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ABSTRACT: The piezocone penetration test is commonly used to measure pore water pressure, identify
soil profiles and estimate their material properties. Depending on the soil type, ranging from clay to sand,
undrained, partially drained, or drained conditions may occur during cone penetration. In silt and sand—
clay mixtures, the piezocone penetration is characterized by partially drained conditions, which are often
neglected in data interpretation. The effect of drainage on piezocone measurements has been mainly
studied experimentally. Numerical analyses are rare because taking into account large soil deformations,
soil-water and soil-structure interactions, and nonlinear soil behavior are still challenging tasks. In
this paper, using an advanced hypoplastic constitutive model and ABAQUS finite element software,
large deformations and nonlinear behavior of soil during penetration were modeled, and the behavior
of Firoozkooh saturated sandy soil having different drainage conditions and relative densities were
analyzed. Then, using the obtained results, the range of influence of cone penetration on the surrounding
soil and the range of partial drainage conditions for Firoozkooh sandy soil were investigated. It was also
shown that drainage condition and density of the soil had a significant effect on the affected soil area and
the trend of changes in excess pore water pressure.
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1- Introduction excessive distortion of soil elements around the piezocone

at the beginning of the penetration process, the cone-shaped

In the current conditions, the CPT penetration test (CPT)
due to its high efficiency in providing a continuous profile of
soil stratification and acceptable estimates of the geotechnical
properties of subsurface layers for clayey and sandy soils, as
well as the appropriate test speed and economic characteristics
have become a common test worldwide. The results of the
cone penetration test can be used to estimate mechanical
properties in fine-grained soils and sands. Depending on the
type of soil ranging from clay to sand, any of the undrained,
partially drained or drained conditions may occur during
the cone penetration process, while in most studies on cone
penetration test, the soil is considered only as undrained or
fully drained, but cone penetration in silty soils is performed
under partially drainage conditions, which is often important
in interpretation. Very few numerical studies have been
performed that can simulate the complex behavior of the
Piezocone penetration test. So, a comprehensive numerical
study considering the above-mentioned complexities and
different drainage conditions seems necessary.

2- Methodology
In this study, the process of cone penetration in sandy
soils is simulated using Abaqus software. In order to prevent
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area of the piezocone is considered to be buried at the top
boundary of the mesh. For contact-friction modeling between
the cone-rod and the surrounding soil, during the penetration
process, a kinematic algorithm is used, which does not
allow the penetration of cone elements in the surrounding
soil elements. In this study, the behavior of soil grains was
modeled using a hypoplastic constitutive model and using
Firoozkooh 161 sand, that hypoplastic parameters were
obtained based on Mohammadi Haji and Ardakani (2020)
laboratory tests. The values of each of the parameters used
for this constitutive model are given in Table 1. A schematic
of this axisymmetric model is shown in Figure 1.

Table 1. Parameters of Firoozkooh sand hypoplastic
constitutive model

h
Parameters ¢ p edo eo e ¢c(°) (Mf)a) n
Firoozkooh 515 0ss 091 11 327 350 024
sand
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Fig. 1. Boundary conditions and initial meshing of the
finite element model

3- Results and Discussion

In this section, the effect of partial drainage on the cone
penetration process is discussed. For this purpose, numerical
analyses to simulate cone penetration and pore water pressure
dissipation tests have been performed using Abaqus finite
element software. In this study, Firoozkooh sandy soil with
hypoplastic constitutive model having properties shown in
Table 1 was used. For the analyses performed, 4 densities of
15, 30, 60 and 75% and permeabilities of 10, 105, 107 and
10® m/s have been considered. Figure 2 shows the changes in
the void ratio of soil with cone penetration for a sample with
a density of 60% and a permeability of 10~ m/s. According
to this figure, it can be seen that with the penetration of the
cone, the soil void ratio in an area of about 3 times the radius
of the cone has been affected.In the following, the process of
changes in the excess pore water pressure at the tip of the cone
over time for the different densities has been investigated by
performing dissipation tests. It is observed that the trend of
changes in the pore water pressure is different for different
values of densities and permeabilities. For the cases of soil
having high densities (60 & 75%), the negative excess pore
water pressure at high permeabilities (10°m/s), reached a
positive value over time and then depreciated, but at low
values of permeabilities (10®* m/s) the excess pore water
pressure, which was initially negative, is dissipated without
changing the sign. The reason for this observation that there
is the different mechanism by that the cone penetrates into
the soil with different densities.In this study, by examining
different drainage conditions, a gradual change in the
behavior of characteristics such as excess pore water and
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Fig. 2. Changes in void ratio with distance from the tip
of the cone at a density of 60%
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Fig. 3. changes in maximum pore water pressure with
normalized penetration rate for different densities of
Firoozkooh sand

