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Abstract
It is commonly assumed that dry and saturated sands exhibit similar cone resistance–relative density relationships. Some studies
pointed out that partial saturation and calcareous sands with considerable fines content are potential factors affecting these
relationships. However, there is experimental evidence in Shaqour Bull Eng Geol Environ 66:59-70, (2006) that clean
uncemented quartz sand may exhibit lower cone resistance in saturated conditions. The present study aims on contributing
towards better understanding the effect of water saturation on cone resistance in sand. For this purpose, Ticino sand samples were
prepared dry and saturated in a calibration chamber and cone penetration tests were performed over a wide range of relative
densities and at two consolidation stresses. Overall, it was observed that dry and saturated samples exhibited similar cone
resistances. Only slightly higher cone resistances were observed for dry samples at the lower consolidation stress. Two anom-
alous samples, whichwere tested dry at medium relative density, were found to exhibit way higher cone resistances than expected
from published cone resistance–relative density relationships. The Young's modulus was observed to be proportional to cone
resistance and independent of whether a sample was tested dry or saturated, being therefore considered as more robust soil
property for cone resistance relationships.

Keywords Cone penetration test .Water saturation . Dry sand . Calibration chamber . Relative density . Young’s modulus

Introduction

The cone penetration test is a widely applied subsoil inves-
tigation method (ASTM D5778 2012; DIN EN ISO 22476-
1 2013) and numerous authors have discussed the factors
that influence cone penetration test results (Robertson 2009;
Robertson and Campanella 1983; Schmertmann 1978).
Only few studies investigated whether or not dry and

saturated sands exhibit different cone penetration test re-
sults (e.g. Giretti et al. 2018; Pournaghiazar et al. 2013).
The saturation condition in sands may vary between dry,
partially, and fully saturated. It is commonly accepted that
pore water itself does not significantly influence the critical
friction angle of glass beads (Dai et al. 2016; Skinner 1969).
Following the concept of cavity expansion theory, the crit-
ical friction angle directly influences the calculation of cone
resistance (Silva et al. 2006; Suzuki and Lehane 2015).
Thus, pore water should not have any effect on cone resis-
tance in theory. This view was supported by numerous ex-
perimental studies, which did not find significant difference
in cone resistance between dry and saturated conditions
(Almeida et al. 1991; Baldi et al. 1982; Bonita 2000;
Pournaghiazar et al. 2013).

Differences in cone resistance were observed for partially
saturated sands (Hryciw and Dowding 1987; Pournaghiazar
et al. 2013). The authors argued that suction in the water
menisci around the grain contacts were a dominant factor that
increased cone resistance in partially saturated sands.
Significant differences in cone resistances between dry and
saturated conditions were also observed by Shaqour (2006)
who performed cone penetration tests in quartz sand as well
as in calcareous sand. For both sand types, the cone
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resistances measured in dry samples were considerably higher
than in saturated samples. Smaller increases between dry and
saturated samples were reported by Giretti et al. (2018) who
performed cone penetrations in centrifuge tests in carbonate
sand. The pronounced decrease in cone resistance due to water
saturation contradicts the established view about the influence
of saturation condition on cone resistance. Shaqour (2006)
performed tests at high relative densities and so far, it is un-
known if the observations made by the author would hold true
for lower relative densities.

The present study aims on contributing towards better un-
derstanding the effect of saturation on cone resistance in sand.
For this purpose, dry and saturated Ticino sand samples were
prepared and cone penetration tests were performed over a wide
range of relative densities and at two consolidation stresses.

Materials and methods

Physical properties of Ticino sand

The Ticino sand used in this study is a well-studied reference
material from northern Italy (Butlanska et al. 2014; Fioravante
and Giretti 2015; Kulhawy andMayne 1990). It is a uniformly
graded, medium-coarse to coarse sand (d50 = 0.6 mm) with
neglectable fines content. Ticino sand is sub-rounded to angu-
lar, has a particle density of ρs = 2680 kg/m3, and minimum
andmaximum void ratios of emin = 0.58 and emax = 0.93. Main
mineral components are feldspar (65%) and quartz (30%) with
a minor fraction of mica.

