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Abstract: Impact of the moisture content in me-
dium sands on CPTU test results. Soils occur-
ring in the soil “active zone” are in contact with 
the surface and are directly influenced by exter-
nal factors (mainly climatic changes) that cause 
variation in their parameters over time. Dynamic 
and uncontrolled changes of soil properties e.g. 
due to rainfall and evapotranspiration processes 
may affect field test results leading to the misin-
terpretation of the obtained data. This paper pres-
ents investigations on the influence of moisture 
content changes in sandy soils on CPTU results. 
For this purpose, a field ground model has been 
constructed and five CPTU tests with a different 
moisture content of soil were carried out. During 
the investigations, the tip resistance (qc), friction 
on sleeve (fs), and pore water pressure (u2) were 
measured. Moreover, a TDR probe was applied to 
determine the distribution of the moisture content 
in the studied soil columns. Differences between 
CPT results obtained in saturated and unsaturated 
soils have been shown. Furthermore, a simple 
equation to correct the tip resistance value due to 
the impact of the degree of saturation has been 
proposed.

Key words: CPTU, unsaturated soils, field testing, 
saturation degree

INTRODUCTION

The cone penetration test (CPT) is one of 
the most widely used methods for acqui-
sition of geotechnical data. It provides 
information for subsurface recognition, 
estimation of geotechnical parameters 
and data for geotechnical design (Lunne 

et al. 1997, Młynarek and Wierzbicki 
2007, Lech et al. 2008). The test proce-
dure and data interpretation have been 
developing since 1900 (Sanglerat 1972, 
Lunne et al. 1997), but the method still 
requires further research on parameters 
affecting the measurements and proper 
data rendering.

One of the areas that needs further 
research is the unsaturated behavior of 
soils. Such soils are widespread around 
the world and expand even more due 
to climate change and human activities 
such as: covering the land surface with 
impermeable pavements that causes re-
duction in the amount of infiltrating wa-
ter, use of drainage that lowers the water 
table, building of earth dams and inter-
ference in the water regime, etc. Proper-
ties of the unsaturated soils depend on 
many factors, such as: soil type, struc-
ture, density, pore size and suction re-
sulting from surface tension of water and 
adhesion (Russell et al. 2010). Further-
more, soils occurring at shallow depths 
are in constant contact with the surface, 
and thus directly influenced by external 
factors, such as rainfall and evapotran-
spiration processes that cause dynamic 
changes in the properties of these soils 
over time. Therefore, determination of 
the parameters of unsaturated soils is a 
very complex task that engineers have to 
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face during design and accomplishment 
of constructions, including foundations, 
embankments, pavements, airfields and 
slopes (Pournaghiazar et al. 2010, Rus-
sell et al. 2010). 

At present, the interpretation of CPT 
tests is based mostly on well-established 
correlations determined for fully satu-
rated or dry soils (two phases material)  
(Robertson and Campanella 1983, Rob-
ertson 1990, Lunne et al. 1997, Jami-
olkowski et al. 2003) and little work has 
been conducted on the investigation of 
CPT results for unsaturated soils (more 
than two phases material). Only a few 
studies have been undertaken in recent 
years in modified calibration chambers 
in laboratory (Russell et al. 2010, Pour-
naghiazar et al. 2010, 2011, 2013, Yang 
and Russell 2013, 2016) and field con-
ditions (Lehane et al. 2004, Collins and 
Miller 2014). Moreover, Eurocode 7 (PN-
-EN 1997-1, PN-EN 1997-2) and related 
ISO standards (EN ISO 22476-1, EN 
ISO 22476-12) do not contain any infor-
mation on the interpretation of field test 
data in unsaturated soils. For this reason, 
due to lack of guidance, engineers com-
monly apply correlations developed for 
saturated or dry soils to interpret the CPT 
results obtained in unsaturated condi-
tions, which may lead to the misinterpre-
tation of obtained data and estimated soil 
properties (Pournaghiazar et al. 2010).