void ratio around the cone, passing from undrained to fully
drained, was observed. Therefore, identifying the area for
soil permeability as the area of soil permeability with partial
drainage is important and makes it possible to know more
about the characteristics of the soil. For this purpose, for
Firoozkooh sandy soil, analysis was performed for different
permeabilities, the results of which are shown in Figure 3.
In fact, not only soil permeability is effective in determining
the soil drainage range, but also the cone penetration rate is
effective in determining soil drainage conditions. As can be
seen in this figure, the soil in the normalized penetration rate
range of 2e3 to 2e6 shows a partially drained behavior and
has an increasing trend, and in the normalized penetration
rate range less than 2e3 the soil behavior is drained. Also,
in the range of values greater than 2e6, the soil behavior can
be considered as undrained and with increasing normalized
penetration rate in this range, the amount of pore water
pressure remains almost constant.
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4- Conclusions

The main purpose of this study was to investigate the
changes in excess pore water pressure, in drainage conditions
and the different densities. The following results can be
summarized as follows:

1. Changes in the soil void ratio around the cone in the
radial direction were investigated and it was observed that
with decreasing soil permeability, the radial range of the void
ratio decreases.

2. Gradual changes in the behavior of characteristics such
as excess pore water and void ratio were observed by passing
from the undrained to the drained state around the cone.

3. Increasing the amount of pore water pressure created by
increasing the soil density, so that for example, by increasing
the percentage of soil density from 60% to 75%, the maximum
amount of pore water pressure increases by about 44%.
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Fig. 1. Schematic diagram of a piezocone device
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Fig. 3. Deformed mesh after penetration of the cone
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Table 2. Parameters of Firoozkooh sand hypoplastic constitutive model
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Fig. 4. Boundary conditions applied in the triaxial CD test
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Table 3. Hypoplastic constitutive Parameters for Karlsruhe Sand (Herle and Gudehus (1999)) [30]

awlo g9 a p edn eco eio o (°) hs (MPa) n
Karlsruhe 0.13 1.00 0.53 0.84 1.00 30 5800 0.28
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—O— 100 kPa (FEM) = = = 100 kPa (Trinxial Test)
—r— 500 kPa (FEM) — — 500 kPa (Trinxial Test)
—#— 1000 kPa (FEM) = - = 1000 kPa (Triaxial Test)
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Fig. 5. Comparison of numerical results obtained in this study with triaxial test data (deviatoric stress
versus axial strain)
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Fig. 6. Comparison of numerical results obtained in this study with triaxial test data (volumetric strain ver-
sus axial strain)
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Table 4. Hypoplastic parameters of sands used in calibration chamber experiments (Cudmani and
Osinov (2001)) [32]

awlo g5 a B edo eco eio oc (°) hs (MPa) n
Toyoura 0.13 1.00 0.53 0.84 1.00 30 5800 0.28
Ticino 0.11 1.00 0.59 0.94 1.11 31 250 0.68
Hocksund 0.09 1.00 0.53 0.87 1.01 31 150 0.70
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Fig. 7. Predicted values of cone tip resistance from numerical solution versus measured labo-
ratory values