Equipment and testing procedure of cone penetration
tests

The MARUM calibration chamber (MARCC) was used for
performing cone penetration tests in the laboratory under con-
trolled stresses and relative densities (Fleischer et al. 2016;
Goodarzi et al. 2018; Stähler et al. 2018a; Stähler et al.
2018b) (Fig. 1). The samples were 30 cm in diameter and
54.5 cm in height. The chamber was equipped with a high-
resolution piezocone having a diameter of 12 mm, which cor-
responds to a sample to cone diameter ratio of RD = 25. The
sample was surrounded by a flexible latex membrane and was
confined by a sinter metal filter at the top and a water-filled
latex cushion at the bottom of the sample. Vertical and horizon-
tal stresses as well as the pore water pressure were controlled by
syringe pumps. Axial strain, εa, was calculated from volumetric
change in the water-filled latex cushion,ΔVlc, following Eq. 1.

εa ¼ Δl
l0

¼
ΔV cl

A
−l0

l0
ð1Þ

where l0,Δl, and A are initial length, difference in length due to
axial strain, and cross-sectional area of the sample, respectively.
Two different methods were used to estimate horizontal strain.
In the first method, changes in volume of the cell water sur-
rounding the sample, ΔVcw, were used as a measure of hori-
zontal strain, εh,cw , following Eq. 2.

ΔV cw ¼ ΔV ¼ V1−V0 ¼ πd21
4

� h1− πd20
4

� h0 ð2Þ

where V, d, and h are the volume, diameter, and height of the
sample that experience strain between two states, as denoted by
subscripts 0 and 1. After rearranging the equation and some
simplifications, one may write Eq. 2 as

d1 ¼ d0 þ 2

ffiffiffiffiffiffiffiffiffiffiffiffi

ΔV cw

πh0h1

s

ð3Þ

Horizontal strain can then be calculated from Eq. 4.

εh;cw ¼ Δd
d0

¼ d1−d0
d0

ð4Þ

In the second method, three circumferential displacement
sensors, placed at 15, 25, and 35 cm depths from the top of the
sample, were used as an additional measure of horizontal
strain, εh,ds (Eqs. 5 and 6).

εh;ds;n ¼ Un;1−Un;0

Un;0
ð5Þ

εh;ds ¼ ∑3
n¼1εh;ds;n

3
ð6Þ

where U is the perimeter of the sample measured by one of the
three circumferential displacement sensors (denoted with index n).

Ticino sand samples were tested dry and saturated at initial
relative densities of 0.4 ≤DR,i ≤ 1.0 and at two vertical effec-

tive consolidation stresses, σ
0
vc, of 100 and 200 kPa using a

lateral earth pressure coefficient ofK0 = 0.45. The two vertical
effective consolidation stresses considered in the present study
correspond to depths of 10 and 20 m below ground, which are
relevant depths for deep foundation problems (Haiderali et al.
2015). Specifications of all cone penetration tests are provided
in Table 1. The testing procedure consisted of five phases as
follows.

Phase 1—Sample preparation: A latex membrane was
placed at the inside of a samplemould. Sampleswere prepared
using the sand curtain pluviation method. The pluviation de-
vice used in the present study was similar to Baldi et al. (1981)
and had an adjustable aperture size that controlled the flow
rate of sand particles. The flow rate is known to be propor-
tional to the relative density of the sample (Lagioia et al.
2006). The initial relative density of the sample, DR,i, was
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calculated from the sample’s dry mass and the inner volume of
the sample mould and taking the latex membrane into account.