Correlation between soil properties 
and cone penetration test data are usually 
determined in laboratory controlled con-
ditions in a calibration chamber or a cen-
trifuge under fixed boundary conditions 
(Phillips and Valsangkar 1987, Ghionna 
and Jamiolkowski 1991, Mayne and 
Kulhawy 1991, Schnaid and Houlsby 
1991, Gui and Bolton 1998, Salgado et 

al. 1998, Bałachowski 2006, Tufenkjian 
et al. 2010). Depending on the test 
scale, miniature or full-sized probes are 
used. The commonly used boundary 
conditions include: BC1 (σh = const., 
σv = const.), BC2 (εh = 0, εv = 0), BC3 
(εh = 0, σv = const.), BC4 (σh = const., 
εv = 0), and BC5 (lateral stifness, k = 
= const., σv = const.) (Salgado et al. 
1998, Bałachowski 2006, Ahmadi and 
Robertson 2008, Bałachowski and Ku-
rek 2008). Measurements in controlled 
laboratory conditions provide data for 
further analysis and reference for field 
test data interpretation.

This paper presents the results of 
CPTU tests carried out in a field ground 
model developed in a test site at the 
Warsaw University of Life Sciences 
– SGGW campus. The primary aim of 
this paper was to investigate the influ-
ence of the moisture content change in 
sandy soils on the results of the cone 
penetration test. For this purpose, five 
CPTU tests have been performed on soil 
columns with different moisture con-
tent. During each test, tip resistance (qc), 
sleeve friction (fs) and pore water pres-
sure (u2) were logged. Moreover, TDR 
probes have been used to determine the 
distribution of the moisture content in 
the soil columns.

MATERIAL AND METHODS

The tests were carried out in a uniform 
medium Vistula sand from the vicinity of 
Warsaw (Fig. 1) in two soil columns. The 
properties of the tested soil are presented 
in Table 1. Soil columns were formed in 
0.2 m compacted layers. Three CPTU tests 
(A, B, C) were performed for column 1 
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and two CPTU tests (A, B) were per-
formed for column 2. The soil properties 
for each tested column are presented in 
Table 2. Between each test (A, B, C), the 
moisture content of the soil was changed 
to provide various test conditions.

The change of the water content be-
tween each test was induced by mois-
tening the soil columns. In the first soil 
column, the moistening was performed 
by wetting the soil from the top and bot-
tom of the column with a piezometer. In 
the second soil column, moisture was 
controlled by change of water level. 
Water was applied from the bottom by 

a piezometer to increase the water table 
to a desired level. 

The test chamber and location of the 
measurement points in each soil column 
(A, B, C) are shown in Figure 2. The tests 
were performed in a cylindrical plastic 

chamber placed in soil at the SGGW 
campus (Fig. 2a). The inner diameter of 
the chamber was 0.82 m and the height 
was 1.20 m. The bottom was open, re-
strained only by the soil lying below the 
chamber. Furthermore, a 0.2 m layer of 
impermeable clay was placed at the bot-
tom to reduce water leakage during the 
measurements. Such conditions corre-

FIGURE 1. Particle size distribution curve for the tested soil

TABLE 1. Properties of the tested soil

Soil type Cu Cc D50 (mm) ρdmax (kg/m3) ρdmin (kg/m3)
MSa 1.7 1.07 0.28 1700 1480

TABLE 2. Properties of the soil in the tested columns

Soil column ID (%) ρd (kg/m3) e (-)
Column 1 40 1 560 ±16 0.7
Column 2 75 1 640 ±32 0.62
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spond to BC5 boundary conditions with 
lateral stiffness, k = const., σv = const.

