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Abstract. The Cone Penetration Test (CPT) is a valuable tool for continuous soil profiling and
estimating soil properties. A CPT sounding will often pass through the active zone of an unsaturated
soil profile, near the ground surface where moisture conditions and matric suction can vary
considerably with depth and time. For many projects, the active zone is also significant to the support
of shallow foundations and overlying embankments. However, the strength and stiffness of the
unsaturated soils in this zone can be significantly affected by variations in the moisture content and
matric suction. Likewise, the cone penetration tip resistance and sleeve friction will be influenced by
the variations in moisture conditions and suction. Therefore, it is important to consider the soil
moisture conditions when CPTs are conducted relative to the moisture conditions assumed for
geotechnical design. This paper presents a method for predicting changes in tip resistance as result of
changes in matric suction. The method extends the bearing capacity theory to predict changes in cone
tip resistance due to changes in matric suction. CPT data collected at test sites, during wet and dry
seasons and representing different soil types, are presented to demonstrate the viability of the
proposed method.

1 Introduction
Due to its rapidity and minimal dependence on the
operator, the cone penetration test (CPT) is a valuable tool
for characterizing soil stratigraphy and estimating soil
properties for geotechnical analysis. A standard friction
cone sounding [1] provides near continuous
measurements of tip resistance (qc) and sleeve friction (fs)
with depth that can be used to estimate soil type and
mechanical properties such as shear strength,
compressibility, and other soil properties [2-7]. Most of
the methods for analysing CPT results for sands are based
on completely saturated or dry conditions with no
provision for considering degrees of saturation (S) other
than zero or unity. Similarly, methods of CPT
interpretation for clays generally only consider saturated
undrained conditions. However, in most instances the
CPT sounding passes through a near surface zone of soil
that it is an unsaturated state. Often this zone is critical to
the support of overlying structures, particularly in the case
of shallow foundations and mats. Depending on the time
of subsurface exploration, the unsaturated zone may be
particularly dry or wet depending on the season when the
CPT soundings are conducted. Soil properties estimated
from CPT soundings using traditional analysis techniques
will likely overestimate the strength and stiffness of the
soil if conducted during a dry season. Thus, there is a need
to developed methods for interpreting CPT results that
consider the degree of saturation and matric suction of the
*

soil at the time the sounding is conducted. This paper
presents a method based on bearing capacity theory that
can be used to estimate the influence of degree of
saturation and matric suction (ua-uw) on qc.

2 Background
2.1 Overview
The method of analysis presented in this paper is based on
the soil water characteristic curve (SWCC) as presented
by Zapata et al. [8], bearing capacity theory for
quantifying cone penetration in soil [9] and shear strength
of unsaturated soil as presented by Vanapalli et al. [10].
The bearing capacity equations are used to predict qc for
a soil assuming drained conditions prevail and that the soil
strength is defined by the friction angle and cohesion
intercept. The cohesion in the case of a saturated soil is
the effective stress cohesion intercept (c’) and for an
unsaturated soil includes a contribution due to ua-uw. The
relationship between ua-uw and S is defined by the SWCC.
Thus, knowing the SWCC one can predict the relationship
between qc and ua-uw.
2.2 SWCC
Zapata et al. [8] presented a method for predicting the
SWCC for soil based on the plasticity index (PI) and
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resistance based on bearing capacity theory is given by
Eq. 12, as follows.

percent passing the #200 sieve (w). In this paper, the
percent passing the #200 sieve or percent of fines is
defined by the letter F instead of w. For non-plastic soils
the SWCC is predicted based on diameter corresponding
to 60% passing from the grain size distribution curve
(D60). The Zapata et al. [8] method predicts the fitting
parameters for the SWCC equation of Fredlund and Xing
[11] as given by Eq. 1.
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where: Nc is the bearing capacity factor for the cohesion
term, Nq is the bearing capacity factor for frictionsurcharge,  is soil friction angle,  is the top most angle
of the plane shear zone,  = 90o - = ½ the cone apex
angle, o = 180o – ( + ) + is the cone base to soil
friction angle, K is lateral earth pressure coefficient, m is
relative depth (D/B), D is cone tip depth, and B is cone
diameter.