Phase 2—Pre-consolidation: A vacuum of p = − 10 kPa
was applied in the pore space of the sample. The sample
mould was removed. Then the three circumferential displace-
ment sensors were attached to the latex membrane before the
chamber was assembled and cell water was filled into the
chamber. An initial isotropic effective stress of σ ′ = 10 kPa
was applied in order to stabilize the sample. Finally, the

penetrometer was pushed into the top of the sample until the
entire cone was in contact with the sample. Samples were
either kept dry or were saturated with deaerated and
demineralized water (Table 1). Skempton’s B coefficients of
≥0.95 were achieved from saturation tests for all saturated
samples. During the saturation test, an isotropic stress of σ =
210 kPa and a backpressure of Δu = 200 kPa were applied,
resulting in an isotropic effective stress of σ′ = 10 kPa. The
saturation was checked by increasing vertical, σv, and hori-
zontal stresses, σh, by 30 kPa (ASTM D7181 2020).
Afterwards, both normal stresses were reduced back to σ =
210 kPa.

Phase 3—Consolidation: The isotropic effective stress of
the samples was increased in one step from σ′ = 10 kPa to
match the desired horizontal effective consolidation stress,

σ
0
hc , being either 45 or 90 kPa. Afterwards, the vertical effec-

tive stress was increased in one step to match the desired
vertical effective consolidation stress, being either 100 or
200 kPa. Samples were anisotropically consolidated for
90 min (Table 1). During consolidation, the axial, εa, and
horizontal strains, εh,cw, of the sample were recorded (Fig. 2a).

Phase 4—Lateral compression test: All cone penetration
tests were performed under simulated field boundary condi-
tion (BC5), adopting the approach of Huang and Hsu (2005).
The concept of simulated field boundary condition assumes
that the sample is placed in an infinite soil volumewith known
horizontal stiffness. In chambers with small sample to cone
diameter ratios, as in this study, a sample with constant hori-
zontal stress boundary would have experienced more horizon-
tal strain during the cone penetration test than an equivalent
field test. In order to keep the horizontal stress and horizontal

Steel 
cyclinder

Latex 
membrane

Steel rods

Top plate Pore 
water

Bottom plate

Cell water Sample

Water-filled cushion

Sinter metal
filter

High-resolution piezocone

Circumferential
displacement 
sensors

54.5 cm

 30 cm 

Axial 
stress

Horizontal
stress

Fig. 1 Schematic representation of the MARUM calibration chamber
used for cone penetration tests

Table 1 Specifications of cone penetration tests

Reference Test no. Test condition σ
0
v σ

0
h qcs DR,i DR,pc DR,c DR,lc

kPa kPa MPa

Present study 1 Saturated 100 45 13.09 0.686 0.706 0.710 0.719

2 45 15.13 0.793 0.812 0.827 0.838

3 45 18.95 0.943 0.960 0.965 0.970

Present study 4 Dry 100 45 10.52 0.407 0.425 0.432 0.442

5 45 17.99 0.800 0.826 0.830 0.878

6 45 21.18 0.923 0.938 0.944 0.952

Stähler et al. (2018a) 7 Saturated 200 90 16.17 0.638 0.661 0.662 0.668

8 90 24.71 0.756 0.772 0.774 0.780

9 90 25.46 0.786 0.807 0.819 0.826

10 90 31.37 0.876 0.895 0.896 0.901

11 90 30.29 0.886 0.899 0.900 0.918

12 90 32.22 0.900 0.918 0.920 0.925

13 90 34.14 0.931 0.949 0.951 0.957

Present study 14 Dry 200 90 22.53 0.564 0.592 0.597 0.606

15 90 24.57 0.712 0.736 0.740 0.748

16 90 31.24 0.883 0.906 0.910 0.918
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strain as similar as possible to field conditions, the increase in
horizontal strain was compensated by increasing the horizon-
tal stress of the sample. The unique stress–strain relationship
for this compensationwas obtained from a lateral compression
test preceding the cone penetration test (Fig. 2a, b). The hor-

izontal effective stress was increased at a constant rate of σ̇
0
h

¼ 10 kPa=min until a horizontal strain of εh,ds = 0.08% was
reached. Similar to Huang and Hsu (2005), the real-time data
from the circumferential displacement sensors were used to
determine the horizontal strain during the lateral compression
test. The Young's modulus, E, was obtained at horizontal
strain of 0.05 ≤ εh,ds ≤ 0.07%, being visualized in Fig. 2b. A
unique horizontal stress–horizontal strain relationship was ob-
tained by fitting a fifth-degree polynomic function to the data.
The horizontal strain was reduced back following this
function.

