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Abstract. Cone penetration test in unsaturated sand is modelled numerically using Finite Element Method. Simple
elastic-perfectly plastic Mohr-Coulomb constitutive model is modified with an apparent cohesion to incorporate the

effect of suction on cone resistance. The Arbitrary Lagrangian-Eulerian (ALE) remeshing algorithm is also

implemented to avoid mesh distortion problem due to the large deformation in the soil around the cone tip. The
simulated models indicate that the cone resistance was increased consistently under higher suction or lower degree of
saturation. Sensitivity analysis investigating the effect of input soil parameters on the cone tip resistance shows that

unsaturated soil condition can be adequately modelled by incorporating the apparent cohesion concept. However,
updating the soil stiffness by including a suction-dependent effective stress formula in Mohr-Coulomb material model

does not influence the cone resistance significantly.

1 Introduction

Unsaturated soils are available in surficial parts of the
earth and above the water table. Dealing with unsaturated
soils is inevitable in many geotechnical projects including
shallow foundations, fills, embankment, dams,
pavements, slopes, and landfills. The behaviour of
unsaturated soils is complex and influenced by many
factors including stress state, soil type, soil fabrics,
mineralogy, density, and most importantly, inter-particle
suction stresses within the pore space [1]. For instance,
suction stress alters strength and stiffness of geomaterial
by increasing the effective stress acting on soil [2, 3].
Thus, a suction-dependent soil characterization approach
should be implemented in order to interpret the results of
laboratory and field investigations in unsaturated soils.

Cone Penetration Testing (CPT) is one of the popular
field investigation methods to evaluate soil properties.
The measured cone resistance (q.) and sleeve friction (f;)
can be linked to the physical, mechanical, and hydraulic
properties of soils using empirical and analytical relations
[4-6]. CPT results (q., f;) are in fact controlled by soil
shear  strength, stiffness, compressibility, and
permeability [7].

Suction stresses can be significant in unsaturated soil
and influence CPT results directly or indirectly by
changing the effective stress, and in turn, affecting the
cone resistance. Therefore, using correlations that have
been developed for dry or saturated soil conditions
without considering the effect of degree of saturation may
lead to misrepresentation of soil properties and requires
further scrutiny.

2 Corresponding author: majid.ghayoomi@unh.edu

Experimental studies by Hryciw & Dowding [8] and
Lehane et al. [9] showed that cone resistance (q.) in an
unsaturated soil condition can be increased up to two
times compared to that of dry and saturated soil
conditions under certain circumstances. Also, results of
CPTs conducted by Vanapoli & Fathi [10] in a specially
designed tank showed that cone resistance and bearing
capacity of sand can be influenced by suction. Russell
and Khalili [11] also showed that the cone penetration
resistance is comparable to the required pressure for
expansion of a spherical cavity in an infinite sand, and it
could be increased due to presence of suction in an
unsaturated condition. Further, CPT results on saturated
and unsaturated sands in a suction-controlled calibration
chamber conducted by Pournagiazar et al. [12] showed
that the effect of suction is more significant for low
chamber confining stresses and low relative density
values. This emphasizes the importance of suction in
cone penetration into the shallow ground where soils are
mostly unsaturated.

Numerical modelling of cone penetration process is
complex due to large deformations in the model and
sever mesh distortion. Several attempts have been made
by different researchers to overcome the challenges
involved in solution schemes and mesh generation [13-
16]. Recently, Nazem et al., Sheng et al, and Yi et al. [17-
19] used ALE method to avoid mesh distortion problem
in soil. Thus far, this technique combined with adaptive
remeshing showed the most stable responses.

Implementing these numerical modelling techniques
to simulate cone penetration in unsaturated soil requires
further examination as previous works mainly focused on
dry or saturated soil conditions. In this paper, a simple
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numerical model for simulating CPT in unsaturated soil
using Abaqus/Explicit is presented. Results of a set of
CPT in unsaturated sand inside a model calibration
chamber are discussed. In addition, sensitivity analyses
were performed to investigate the effect of various soil
parameters on the penetration response.

