Figure 6 - Test results of six 2 cm thick clay layers (position indicated in gray)
 

Tabel 1 -  Experimental variables

penetrometer  
diameter D [mm] 25.3 35.8

density index ID [-] 0.30 0.60

Layer thickness  
H [mm] 20 40 80

Vertical stress  
σv [kPa] 25 50 100
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sand layers. For each ID a uniform sand model 
was prepared in addition to the layered models 
in order to serve as a reference. Table 1 provides 
details about the variations applied (not all pos-
sible combinations are tested).

Figures 5 - 7 show results in two artificial soil 
samples: sample 2 and 3. Sample 2 contained 
a layered zone of 4 clay layers and 3 sand lay-
ers, each having a layer thickness of 4 cm, while 
sample 3 contained a layered zone of 6 clay 
layers and 5 sand layers, each having a layer 
thickness of 2 cm. An initial bulk density index of 
around 30% has been applied for both samples. 
Multiple 25 mm CPTs (2 or 3) were performed 
at the same soil model. First, the desired stress 
level has been applied and after reaching a suf-
ficient degree of consolidation a CPT has been 
performed. Subsequent tests were performed 
at different locations and stress levels, leaving 
the previous cone(s) in place. The CPTs were 
performed at 300 mm from the container wall 
and with a distance between the CPT locations 
of 260 mm.

Figure 5 shows the measured cone resistance 
in sample 2 for two stress levels (vertical stress 
25 kPa and 50 kPa, respectively). The individual 
layers can be clearly distinguished. Also the ef-
fect of the applied stress level can be observed: 
higher cone resistances at higher stress levels. 
Figure 6 shows the measured cone resistance 
in sample 3 for the same stress levels. In this 
case, the individual thin layers can be hardly dis-
tinguished. The initial peak in cone resistance at 
about 5 cm depth is an artifact of a cylindrical 
tube which was in place to protect the cushion. 

Figure 7 shows the cone resistance in sample 
2 and 3 normalized for the applied stress level 
by equation (4) (based on Lunne et al., 1997) in 
which σv is the applied vertical stress level. 

 (4)

Numerical modelling
Simulations are made by calculating the tip  
resistance at each mm by the method de-
scribed above. In order to get a more realistic 
simul-ation the moving average over a height of 
27 mm (the cone height) has been calculated. 
The average of the measured cone resistance 
in the upper and bottom sand layer is used 
as characteristic cone resistance for the sand  
layers. For the clay layers a value of 0.035 is 
used, based on the test results. Figure 8 shows 
the simul-ation of the tests performed at sam-
ple 2. The normalized test results are also  

plotted in this graph. A good fit is obtained with 
the proposed method. 

Figure 9 shows the simulation of the tests per-
formed at sample 3 with the normalized test 

results. Although the simulation deviates from 
the measurements for the transition region 
between the layered zone and the upper and 
bottom sand layers, a good fit is obtained for 
the layered zone. Since this zone is the subject 

Figure 8 - Simulation of CPTs in sample 2

Figure 7 - Normalized cone resistance of the four tests
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of interest in this investigation, the proposed 
method can still be used.

Conclusion
Systematic experiments in well controlled circ- 
umstances are shown to contribute to the insight 
in geotechnical behavior of thinly inter-layered 
soil profiles. Further investigation is in progress 
to come up with a general correction methodology 
to CPTs for use in these soil profiles. 
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Figure 9 - Simulation of CPTs in sample 3
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