(7)
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If s in Eq. 1 is unknown, it can be estimated for plastic
and non-plastic soils using Eqs. 10 and 11, respectively.
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For cohesionless soils with PI equal to zero, the
SWCC parameters can be estimated based on D60, as
follows.
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where: c is the cohesion intercept of the Mohr-Coulomb
failure envelope, s is the soil unit weight, B is the cone
base width, Nc and Nq are bearing capacity factors, and c
and q are shape factors.
Bearing capacity factors [9] are given in Eqs. 13 and
14.

where: s is saturated volumetric water content, h is matric
suction (ua-uw); a, b, c and hr are fitting parameters related
to the air entry pressure, rate of drainage, residual water
content and corresponding suction, respectively.
For soils with PI greater than zero, equations can be
used to estimate the fitting parameters if the PI and
percent of fines, F (in decimal form) is known, as follows
[8].
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Durgunoglu and Mitchell [9] developed equations for
predicting cone tip resistance for soils containing both
stress dependent (friction angle, ) and stress independent
(cohesion intercept, c) components of strength. Tip

𝐿𝐿 = 𝑒𝑒 3𝜃𝜃𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + sin(𝜃𝜃𝑜𝑜 − 𝛽𝛽)

(15)
(16)
(16a)
(16b)
(16c)

The angles , , o and , and parameters m’ and I
relate to geometry of the assumed rupture surface around
the cone tip, as shown in Durgunoglu and Mitchell [9].
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3 Predictions of qc based on SWCC

The angle  depends on the soil friction angle (), relative
depth of penetration (m), roughness ratio (/), and cone
apex angle (2). For large relative depths the angle  will
be equal to the soil friction angle, . For a standard cone
(=30o) penetration depths greater than ten to thirty times
the cone diameter (D/B > 10 to 30) can be considered large
depending on the roughness ratio (/. For a standard
cone with a diameter of 0.0357 m, a D/B of thirty would
correspond to a depth of penetration of 1.1 m. Angle 
depends on  and  /; for a perfectly rough condition
(/=1)  is equal to zero and for perfectly smooth
condition ( /=0) it varies nearly linearly from 50o to 70o
for  between 10o and 50o. For  /=0.5, angle varies
nearly linearly from 32.4o to 40.8o for  between 10o and
50o.
Shape factorsc and q depend on the penetrometer
aspect ratio and soil friction angle, and q also depends
on the relative depth of penetration. Durgunoglu and
Mitchell [9] used the semi-empirical shape factors
suggested by Hansen [12], as these were found to provide
the best match to their experimentally determined values.
These values were adopted here; for deep penetration, c
and q are the same and calculated using Eq. 17.

SWCC curves for a range of typical soils predicted using
Eqs. 1 through 11 are shown in Figure 1. Curves for three
plastic soils (PI=50, 20, 5 and F=100%) and three nonplastic soils (PI=0, D60=0.06, 0.4 and 2 mm) are shown.
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The shear strength of unsaturated soil was modelled using
Eq. 18 proposed by Vanapalli et al. [10].

ϭϬϬϬϬ



where:  is the shear stress on the failure plane at failure,
c’ is the effective stress cohesion intercept, n-ua is the net
normal stress on the failure plane at failure, n is total
normal stress on failure plane, ua is pore air pressure, ’ is
effective stress friction angle, ua-uw is matric suction, uw
is pore water pressure,  is volumetric water content, r is
residual volumetric water content, and s is saturated
volumetric water content.
For drained shearing the effective strength parameters
c’ and ’ are typically assumed to be constant and equal
to values obtained for saturated soils. For unsaturated soil
the component of strength associated with matric suction
can be represented by Eq. 19.
(𝜃𝜃−𝜃𝜃𝑟𝑟 )
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Using the SWCCs in Fig. 1, Eq. 19 and Eq. 12,
predictions of qc versus ua-uw were made and are shown
in Fig. 2. To generate curves in Fig. 2, ’ of 30o was used
for all of the soils, c’ of 0.01 MPa was used for clay soils
and zero was used for non-plastic soils. In addition, a
roughness ratio of 0.5 was used and lateral earth pressure
coefficient K was assumed equal to 1-sin’.

2.4 Shear Strength of Unsaturated Soil
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Fig. 1. Typical SWCCs for plastic and non-plastic soils.
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Fig. 2. Predicted cone tip resistance using bearing capacity
theory and SWCCs from Fig. 1.

Given the SWCC, the drained shear strength for
unsaturated soil can be defined for the entire range of
matric suction. Values of c from Eq. 19 can then be
substituted in Eq. 12 to predict qc corresponding to a range
of ua-uw defined by Eq. 1.

Predicted curves in Fig. 2 indicate that qc is very
sensitive to ua-uw. It increases rapidly between ua-uw of 0.1
and 100 MPa, after which it peaks and begins to decrease
rapidly to zero as the degree of saturation approaches
zero.
While there are a number of assumptions involved in
developing predicted qc curves shown in Fig. 2, they
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provide some insight in how qc may vary with moisture
conditions and matric suction. If actual SWCC data are
available, qc-(ua-uw) curves for soils from actual CPT sites
can be generated corresponding to different strength
parameters (’, c’). Alternatively, the empirical equations
(Eqs. 2-11) along with Eq. 1 can be used to generate
SWCCs based on soil index properties and used to predict
qc-(ua-uw) curves. By superimposing CPT qc values
corresponding to different ua-uw from field measurements
on a family of predicted qc-(ua-uw) curves, it is possible to
predict how qc in the field may change with changing
moisture and suction conditions. This requires that
companion moisture content and estimated matric suction
profiles be determined at the same time CPT soundings
are conducted.
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Ϭ͘ϭ

ϭϬ
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ƵĂͲƵǁ ;DWĂͿ

Fig. 3. SWCC curves predicted for North Base and Goldsby
CPT sites using Eqs. 1 through 11.