Phase 5—Cone penetration test: The cone penetrometer
was pushed into the sample at a constant penetration rate of

ṡ ¼ 20� 0:3 mm=s, while measuring cone resistance, qc, at
a sampling rate of f = 20 Hz. The simulated field boundary
condition was established by using the unique horizontal
stress–horizontal strain relationship obtained during the lateral
compression test in phase 4. While the cone was pushed into
the sample, the horizontal strain, εh,ds, measured from the
circumferential displacement sensors determined the increase
in horizontal stress in real time according to the unique hori-
zontal stress–horizontal strain relationship. A steady-state
cone resistance, qcs, was determined by averaging the cone

resistance data within the depth interval between 180 and
320 mm. A standard deviation was calculated for every
steady-state cone resistance value.

Changes in relative densities were continuously monitored
after phases 1 to 4, resulting in relative densities after sample
preparation, DR,i, pre-consolidation, DR,pc, consolidation
phase DR,c, and lateral compression test, DR,lct.

Consistency of cone penetration tests

The monitoring of relative density during the testing proce-
dure was important to solely relate changes in cone resistances
to the saturation condition of the sample. The relative densities
of all samples slightly increased during phases 1 to 4 for all
samples (Table 1, Fig. 2c). The cumulative increases in rela-
tive densities were small, being commonly between 0.02 and
0.04. Only test no. 5 showed a higher cumulated increase in
relative density of c. 0.08. This shows that the four phases,
preceding the cone penetration test, did only slightly influence
the relative density of individual samples.

The stress and strain paths during consolidation and lateral
compression tests were monitored for all samples; two typical
examples, one for each consolidation stress, are provided in
Fig. 2a. The increase in axial and horizontal strain, measured
from the cell water volume, εh,cw, during consolidation, was
small in both tests. During the lateral compression test,

Fig. 2 Quality of cone penetration tests. (a) Typical consolidation
behaviour of samples tested in the MARUM calibration chamber; (b)
example of a lateral compression test; (c) changes in relative density
due to the four stages before cone penetration testing; (d) example

showing the influence of lateral compression test on cone resistance;
and (e) three cone resistance curves showing repeatability of chamber
tests. sat., saturated
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horizontal stress was increased resulting in a significant in-
crease in horizontal strain, being accompanied by a small de-
crease in axial strain. After horizontal strain was reduced back
to the state just before penetration, some permanent horizontal
strain remained. The horizontal strain measured from the cir-
cumferential displacement sensors, εh,ds, commonly remained
constant during the beginning of the unloading part of the
lateral compression test (Fig. 2b), which is believed to be a
result of limitations in the circumferential displacement sen-
sors used in this study. The permanent horizontal strain, εh,ds,
measured after the lateral compression test was similar with
the horizontal strain obtained from the cell water, εh,cw.

The amount of horizontal strain (determined from both cell
water and circumferential displacement sensors) due to the
lateral compression test lay well above the elastic soil behav-
iour range for Ticino sand (Yamashita et al. 2000). The influ-
ence of the lateral compression test on cone resistance has
been investigated for clean quartz sand from Northern
Germany (Stähler 2020) (Fig. 2d). The author performed cone
penetration tests using similar testing conditions than those of
the present study (e.g., boundary condition, effective consol-
idation stress, relative density) and showed that for clean
quartz sand, the lateral compression test does not have a sig-
nificant effect on cone resistance. This observation may be
transferred to Ticino sand because it has been shown by
Jamiolkowski et al. (2003) that dry Ticino sand exhibits sim-
ilar cone resistance–relative density relationships than clean
quartz sands. It may be concluded that the lateral compression
test does induce an overconsolidation of the sample, which,
although not large enough for having an effect on cone resis-
tance in the case of the present study, should be avoided in
future projects dealing with cone penetration tests in chambers
having small sample to cone diameter ratios. The authors rec-
ommend that for a specific soil, one should establish the hor-
izontal stress–horizontal strain relationship based on a number
of lateral compression tests on samples having relative densi-
ties and consolidation stresses relevant to the study. These
tests should be performed prior to the subsequent
laboratory cone penetration tests in order to avoid any
overconsolidation in the sample to happen.