The ratio between the chamber di-
ameter D and the probe diameter d was 
D/d = 23. According to e.g. Ghionna and 
Jamiolkowski (1991), Bolton and Gui 
(1993), Mayne (2006), a higher D/d ratio 
is needed to avoid the influence of the 
boundary effects and reference calibra-
tion chamber tests directly on the field 
results. However, the main goal of this 
paper was to capture the impact of soil 
moisture content on the cone penetration 
test results. Therefore, all measurements 
were taken under the same boundary 
conditions, which makes the measure-
ments comparable. The location of the 
measurement points was spread evenly 
in the cross-section of the soil columns 
(Fig. 2b) to ensure similar conditions for 
each test. Two main assumptions had 
been taken into account for selection of 
the test locations. First, the distance be-
tween the test points should be at least 
10d. Second, the distance between the 

measurement point and the rigid wall of 
the chamber should be at least 5d; ac-
cording to Phillips and Valsangkar (1987) 
and Salgado et al. (1998), the influence 
of the rigid side wall of the chamber can 
be omitted when the test is conducted at 
a distance greater than five times of the 
probe diameter and the penetration test is 
performed close only to one side of the 
chamber.

Other limitations that should be con-
sidered in the test are boundary condi-
tions on top and bottom of the test cham-
ber. It is well known that to mobilize full 
strength of soil the depth ratio (z/d)crit 
(z – depth of investigation, d – cone di-
ameter) dependent on relative density  
should be at least 5÷20 (Gui and Bol-
ton 1998, Gui et al. 1998, Bałachowski 
2015). Due to limited depth of investi-
gation later in the article the interpreta-
tion of data below depth 0.2 m was con-
sidered what is equivalent to depth ratio 
(z/d)crit ≈ 5. On the other hand the impact 
of bottom boundary effects on performed 

FIGURE 2. Test model: (a) scheme of measurement chamber; (b) location of measurement points in 
the test chamber cross-section

a                                                                                b
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CPTU test can be notice. This is caused 
by the influence of clay layer with dif-
ferent stiffness (Mlynarek et al. 2012) 
arranged in the bottom of test chamber. 
Considering above factors authors de-
cided to maintain interpretation of data 
in depth interval 0.2÷1.0 m.

Cone penetration tests were con-
ducted using a standard piezocone 
with an apex angle of 60°, diameter of 
3.57 cm (10 cm2 of cross-sectional area) 
and pore pressure measurement in a u2 
position. The cone was being pushed 
into the soil column by a HYSON 
200 kN static cone penetrometer at a rate 
of 2 cm/s. The test set was equipped with 
a wired Touch-Screen data recording 
system. Measurements were recorded 
using Gorilla software (van den Berg). 
Tests were performed using a piezocone 
with measurement accuracy: qc ±1 kPa, 
fs ±1 kPa, u2 ±1 kPa. Furthermore, TDR 
ThetaProbe ML3, with measurement ac-
curacy of 1%, and HH2 data logger were 

used after each CPTU test in order to 
determine the moisture content distribu-
tion in the soil column on the site. The 
degree of saturation, (Sr) was calculated 
from TDR measurements and porosity. 
A TDR probe allows for measurement of 
the volume of water contained in the soil 
pores, Vw [%]. When the soil porosity 
– n [%] (or TDR measurement of fully 
saturated soil, Vw = Vn = n) is known, the 
basic equation for calculating the degree 
of saturation can be used (Sr = Vw/Vn).

RESULTS AND DISCUSSION

The results of CPTU measurements and 
profiles showing the degree of saturation 
for each test are shown in Figures 3 and 
4. It can be noticed that the degree of 
saturation for sandy soils has significant 
impact on the soil strength, and thus on 
the CPTU test results. As can be seen in 
Figures 3 and 4, the change of saturation 
degree (Sr) from ≈ 0.2 to 1.0 is associat-