bjﬁ#ﬁ‘fo\@JﬁhMM&e&Bm‘be
Aoy 0 aS 0gd oo oddlive (i awyp b e sy o0
3 s s ke (=D AY e =D 700) by lapSTy
lold b g ooy S adgl Jodsw s 5l eS by e S0y
G a3 U alisls (0520 Ky, J5dow Cand Ol s oJog 5o
Z?‘))JYLg6L®¢5‘)JM)0)045511>)0‘M)3&954:J5‘J:‘d:'d
51yt by pre Soop 50 S5l o lade (D =7V =D,
S5 4y als Wgy ol 5l uy 5 a8l Gl oS Tzl o S
S oo connd o9 i BV 51 S6 &8ly yo ol a8 F
bl L8 YU slapSTly as,s 0 by Se (Sooy o
HES, e pduded ali b as el S84 a3 el i 0 S
2o Vo 6 audshs j0 &S (g9 4 il rals S bl
D gad oanlive Hldy pl Ko asl
Slp Jrl e gSlas g Bl polie O Jguz o
du lie oS Dygo 4 alite dbpf‘; doy g g pdudeds
Qo0 45 3 o odalins codal Cawd @l anlio bl ond
5ealS L YU oSy as o gl p iSlas oo cans iol3dl

SN 6515 sl Jle Ty 4 (5yb & 9din o5 (5 iy

alizes slaosgase b wloads Gl slassS 4y (6 pdudaas g o513
odis oiSe) alax I i8S alise slaodgase g S (S15
alllas g 1) S 28y Ll b g JolS ond a8y« JelS
S50 L8 Joe sla g 5l (o Sl S5 @ oY S 0
dilizee slapSTy a0 ol oyl b og LuSs wolatyl
@ iledoe 53 adsl (63598 5 adsl S s 5 5 Sunl
S 00 w;x:).g.mu‘y.c
Slply by e Sg sl alold b Jodss cacs Ol s A s
ezl b 51 G je aes o lis iz slanST 5 sy
Ao, b bl S adgl oo s (Ko 50 oals ools lis
T N0 STy an,s gy lade plaes oo lis ]y 0g5 oS15
slasl o S Jbw cod a5 sad oo cdmlin (JSG opl
SL a5 slbasl o 5wl o 355 5 Slie by e Soop
oalie il plol slagiloJon gwyp b 0gd cad obm) S
@ ol alsly S (6 53y 3sa8 43),.:[4 odgase ke a5 Dgd o
ol 4l e Ve (6008080 b S (ol (b sl oS 65k

):.A \‘7,\ 6;);).:&5.1: B Lol ! .‘oj)mj.’a.S)J‘Jga iy oosm

e



0.85
I - l
us | /
] o,
2 075 /
£ 5
= [
3
- 0.7 4
—O0—Dr=15%
—O0—Dr-30% \\';‘
0.65 T —x—Dr=502;
——Dr=75%
0.6
0 1 2 3 4 H
D
k=le-7 m/s
0.85 }
—O— s
T
0.8
o—o—__
]/ s —0—Dr=15% 5
£ 0.75 —O—Dr=30%
Z 0
- a0 —X—Dr=60%
g / —t— D750
0.6
0 1 2 3 4 5

D

0.85
—— |
0.8 -/T
I
£ om E/
£
= 4
H 0.7 ~_
T —o=pre1ses
—O—Dr=30% \ﬂ\\_ﬂ,‘
0.65 T =X Dr=60% ;
——Dr=75%
0.6 +
0 1 2 3 4 5
D
k=1e-8 m/s
0.85 t
P gy C—
o
0.8
A o o
]/
2 0.75 —0—Dr=15%
=
= —0—Dr=30%
E 07—, —XmDrg0
X f—
/ —A—Dr=75%
T~
0.65 T~ t— £ =
0.6 =
0 1 2 3 4 5

D

Cgliste (S 5 1 du3985 9 w815 w3 Uy by ySee Sgi 51 aliold Uy J5dss Comnd Oy A JSKu5

Fig. 8. Variation of void ratio with distance from the tip of the cone with different densities
and permeabilities
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Table 5. Comparison of minimum and maximum void ratios obtained around the cone for different densi-
ties and permeabilities