The repeatability of samples tested in this study was inves-
tigated by comparing cone resistance against depth curves for
similar relative densities at the same effective consolidation
stress (Fig. 2e). It can be observed that the three cone resis-
tance curves are of similar shape and plot between the cone
resistance isolines calculated from the relationship of
Jamiolkowski et al. (2003). The overall heterogeneity of sam-
ples tested in this study can be assessed by comparing the cone
resistance variability with respect to consolidation stress, rel-
ative density, and saturation conditions (Fig. 3). The cone
resistance initially increased with penetration depth in all tests,
being commonly associated with the top boundary of the cal-
ibration chamber (Almeida et al. 1991; Arroyo et al. 2011). A

reasonable plateau was observed within the steady-state inter-
val for most tests. The general shape of the cone resistance
curves was found to be of similar quality than curves from
other studies (Almeida et al. 1991; Ghionna and Jamiolkowski
1991; Huang and Hsu 2005). By plotting the steady-state cone
resistances together with their respective standard deviations
against relative density (Fig. 4), it could be observed that the
variability in cone resistances decreased towards higher rela-
tive density and lower consolidation stress. No clear depen-
dency between saturation condition and variability in cone
resistance could be observed. Some samples (e.g., test no. 8,
highlighted in Fig. 4) exhibited higher variability in cone re-
sistance. Higher variability in cone resistance in medium and
loose samples may be a result of inhomogeneous arrange-
ments of sand particles caused by, e.g., layering and density
contrasts, being commonly more pronounced at lower relative
densities (Gade et al. 2015; Hariprasad et al. 2016).

In calibration chambers with small sample to cone diameter
ratios, such as the one used in the present study, boundary
artefacts are a major factor influencing cone resistance
(Baldi et al. 1981). The steady-state cone resistances obtained
in the present study for saturated Ticino sand samples were
plotted together with the cone resistance–relative density re-
lationship of Jamiolkowski et al. (2003), having been derived
from dry Ticino sand samples tested in a large calibration
chamber. The comparison shows that probably no significant
boundary artefacts were induced as cone resistance values of
saturated Ticino sand samples plotted close to the relationship
of Jamiolkowski et al. (2003).

Cone resistances of dry and saturated
samples

The influence of saturation was studied by comparing samples
tested dry with those tested in saturated condition at a similar
relative density (Fig. 3). For samples no. 3 and 6, tested at the

lower consolidation stress of σ
0
vc ¼ 100 kPa, a clear differ-

ence in cone resistance between dry and saturated condition
could be observed (Fig. 3a). The saturated sample exhibited a
lower cone resistance than the dry sample and was well
smaller than would have been expected from the relationship
of Jamiolkowski et al. (2003) (dashed vertical lines in Fig. 3).
The other two samples tested at the low consolidation stress
matched well with the relationship without showing a differ-
ence between dry and saturated condition. Medium dense
samples no. 7 and 14, tested at the higher consolidation stress

of σ
0
vc ¼ 200 kPa, exhibited a large difference in cone resis-

tance. The dry sample by far exceeded the value expected
from the relationship of Jamiolkowski et al. (2003), whereas
the saturated sample only slightly exceeded the expected value
(Fig. 3b). For the other samples tested at the higher
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consolidation stress, the cone resistance curves of dry and
saturated samples did not exhibit significant differences.