FIGURE 3. CPTU test results in soil column 1 (A, B, C – test points according to Fig. 2): (a) corrected 
cone resistance, qt; (b) sleeve friction, fs; (c) pore pressure measured behind cone, u2; (d) degree of 
saturation, Sr 

a                                                  b                                    c                                   d
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ed with the decrease of parameters meas-
ured during the CPTU test. Reduction of 
the soil strength can be observed in both 
measurements: cone resistance, qc and 
sleeve friction, fs, wherein a decrease in 
the measured values is even more than 
double. For example, in soil column 2 at 
the depth of 0.8 m, the change of the sat-
uration degree from 0.24 to 1.0 resulted 
in the change of tip resistance from 8.51 
to 3.76 MPa (a decrease of more than 
50%) and of sleeve friction from 0.027 
to 0.013 MPa (a decrease of more than 
50%). Thus, the values measured in un-
saturated soils are substantially higher 
than the values obtained from measure-
ments on fully saturated soils and can’t 
be used directly to calculate geotechni-
cal parameters (the quotient between the 
Qt values in saturated and unsaturated 
sands is presented in Figs 5b and 6b). The 
decrease in the measured values during 
the tests is greater when the saturation of 
soil is higher, whereas the measurements 

of induced pore pressure in the unsatu-
rated zone are not reliable and do not al-
low for determination of the soil satura-
tion (Figs 3c and 4c). Therefore, it seems 
important to use another tool to deter-
mine the soil moisture in the active zone 
during a CPTU test, which would allow 
for correction of the measured values. 
On the other hand, the measurements of 
pore water pressure allow to determinate 
unsaturated zones, and can be used for 
defining layers, in which the moisture 
content should be taken into account in 
data interpretation. 

During penetration the measured val-
ues are affected by many factors. For 
tests conducted on sands with constant 
characteristics the change of cone resist-
ance can be described by the function 
(Jamiolkowski et al. 2003, Młynarek 
2007): 

qt = f(ID, σv0, Sr, v) (1)

FIGURE 4. CPTU test results in soil column 2 (A, B, C – test points according to Fig. 2): (a) corrected 
cone resistance, qt; (b) sleeve friction, fs; (c) pore pressure measured behind cone, u2; (d) degree of 
saturation, Sr

a                                                  b                                    c                                   d
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where:
ID (DR) – soil relative density;
σv0 – soil vertical stress;
Sr – degree of saturation, 
v – rate of penetration (constant during 
test 2 cm/s).

Due to fact that compared tests were 
conducted on the same soil sample (three 
tests on soil column 1 and two tests on 
soil column 2) the influence of relative 
density can be omitted (relative density 
constant at certain depth). To eliminate 
influence of vertical stress on cone re-

   a                                                          b                                               c     

FIGURE 5. Comparison between the measured and corrected values in soil column 1 (A, C – test points 
according to Fig. 2): (a) normalized cone resistance, Qt; (b) statistical analysis; (c) angle of internal 
friction before and after correction

   a                                                          b                                               c     

FIGES 6. Comparison between the measured and corrected values in soil column 2 (A, B – test points 
according to Fig. 2): (a) normalized cone resistance, Qt; (b) statistical analysis; (c) angle of internal 
friction before and after correction
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sistance the normalized value of cone 
resistance (Qt) have been used during 
analysis:

0

0

t v
t

v

qQ  (2)

Thus after these assumptions it can 
be assumed that the degree of saturation 
was the main factor influencing the vari-
ability of cone resistance between com-
pared tests.

As can be observed, the direct use 
of the measured values obtained in the 
unsaturated zone for the determination 
of geotechnical parameters can lead to 
overestimation of the design parameters. 
In consequence, it can result in negative 
effects on structures designed in such 
conditions. This suggests the necessity 
of correcting the measurements taken in 
unsaturated conditions. For the tests per-
formed in medium sands, the normalized 
cone resistance value can be corrected 
using the degree of water saturation (Sr) 
and void ratio (e):

1cor e
t t rQ Q S   (3)

Comparison between the measured 
and corrected values of Qt for extreme 
measurements using equation (3) are 
shown in Figures 5 and 6. Table 3 presents 

the statistical analysis for the depth in-
terval 0.2÷1.0 m. It can be noticed that 
the average values of normalized cone 
resistance obtained for unsaturated sands 
were higher at about 1.73 ±0.30  times 
for column 1, and 1.79 ±0.34 times for 
column 2. After correcting Qt using 
equation 1, the average values were 1.01 
±0.16 times lower for column 1 and 0.94 
±0.15 times higher for column 2. Use of 
the proposed equation leads to the reduc-
tion of Qt values obtained in unsaturated 
conditions due to the change of the de-
gree of saturation, which takes the cor-
rected values closer to those acquired 
in fully saturated conditions. However, 
the presented method of correction was 
based only on a few tests obtained for 
sandy soils, so confirmation of its reli-
ability requires further studies.