2 Numerical modelling

2.1 Model Specification

Penetration of a 500 mm long cone with a 16 mm
diameter into a sandy soil inside a calibration chamber
was modelled using axisymmetric Finite Element (FE) in
Abaqus/Explicit. Model geometry, boundary conditions,
and mesh configuration are shown in Figure 1. Soil
domain is 160 mm-wide and 400 mm-high. The side
boundary was located at radial distance of 20 times the
cone radius to reduce the boundary effects [20]. The
bottom boundary was completely fixed while a constant
normal stress boundary, equal to the confining pressure in
a calibration chamber, was considered for the top and
sides of the model. Two confining pressures of 50 and
100 kPa were considered in this study. In order to model
the penetration process, a downward vertical velocity of
250 mm/s was imposed to the cone’s top nodes, which
were all coupled together. Penetration was considered to
begin from the soil surface.

4-node bilinear, axisymmetric quadrilateral reduced
integration elements (CAX4R) were used for both soil
domain and cone and they were both considered as
deformable bodies. To prevent mesh distortion problem
in soil elements, the remeshing method, ALE, was used
which keeps the mesh size fine enough during penetration
and allows independent movement of mesh from material
while maintaining the topology (the element and
connectivity) of the mesh.
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Figure 1. Geometrical schematic of Abaqus models

2.2 Material model

Simple elastic-perfectly plastic Mohr-Coulomb (MC)
model was chosen as the soil constitutive model. The MC
model parameters were estimated based on the properties
of Sydney sand [21] in Tables 1 and 2.

Table 1 Properties of Sydney sand [12]

Parameter value
USCS clasification SP
G, (gr/em’) 2.65
Maximum void ratio, €, 0.92
Minimum void ratio, e,in 0.6
Minimum dry density, pmin 1.38
Maximum dry density, Pmax 1.66
Critical state friction angle, @r¢ 36.6
Poisson’s ratio, v 0.3

Table 2 Mohr-Coulomb model parameters

Parameter Value Value
P=50kPa P=100kPa
Density 1593 kg/m’ 1593 kg/m’
Elastic modulus, E 10 MPa 20 Mpa
Poisson’s ratio, v 0.3 0.3
Dilation angle, y 10° 10°
Friction angle, ¢ 41.6° 40.4°

Cohesion, C 0.0000001 Pa 0.0000001 Pa

The very small value of cohesion for this sand was to
avoid numerical instability in the system. Equation 1
proposed by Bolton [22] was used to update soil friction
angle for different confining pressures.

0 -0 =3{Dr[37-mn (p'/pa)] - 0.9} Eq.1

where @, is critical state friction angle, Dr is the soil
relative density, p’ is the mean effective stress before
shearing and p,, is the reference atmospheric pressure.

2.3 Interaction model

The cone-soil interaction was considered using a surface-
to-surface contact model with pure master-slave
algorithm in tangential direction. Here, the cone was
chosen as the master surface while the soil domain was
considered to be slave node region. To avoid slave node
penetration master surface and make the interaction
model work properly, slave node region (the soil
elements) should have coarser mesh compared to that of
master surface (cone element) [23].

The penalty method with no limit for transmitted
shear stress was also used as friction formulation. The
friction angle at the cone-soil interface was assumed
equal to 0=25° which resulted in an interface friction
coefficient of p=tan §=0.43, based on suggested value of
soil-pile friction angle for medium sand (API, [24]).
“Finite Sliding Algorithm” was also used for tracking
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contact nodes in which the nodes and elements paired
between master and slave surfaces are tracked and kept
linked until the calculation stops.

2.4 Remeshing method

The mesh distortion due to the large deformation around
the cone could be avoided by implementing very fine
mesh in the soil zone near the cone and using an adaptive
remeshing technique. ALE remeshing technique is an
efficient method to control the mesh distortion problem
when large none-recoverable deformation occurs. It
combines the features of pure Lagrangian analysis and
pure Eulerian analysis. The ALE method allows
independent movement of mesh form material while it
doesn’t alter the topology (element and connectivity) of
the mesh. In this study, ALE method with ‘improve
aspect ratio’ remeshing algorithm was used for soil
elements. The remeshing frequency was set to be at every
time step to improve the quality of results unless it
involves high computational cost.