The dry and saturated samples were further analyzed by
plotting their steady-state cone resistances against their relative
density for both consolidation stresses and comparing them
with the relationship of Jamiolkowski et al. (2003) (Fig. 4).
At the low consolidation stress, the samples fitted well with
the published relationship, except for one anomalous sample,
which was reconstituted to a medium-dense dry condition (see
sample no. 4 in Fig. 4). The steady-state cone resistance of this

sample exceeded by far the value expected from the relation-
ship of Jamiolkowski et al. (2003). At the high consolidation
stress, most samples followed the relationship of Jamiolkowski
et al. (2003), although slightly higher steady-state cone resis-
tances were measured for all samples. One clearly anomalous
sample was recognized for the high consolidation stress exceed-
ing by far the expected value from the relationship of
Jamiolkowski et al. (2003) (see sample no. 14 in Fig. 4)

The samples could be reasonably well fitted to power law
functions of the shape proposed by Baldi et al. (1982) (see fit
curves 1–4 in Fig. 4). Based on the fitted functions, samples
tested dry tended to have slightly higher steady-state cone resis-
tances than saturated samples for the lower consolidation stress
considered in the present study. For higher consolidation stress,
the difference between dry and saturated samples was less pro-
nounced and was only detectable at medium relative density.
Note that the conclusionsmade based on the fitted functionswere
mainly supported by the two anomalous samples (nos. 4 and 14),
which had a very high influence on the shape of the fitted func-
tions. Without considering those two anomalous samples, the
fitted functions would have been very well in accordance with
the relationships of Jamiolkowski et al. (2003). It is therefore
reasonable to conclude that in the present study, the overall in-
fluence of saturation condition is small and that only two samples
reconstituted to medium-dense dry conditions exhibited pro-
nounced higher cone resistances than expected.

Available studies about the influence of saturation condi-
tion (dry vs. saturated) on cone resistance are summarized in
Table 2. For quartz sands, the effects of saturation condition
on steady-state cone resistance were commonly reported to be
neglectable (Almeida et al. 1991; Baldi et al. 1982; Bonita
2000; Porcino and Marcianò 2010; Pournaghiazar et al.

Fig. 3 Typical cone resistance curves for dry and saturated Ticino sand

Fig. 4 Relationships between steady-state cone resistance and relative
density. Vertical error bars represent standard deviations for individual
tests
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2013). Shaqour (2006) reported very high differences between
dry and saturated quartz and calcareous sands, with cone re-
sistances of dry samples being up to c. 750% higher than
saturated samples. Giretti et al. (2018) performed centrifuge
cone penetration tests on carbonate sand and found a small
increase in cone resistance in dry samples of up to c. 20%
compared with dry samples. The relatively small difference
between dry and saturated samples reported in the present
study is of similar magnitude than that reported by Giretti
et al. (2018).

In engineering practice, the lateral stiffness and shear
strength of the soil are commonly more important soil prop-
erties than relative density. Therefore, the Young's modulus
has been used as soil property to describe changes in cone
resistance in the past (Jamiolkowski et al. 2003; Sadrekarimi
2016; Schmertmann 1978). The advantage of using the
Young's modulus rather than relative density as soil property
can be observed in Fig. 5, in which the Young's modulus
obtained during the lateral compression tests was plotted
against the steady-state cone resistance for all testing condi-
tions. It was observed that the Young's modulus linearly in-
creased with steady-state cone resistance independently of
whether the sample was tested dry or saturated. The Young's
modulus could therefore be implemented as better and more
robust soil property for the characterization of sand by cone
penetration tests.

Possible influencing factors why dry
and saturated sand may exhibit different soil
behaviour

In the present study, it was observed that two anomalous sam-
ples, tested dry at medium relative density, exhibited way
higher cone resistances than expected from the relationship
of Jamiolkowski et al. (2003). Possible influencing factors
are summarized below.

Suction due to partial saturation is known to increase cone
resistance. Hryciw and Dowding (1987) showed that already a
neglectable degree of saturation (Sr ≈ 0) can cause suction and,
thus, significantly increases the cone resistance in Ottawa
sand. In the present study, Ticino sand was oven-dried and
then cooled to room temperature in a controlled environment
of low humidity. Samples were then pluviated into the cham-
ber. It is therefore unlikely that the oven-dried samples tested
in the present study exhibited any suction pressure due to
partial saturation.