The example of the difference be-
tween the angle of internal friction cal-
culated for saturated and unsaturated 
conditions and corrected values was pre-
sented in Figures 5c and 6c. In the ex-
ample, the following equation was used 
(Mayne 2006):

117.6 11.0 log ( )tq  (4)

where:
qt1 = (qt/σatm)/(σ’v0/σatm)0.5 is the stress-
normalized tip resistance.

TABLE 3. Statistical analysis of the measurements from the depth interval 0.2÷1.0 m

Soil column Parameter Min Max Range Average SD

Column 1
QtA/QtC 0.84 2.30 1.46 1.73 0.30

/cor
tA tCQ Q 0.55 1.28 0.73 1.01 0.16

Column 2
QtA/QtB 1.00 2.20 1.20 1.79 0.34

/cor
tA tBQ Q 0.62 1.14 0.52 0.94 0.15
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CONCLUSIONS

In the view of previously published in situ 
test results and results of this study confirm 
the fact that the saturation of sandy soils is 
important and it seems to be necessary to 
consider while conducting and interpreting 
CPTU test results. This is especially rel-
evant for data obtained in the active zone, 
which follows the dynamic changes of soil 
saturation due to external factors, such 
as rainfall and evapotranspiration. Espe-
cially, saturation should be taken into ac-
count during rendering data from shallow 
depths obtained after a long dry season, 
when the thickness of unsaturated soils is 
elevated. The measurements have shown 
that the change of the soil moisture con-
tent influences both cone resistance (qt) 
and sleeve friction (fs). The values meas-
ured in unsaturated sands can be twice 
as large, which may lead to an twofold 
overestimation of the geotechnical design 
parameters. Changes of the measured pen-
etration parameters in the active zone due 
to the influence of climate factors should 
be taken into account in the estimation of 
geotechnical parameters. Thus, a simple 
equation was proposed to correct the val-
ues obtained in unsaturated conditions. For 
the performed tests, the proposed relation-
ship bring the results closer to the refer-
ence value (measurements in fully satu-
rated conditions) resulting in a significant 
improvement of the results. However, its 
usability and limitations need revision and 
further research.
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Streszczenie: Wpływ wilgotności na wyniki son-
dowań statycznych w piaskach średnich. Grun-
ty zalegające płytko pod powierzchnią terenu 
znajdują się pod stałym wpływem czynników 
zewnętrznych, które mają wpływ na ich właści-
wości. Dynamiczne i niekontrolowane zmiany 
parametrów gruntowych wywołane np. zmianami 
wilgotności w skutek opadów i ewapotranspiracji 
mogą wpływać na wyniki i interpretację badań 
terenowych. W artykule przedstawiono wpływ 
zmiany wilgotności gruntów piaszczystych na 
wyniki sondowań statycznych CPTU. W tym celu 
wykonano model terenowy, w którym przepro-
wadzono pięć sondowań CPTU na kolumnach 
gruntu o różnej wilgotności. Podczas każdego 
sondowania wykonywano pomiary oporu stożka, 
tarcia na tulei oraz ciśnienia wody w porach (u2). 

Dodatkowo po każdym sondowaniu określono 
rozkład wilgotności w próbce z wykorzystaniem 
czujnika TDR. W artykule pokazano różnice mię-
dzy parametrami uzyskiwanymi z badań CPT 
w gruntach piaszczystych w stanie niepełnego 
oraz pełnego nasycenia wodą. Dodatkowo zapro-
ponowano prostą zależność umożliwiającą korek-
tę oporu stożka z uwzględnieniem wpływu stanu 
nasycenia gruntu.
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