GridsE ST e R Cemd Comd s Aoy Cewd Bl Gl oy

(m/s) %) (€0) 4l JEIEY; %) Jolss (%)
15 0.83 0.832 0.24 0.793 4.46

103 30 0.78 0.782 0.26 0.741 5.00
60 0.69 0.769 11.45 0.687 0.43

75 0.65 0.756 16.31 0.648 0.31

15 0.83 0.836 0.72 0.793 4.46

10 30 0.78 0.783 0.38 0.744 4.62
60 0.69 0.769 11.45 0.687 0.43

75 0.65 0.750 15.38 0.648 0.31

15 0.83 0.836 0.72 0.808 2.65

107 30 0.78 0.792 1.54 0.758 2.82
60 0.69 0.723 4.78 0.685 0.72

75 0.65 0.695 6.92 0.645 0.77

15 0.83 0.832 0.24 0.822 0.96

L0% 30 0.78 0.785 0.64 0.769 1.41
60 0.69 0.7 1.45 0.670 2.90

75 0.65 0.662 1.85 0.640 1.54
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Fig. 9. Changes in void ratio with distance from the tip of the cone at a density of 60%
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Fig. 10. Changes in excess pore water pressure created over time for different densities in the
dissipation test
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Fig. 11. The trend of excess pore water changes over time in the dissipation test (a- at zero
time; b- at the first second; c- at the third second; d- at the tenth second)
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Fig. 12. Changes in maximum pore water pressure with normalized penetration rate for dif-
ferent densities of Firoozkooh sand

WSy as,0 LS blagl L) JJs 4 by s Slbl o ais
Al sdwlive YU

e o Hlad adlol asle Jlasuin o ,05 ,li8, oas @
FRWIIA VSR EEP TR WA BIIA S RUN | E P P I E U
§ e sy b ssliie (el 4 ol csmline by e SLLI o
Sl S S8 ogame lise sz 5 sl gile o plxl
A Cyansd 065 59,48 (glawle S

Slawls S gl a8 alides Loyl 1l 03gamme (yass °
S g Ssi Slag i odgasme 13 S AT (gy0b a4 055 55,8
odgdte ,0 g andly ol aSe; LS, VoIXY ) S w/k)
S0 sais a8 Oyge 4 S8 VXY 1 e sleg 5
g se 4385

Qo ,d ial38l b oo sl sdaie ol Jlid jlade ol °
S oST5 e, Gl b Jle lp aS 55k 4 « S oS
il LR sgae cdine o Jled gSTas lade SO 4 AP

2ol oo

Sy do b ol oe colo b (S50 dei sla ool aslsl
oo dalllae ol Lol an ol alol Sglite slas piudei 5
252 lyln e (BLLI S g sdane O LLad adlal &l s
@ Olg o0 w0 plmil slaow) 2 b wogr it slapST 5 a8
reesls o,Lal L3 s 4 aodls jsb

Sz o by GLLI S x cos Slpss @
SE Graddeti SRalS b ooad oaaliv 5 b () sled
Jbe sl aboe 2alS RS Cons Dl s slad o3gae
s3g0me l 4l 5 e Vo T 6 nddedi b S gl 0 onaline
Al e Vo 6paudeas jo Lol il bgyse S8 IO G F
ey g0 by Jhd plnp VB 4 5SS S sS godgas

bge GLLI 1 JA55 s Jake o5 Al @
ol M o515 oy b SlaS o 053 adlgl Jilss 4 o
Aibe 218 3905 B YL 6 piudsis b slaS s (gl laie

5 end obmyl gdie ol i SlsS pwyp L@
sl g gl Lislesl o
Giiie ol Lad aslol 5 cdiie O [lid Slgzul o ikl Lé

alizee  slags pdydeai

oy



152.
[4] K. Kim, M. Prezzi, R. Salgado, W. Lee, Effect of

penetration rate on cone penetration resistance in

saturated clayey soils, Journal of Geotechnical and
Geoenvironmental Engineering, 134(8) (2008) 1142-
1153.

[5] E. Susila, R.D. Hryciw, Large displacement FEM
modelling of the cone penetration test (CPT) in

normally  consolidated sand, International Journal for

Numerical and Analytical methods in Geomechanics,
27(7) (2003) 585-602.