Furthermore, grain size distribution has a significant effect
on cone resistance (Lunne et al. 1997). During the penetration,
the sand surrounding the cone may undergo a certain degree
of grain crushing and grain abrasion, which might be en-
hanced by wetting, consolidation stress, and relative density
(Dano et al. 2018; Oldecop and Alonso 2003). Bellotti et al. Ta
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(1992) investigated the crushability potential of Ticino sand
using an oedometer apparatus that was modified for high
stress levels and found a crushability threshold of c. 20 MPa
beyond which extensive grain crushing started to occur.
Furthermore, the authors studied the crushability of Ticino
sand in a cone penetration test calibration chamber and found
a direct correlation between crushing amount and cone resis-
tance. However, the fact that the difference in cone resistance
was only observed at medium relative density at both consol-
idation stresses would rather contradict this influencing
factor in the present study.

Not fully drained conditions caused by fast penetration of
the cone and/or low permeability soils could induce excess
pore pressure within the saturated sample, eventually reducing
the cone resistance (Jamiolkowski et al. 2003). This process
could have played a role in the investigation of Shaqour
(2006), who performed cone penetration tests in sands with
considerable fines content. The samples tested in the present
study are composed of uniformly graded medium-coarse to
coarse Ticino sand. In such sand types, excess pore pressure
is considered to dissipate immediately due to their high per-
meability (Lunne et al. 1997; Robertson 2010) making it less
likely that in our study excess pore pressure played a role in
the reduction of cone resistance due to saturation.

Studies with glass spheres of the same size found no influ-
ences of water on the shear strength of sand (Dai et al. 2016;
Skinner 1969), but even a small deviation in particle shape
from a perfect sphere significantly affects the strength and
internal mechanical behaviour of granular materials
(Mirghasemi et al. 2002). Particle rolling is less pronounced
in assemblies with non-spherically shaped particles and
changes in particle friction are probably more important than
in assemblies with perfect spheres. Classical hydrodynamic or
elastic-hydrodynamic lubrication, as it occurs in bearings,

does most likely not occur in saturated sand, since water has
a low viscosity and, thus, the contact stresses are high and the
velocities are relatively small (Hamrock et al. 2004).
Boundary lubrication caused by the chemical and physical
interaction of the solid and the fluid may be the cause for the
observed differences in steady-state cone resistance, even
though only bulk mechanical properties were determined in
the present study. Other studies of bulk properties, such as
direct shear tests, found that dry sand does exhibit higher peak
friction angle than wet sand (Tiwari and Al-Adhadh 2014a, b).
A comprehensive model for the influence of water on the
particle interactions and bulk properties is still lacking.

Slightly higher cone resistances, observed for dry samples
at the lower consolidation stress, may be best explained by
boundary lubrication. However, the influencing factors de-
scribed above are not capable to fully explain the observed
differences in cone resistance for the two anomalous samples.
It can only be guessed that the high cone resistances measured
during those two tests arose from problems with sample prep-
aration or testing procedure. Future research is needed in order
to better quantify the processes leading to increases in cone
resistance in dry samples.

Conclusion

A number of cone penetration tests were performed in a cal-
ibration chamber with small sample to cone diameter in order
to investigate whether or not saturated and dry sand exhibits
similar cone resistance. Ticino sand samples were tested either
saturated or dry at relative densities, ranging between medium
to very dense, and two different consolidation stresses. The
results were compared with relative density–cone resistance
relationship of Jamiolkowski et al. (2003). The following con-
clusions were made:

& The overall difference in cone resistance between dry and
saturated samples was small. At the lower consolidation
stress, dry samples generally exhibited slightly higher
cone resistance than saturated samples, whereas at the
higher consolidation stress, no difference between dry
and saturated conditions could be observed.

& Two anomalous samples tested dry at medium relative
density exhibited way higher cone resistances than expect-
ed from published cone resistance–relative density
relationships.

& The Young's modulus was observed to be proportional to
steady-state cone resistance and independent whether
samples were tested dry or saturated, being therefore con-
sidered as more robust soil property than relative density
for cone resistance relationships.

Fig. 5 Relationship between steady-state cone resistance and Young’s
modulus
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