3 Unsaturated Soil Modelling

In order to capture the deformation behaviour of soils in
unsaturated soil condition, a simple modification was
applied to Mohr-Coulomb model. In this method, suction
stress was incorporated in Bishop’s effective stress
equation (i.e. Eq. 2).

o'=0—u, + ylu, —u,) Eq.2

where ‘y’ is the effective stress parameter, which is a
function of degree of saturation and varies between zero
and unity, ‘(u, —uy,)’, also known as ‘y’, is the matric
suction (i.e. the difference between pore air and pore
water pressure), and ‘(o —uy)’ is the net normal stress.
x(ug, —u,), is called suction stress and is the
contribution of matric suction to effective stress [25].
Then, this modified effective stress formula was used to
estimate the shear strength, as in Eq. 3.

7 =c' +[(0 —ug) + x(ug —uy)ltan ¢’ Eq.3
where ‘¢’ is effective soil cohesion and ¢’ is the
effective angle of internal friction.

The extra shear strength gained from the addition of
suction stress called “apparent cohesion” (i.e. ¢' =c' +
x(uq —uy) tan@') was regarded as an input cohesion in
the material constitutive model. The effective stress
parameters, x, was estimated using the empirical equation
proposed by Russell & Khalili [26], shown in Eq. 4.

1 for (S/Se)s 1

y= (S/Se)—o.ss

25045(S/s )™ for (5/s,) = 25

for 1<(5/s,) <25 Eq.4

where ‘s,’ is the suction value separating saturated from
unsaturated states, i.e. the air entry value. This expression
was found based on laboratory strength and volume
change data for Sydney quartz sand.

Considering S, equal to 7 kPa for Sydney sand, the
effective stress parameter, y, and the apparent cohesion
¢”’, and friction angle values for each suction level under
different confining pressures can be calculated using Eqgs.
1, 3, and 4, which are shown in table 3.

Table 3 Apparent cohesion and friction angle for different
confining pressures and suction values

Confining 50 100
pressure (kPa)

Suction value 25 100 200 25 100 200
(kPa)

Apparent 11 206 265 106 19.7 254

cohesion (kPa)

Friction angle 41.6 416 41.6 404 404 404

(degree)

4 Results

In the following sections, the results of numerical model
CPTs for different saturation conditions and confining
pressures are presented.

4.1 Cone resistance

Cone resistance, ., profiles for CPT on saturated and
unsaturated sands are shown in Figures 2(a) and 2(b) for
confining pressures of 50 and 100 kPa, respectively. All
models had an initial relative density of 61% and suction
values were 25, 100, and 200 kPa.
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Figure 2. CPT results for saturtaed and unsaturated sand
(D,=61%), (a) P=50 kPa, (b) 100 kPa

The numerically estimated cone resistance in depth
was increased gradually until it gets to steadily constant
value, where the simulation was stopped. This is
consistent with observations from calibration chamber
testing. The results indicated that suction has significantly



E3S Web of Conferences 9, 08011 (2016)
E-UNSAT 2016

DOI: 10.1051/e3sconf/20160908011

influenced and increased q. comparing with the saturated
soil condition. However, the effect of suction is more
noticeable in lower confining pressures, which is evident
where suction contribution to the effective stress and
overall resistance is more pronounced. For example, for
suction equal to 25 kPa, the q. was increased by 20 % and
30 % for confining pressures of 50 kPa and 100 kPa,
respectively, while for suction equal to 200 kPa, it only
increased by 9% and 26 %, respectively.

4.2 Stress distribution

The distribution contours of stress components after 50,
and 150 mm of penetration are shown in Figure 3. It
indicates that the vertical and horizontal stresses around
the cone tip were increased greatly due to penetration and
were higher near the upper end of the cone than near the
tip. This shifting of stresses to the upper end of the tip has
likely been resulted from the frictional interface between
the cone and the sand and the cone corner geometry,
which led to stress built-up [14].

In order to evaluate stress distribution in different
degrees of saturation, generated horizontal and vertical
stresses versus distance from the cone tip during the
penetration through the depth of 0.15 m for different
confining pressures and saturation conditions were
obtained and presented in Figure 4 and 5 respectively.
For both confining pressures, there is no change in
horizontal stress at and beyond a distance approximately
6 times the cone radius. This distance is the same for
CPTs on unsaturated sand with different suction levels
and under the two confining pressures. Presence of
suction in unsaturated sand increased the induced
horizontal stress inside the zone of influence while the
stress values converged outside this zone. However, for
vertical stress, the stress influenced zone was about 2
times the cone radius, which is less than the one for
horizontal stress.