[6] W. Huang, D. Sheng, S. Sloan, H. Yu, Finite element
analysis of cone penetration in cohesionless soil,

Computers and Geotechnics, 31(7) (2004) 517-528.

[7] G.P. Kouretzis, D. Sheng, D. Wang, Numerical simulation
of cone penetration testing using a new

critical state constitutive model for sand, Computers and
Geotechnics, 56 (2014) 50-60.

[8] M. Abu-Farsakh, M. Tumay, G. Voyiadjis, Numerical
parametric study of piezocone penetration test in

clays, International Journal of Geomechanics, 3(2) (2003)
170-181.

[9] L. Beuth, P. Vermeer, Large deformation analysis of cone
penetration testing in undrained clay,

Installation effects in geotechnical engineering, (2013).

[10] M.F. Silva, D.J. White, M.D. Bolton, An analytical
study of the effect of penetration rate on piezocone

tests in clay, International Journal for Numerical and
Analytical methods in Geomechanics, 30(6) (2006)
501-527.

[117J.Y1, S. Goh, F. Lee, M. Randolph, A numerical study of

cone penetration in fine-grained soils

allowing for consolidation effects, Géotechnique, 62(8)
(2012) 707-719.

[12] Mo, P. Q., Gao, X. W., Yang, W., & Yu, H. S., A cavity

expansion—based solution for interpretation

of CPTu data in soils under partially drained conditions,

International Journal for Numerical and Analytical

Aty

;93545 C’-wv;.@—/\

Sl odle
so JLad yo Sl SRS cos e
Jio 2 5 Jlas 55 Cd
o Hlnd o sSlas odsd Cans eio
kPa Ly s o or Shaol cuslis £
GPa (slals o By
m/s « S (5 pdudeis k
Seygle 5,68, Joo Sl el n
kPa by 3o S cglin g
kPa (bg e ool umal Sy Cwglia g
kPa «Slils ome gdite f Jlad  up
kPa . cdae o Jlas 4
KPa 0ol sdiie T i3 wipe
kPa . &y sdaie O Jlid  ugenr
mm/s bg,se o il 3585 & 5 v
g e
SeMsnle 6,08, Joe Sl al )l a

Sedgmle 55l8) Jao Sl el p
S o SKasl 4, g

&le
[1] Golestani Dariani AA, Ahmadi MM. Generation and

Dissipation of Excess Pore Water Pressure During

CPTu in Clayey Soils: A Numerical Approach. Geotechnical
and Geological Engineering. 2021

Jun;39(5):3639-53.

[2] Ceccato, Francesca, Lars Beuth, and Paolo Simonini,
Analysis of piezocone penetration under different

Drainage conditions with the two-phase material point
method, Journal of Geotechnical and

Geoenvironmental Engineering 142.12 (2016): 04016066.

[3] M. Randolph, S. Hope, Effect of cone velocity on cone
resistance and excess pore pressures, in: Effect

of cone velocity on cone resistance and excess pore pressures,

Yodogawa Kogisha Co. Ltd, 2004, pp. 147-



Applied mechanics, 61(3) (1991) 143-151.

[24] E. Bauer, Calibration of a comprehensive hypoplastic
model for granular materials, Soils and

Foundations, 36(1) (1996) 13-26.

[25] P.A. Von Wolffersdorff, A hypoplastic relation for
granular materials with a predefined limit state

surface, Mechanics of Cohesive-frictional Materials: An

International Journal on Experiments, Modelling

and Computation of Materials and Structures, 1(3) (1996)
251-271.

[26] D. Masin, Modelling of soil behaviour with

hypoplasticity, Springer Series in Geomechanics and

Geoengineering, O Springer Nature Switzerland AG, https:/
doi. org/10, 1007 (2019) 978-973.

[27] Sheng D, Kelly R, Pineda J, Bates L. Numerical study

of rate effects in cone penetration test. In3rd

international symposium on cone penetration testing, (2014)
419-428.