4 Application of the Method to qc Values
Obtained at Two Test Sites
To demonstrate how predicted qc-(ua-uw) curves can be
used to estimate how qc may change with changing
moisture conditions, CPT data from two test sites were
used. The North Base test site consists of moderate to
moderately high plastic soils. Soil layers at North Base
were placed in two categories based on their percent of
fines and plasticity index. North Base 1 (NB1) soils had
an average PI of 29 and average F of 91%. North Base 2
(NB2) soils had an average PI and F of 19 and 89%,
respectively. The Goldsby test site consisted of moderate
PI soils with layers similarly grouped into two categories.
Goldsby 1 (G1) soils had an average PI and F of 11 and
92% while Goldsby 2 (G2) soils had average values of 9
and 80%, respectively. At each of these test sites, CPT
soundings were conducted seven times over a period of 2
years, in the upper 3 m of the profile. On each sounding
date, moisture content samples were obtained at every
0.305 m of depth and matric suction was estimated based
on SWCCs determined for each test site. On each date,
three CPT soundings were obtained and average qc values
for each moisture content depth were calculated. More
detailed information about the CPT and laboratory testing
for the test sites can be found in Miller et al. [13].
To demonstrate the method, using Eqs. 1 through 11
the SWCC curves in Fig. 3 were first developed. Then
using Eq. 19 and 12, a family of predicted qc-(ua-uw)
curves was developed for each test site soil category for a
range of ’ (10-40o) and c’ (0.0-0.04 MPa) values. In Figs.
4 to 7, the predicted family of curves for each test site soil
category are shown along with the field CPT qc values.
Note that unlike Fig. 2, the graphs in Figs. 4 to 7 are semilog and x and y axis ranges have been adjusted to better
show the CPT field data. While the field data are
somewhat scattered they generally exhibit trends
consistent with the trends of the family of curves.
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Fig. 4. Predicted qc-(ua-uw) curves and field qc data for NB1.
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Fig. 5. Predicted qc-(ua-uw) curves and field qc data for NB2.

4

E3S Web of Conferences 92, 18005 (2019)
IS-Glasgow 2019

ϭϬ

ĐΖсϬDWĂ
ĐΖсϬ͘ϬϰDWĂ

assumed that the lateral stress ratio was equal to 1-sin’,
which is generally applicable to normally consolidated
soils. The analysis was based on the assumption of deep
penetration, which corresponds in theory to penetration
depths greater than 30 cone diameters. For soils with
depths of penetration less than 30 cone diameters some
adjustments in bearing capacity factors and shape
parameters should be included. An assumption of drained
shearing with constant suction is implicit in this analysis;
however, for soils close to saturation this assumption is
probably not valid, particularly for fine grained soils. In
spite of these limitations, the predicted trends in qc-(uauw) curves provide much needed insight into how cone tip
resistance may vary in response to changes in matric
suction. Results of this study show that bearing capacity
theory has great potential for advancing our
understanding and analysis of CPT tip resistance.
However, there is a need to further explore and overcome
the limitations mentioned above.
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Fig. 6. Predicted qc-(ua-uw) curves and field qc data for G1.
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Fig. 8. Best fit qc-(ua-uw) curves for field qc data from NB1.
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Fig. 7. Predicted qc-(ua-uw) curves and field qc data for G2.

ϭϬ

Using the predicted curves as a guide, the trend in field
CPT values in Figs. 4 to 7 can be extrapolated to estimate
qc values beyond the range of suction values encompassed
by the CPT data. Another approach to applying this
method is to manipulate the ’ and c’ values to provide a
more exact match to the trend of field qc values. This is
demonstrated in Figs. 8 to 11. Also shown in Figs. 8 to 11
is the influence of the roughness ratio on the predictions.
Similar predictions in the trend lines can be obtained
using /’ of 0.0 and 0.5 by adjusting ’ accordingly.
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5 Discussion

ϭ

Use of the bearing capacity theory to predict qc values
involves many assumptions and ignores certain
limitations in the theory. As discussed by Yu and Mitchell
[14], use of bearing capacity analysis does not consider
the dependence of tip resistance on soil stiffness and
compressibility, or the influence of the penetration
process on the stresses, which generally includes an
increase in horizontal stresses around the cone. It was also
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Fig. 9. Best fit qc-(ua-uw) curves for field qc data from NB2.
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