4.3 Sensitivity Analysis

The suction stress in unsaturated soil affects the effective
stress in the soil. This may change other soil properties
such as friction angle and soil stiffness. However, we
only considered the suction effects in an apparent
cohesion, which is a strength parameter in MC
constitutive model. In order to investigate the
significance of carrying the other parameters, numerical
CPTs were performed on unsaturated sands while the
elastic modulus and the friction angle were altered and
the cone resistance results were compared with the case
with a confining pressure of 50 kPa and suction value of
200 kPa.

The suction-dependent effective stress was calculated
using Equation 4. Then, the friction angle was modified
using Equation 1 by considering the updated effective
stress for unsaturated sand. The elastic modulus was also
modified considering a typical square root of effective
stress variation profile, as follows
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Figure 3. Stress components after distribution (a) 50 mm and (b)
150 mm cone penetration. (s11 : Horizontal Stress, S22 :
Vertical Stress, S12 : Shear Stress)
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Figure 4. Comparison of horizontal stress versus distance
ratio (distance from cone tip/ cone radius) for
different unsaturated condition (a) P=50 kPa (b) P=100
kPa
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Figure 5. Comparison of vertical stress versus distance
ratio (distance from cone tip/ cone radius) for
different unsaturated condition (a) P=50 kPa (b) P=100
kPa

The modified material parameters are summarized in
Table 4. The cone resistance profiles resulted from these
alternate parameters were obtained and compared with
the one from the reference case, shown in Figure 6. Both
plots demonstrate a slight change in cone resistance that
could be ignored. The small change in the friction angle
is due to the very low sensitivity of the friction angle to
the induced amount of increase in the effective stress,
otherwise friction angle, which is a strength parameter,
play a major role in the cone penetration response
modeled using MC constitutive behavior. On the other
hand, the negligible effect of elastic modulus on the cone
resistance is attributed to the fact that the soil during the
penetration process becomes plastic. Thus, for a perfectly
plastic model like MC the effect of elastic modulus on the
cone resistance turns out to be insignificant.

Table 4. Modified material model values

Suction stress (ys), (s=200 kPa) 29.8 kPa

Effective confining pressure (p+ xs) 79.8 kPa

Modified Friction angle (¢) (Eq. 1) 40.8 Degree

Modified Elastic modulus (E) (Eq. 6) 7.9 MPa
q.(MPa) q.(MPa)
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Figure 6. CPT results in unsaturtaed sand with and without
considering the modified soil parameters

5 Conclusions

A numerical approach was successfully implemented to
investigate the cone penetration process in unsaturated
sand inside a soil calibration chamber. The application of
ALE and adaptive remeshing in Abaqus/Explicit avoided
the mesh distortion in this large deformation problem.
Apparent cohesion concept was employed in suction-
dependent strength characterization based on Mohr
Coulomb constative behaviour.

Suction in unsaturated soil influenced the cone
resistance significantly while the apparent cohesion
efficiently was able to capture this effect. However,
modifying the soil elastic modulus and friction angle
based on the effective stress equation in unsaturated soil
did not affect the cone resistance profiles partly due to the
choice of the constitutive model and partly due to the low
sensitivity of the parameters to the range of the varied
effective stress.

Although the simple frictional model implemented in
this study was relatively successful, it can be improved to
better simulate the penetration. These include but not
limited to using a stress-dependent interaction model,
considering the effect of soil compressibility during the
penetration, or using more sophisticated elastoplastic
constitutive models.

References

1. Loret B, Khalili N. An effective stress elastic-plastic
model for unsaturated porous media. Mech. Mater
2002; 34(2):97-116.

2. Lu N, Likos WJ. Suction stress characteristic curve
for unsaturated soil, J. Geotech. Geoenviron.
Eng.2006; 132(2): 131-142.

3. Ghayoomi M, McCartney JS. Measurement of the
Small-Strain Shear Moduli of Partially-Saturated
Sands During Infiltration in a Geotechnical
Centrifuge. Special Issue on Advances in
Experimental Characterization of Unsaturated Soils
Volume 1, ASTM Geotechnical Testing Journal
2011; 34(5):503-513.