[28] T. Hamann, G. Qiu, J. Grabe, Application of a Coupled

Eulerian—Lagrangian approach on pile

installation problems under partially drained conditions,

Computers and Geotechnics, 63 (2015) 279-290.
[29] B. Mohammadi-Haji, A. Ardakani, Calibration of a

hypoplastic constitutive model with elastic strain

range for Firoozkuh sand, Journal of Geotechnical and
Geological Engineering, 38 (2020) 5279-5293.

[30] I. Herle, G. Gudehus, Determination of parameters of a
hypoplastic constitutive model from properties

of grain assemblies, Mechanics of Cohesive!lfrictional

Materials: An International Journal on Experiments,

Modelling and Computation of Materials and Structures,
4(5) (1999) 461-486.

[31] T. Lunne, J.J. Powell, P.K. Robertson, Cone penetration

testing in geotechnical practice, CRC Press,
2002.

[32] R. Cudmani, V. Osinov, The cavity expansion problem

for the interpretation of cone penetration and

pressuremeter tests, Canadian Geotechnical Journal, 38(3)

Methods in Geomechanics, 44(7) (2020) 1053-1076.

[13] C. Teh, G. Houlsby, An analytical study of the cone

penetration test in clay, Géotechnique, 41(1) (1991) 17-
34.

[14] R. Salgado, J. Mitchell, M. Jamiolkowski, Cavity
expansion and penetration resistance in sand, Journal

of Geotechnical and Geoenvironmental Engineering, 123(4)
(1997) 344-354.

[15] A.G. Amuda, A. Hasan, F. Sahdi, S.N.L. Taib, Variable
penetration rate testing for shear strength of

peat—a review, International Journal of Geotechnical
Engineering, 14(6) (2020) 673-685.

[16] H. Yu, L. Herrmann, R. Boulanger, Analysis of steady
cone penetration in clay, Journal of

Geotechnical and Geoenvironmental Engineering, 126(7)
(2000) 594-605.

[17] D. Liyanapathirana, Arbitrary Lagrangian Eulerian

based finite element analysis of cone penetration

in soft clay, Computers and Geotechnics, 36(5) (2009) 851-
860.

[18]1J. Walker, H.-S. Yu, Analysis of the cone penetration test
in layered clay, Géotechnique, 60(12) (2010) 939-948.

[19] A. Tolooiyan, K. Gavin, Modelling the cone penetration

test in sand using cavity expansion and

arbitrary Lagrangian Eulerian finite element methods,

Computers and Geotechnics, 38(4) (2011) 482-490.
[20] M.M. Ahmadi, P. Byrne, R. Campanella, Cone tip

resistance in sand: modeling, verification, and

applications, Canadian Geotechnical Journal, 42(4) (2005)
977-993.

[21] M. Khodayari, M.M. Ahmadi, Excess Pore Water

Pressure along the Friction Sleeve of a Piezocone
Penetrating in Clay: Numerical Study, International Journal
of Geomechanics, 20(7) (2020) 04020100.
[22] Hauser L, Schweiger HF. Numerical study on undrained

cone penetration in structured soil using G-

PFEM. Computers
1;133:104061.

and Geotechnics. 2021 May

[23] D. Kolymbas, An outline of hypoplasticity, Archive of

ATt



Geoenvironmental Engineering, 140(6) (2014) 0401- (2001) 622-638.
4022. [33] R. Salgado, Analysis of penetration resistance in sands,
[35] Bihs A, Long M, Nordal S, Paniagua P, Consolidation University of California, Berkeley, 1993.

parameters in silts from varied rate CPTU tests, [34] H. Mahmoodzadeh, M.F. Randolph, Penetrometer
AIMS Geosciences, 7(4) (2021) 637-68. testing: effect of partial consolidation on subsequent

dissipation response, Journal of Geotechnical and

o3 gl o opl 4 g
M. J. Mashinchian, M. M. Ahmadi, A numerical study of piezocone test in Firoozkooh sandy
soil under different drained conditions, Amirkabir J. Civil Eng., 54(10) (2023) 3637-3656.

DOI: 10.22060/ceej.2022.21082.7611

Yoo