4. Baldi G, Bellotti R, Ghionna V, Jamiolkowski M,
Pasqualini E. Design parameters for sand from CPT.
Proceedings of the 2nd European symposium on
penetration testing, Amsterdam, the Netherlands
1982; 2:425-438.

5. Robertson PK, Campanella RG. Interpretation of
cone penetration tests, Part I: Sand. Can. Geotech. J.
1983a; 20(4):718-733.

6. Been K, Crooks JHA, Becker DE, Jefferies MG. The
cone penetration test in sands: part I, state parameter
interpretation. Géotechnique 1986; 36(2):239-249,
http://dx.doi.org/10.1680/geot.1986.36.2.239.

7. Robertson PK. Interpretation of cone penetration
tests-a unified approach. Can Geotech J 2009; (46):
1337-55.

8. Hryciw RD, Dowding CH. Cone penetration of
partially saturated sands. Geotech. Test. J. 1987,
10(3):135-141.



E3S Web of Conferences 9, 08011 (2016) DOI: 10.1051/e3sconf/20160908011
E-UNSAT 2016

9. Lehane B, Ismail MA, Fahey M. Seasonal
dependence of in situ test parameters in sand above
the water table. Geotechnique 2004; 54 (3):215-218.

10. Vanapalli SK, Fathi MOM. Bearing capacity and
settlement of footings in unsaturated sands. Int. J. of
GEOMATE.2013; 5(1):595-604.

11. Russell AR, Khalili N. On the problem of cavity
expansion in unsaturated soils. Comput. Mech.
2006b; 37(4):311-330.

12. Pournaghiazar M, Russell AR, Khalili N. The cone
penetration test in unsaturated sands, Geotechnique
2013; 63(14):1209-1220

13. Van den berg P. Analysis of soil penetration. Ph.D.
thesis 1994, Technische Universiteit Delf

14. Susila E, Hryciw RD. Large displacement FEM
modeling of the cone penetration test (CPT) in
normally consolidated sand. International Journal
for  Numerical and Analytical Methods in
Geomechanics 2003; 27(7):585-602.

15. Huang W, Sheng D, Sloan SW, Yu HS. Finite
element analysis of cone penetration in cohesionless
soil. Computers and Geotechnics 2004; 31(7):517-
528.

16. Ahmadi MM, Byrne PM, Campanella RG. Cone tip
resistance in sand: modeling, verification and
applications. Canadian Geotechnical Journal 2005;
42:977-993.

17. Nazem M, Sheng D, Carter JP. Stress integration and
mesh refinement for large deformation in
geomechanics, International Journal for Numerical
Methods in Engineering 2006; 65:1002-1027

18. Sheng D, Nazem M, Carter JP. Some computational
aspects for solving deep penetration problems in
geomechanics. Comput Mech 2009; 44:549-561.

19. Yi JT, Goh SH, Lee FH, Randolph MF. (2012). A
numerical study of cone penetration in fine-grained
soils  allowing for  consolidation effects.
Géotechnique 2012; 62(8):707-719,
http://dx.doi.org/10.1680/geot.8.P.155.

20. Bolton MD, Gui MW, Garnier J, Corte JF, Bagge G,
Laue J, Renzi R. Centrifuge cone penetration tests in
sand. Géotechnique 1999; 49(4):543-552

21. Russell AR, Khalili N. A bonding surface plasticity
model for sands exhibiting particle crushing. Can.
Geotech. J. 2004; 41(6):1179-1192.

22. Bolton MD.. The strength and dilatancy of sands.
Géotechnique 1986; 36(1): 65-78.

23. Abaqus-User’s Manual- Version 6.13. Dassualt
Systems Simulia Crop; 2013.

24. American Petroleum Institute. ~Recommended
practice for planning, designing and constructing
fixed offshore platforms-working Stress Design. 20th
edition API RP 2A4-WSD, American petroleum
Institute, Washington D.C.1993; 59-61.

25. Lu N, Likos WJ, Suction stress characteristic curve
for wunsaturated soil, J. Geotech. Geoenviron.
Eng.2006; 132(2):131-142.

26. Russell AR, Khalili N. A unified bounding surface
plasticity model for unsaturated soils. Int. J. Numer.
Analyt. Methods Geomech 2006a; 30(3):181-212.





