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ABSTRACT: The widespread use of the cone penetration test in geotechnical engineering, due to its
quick identification of soil layers and properties, has led to the development of various analytical methods
for interpreting this test. Monitoring excess pore water pressure during the piezocone penetration test can
be crucial for assessing the properties and engineering parameters of clayey soils. The initial stresses in
the ground and the coefficient of lateral earth pressure at rest, KO, are important parameters needed for

the design and analysis of various geotechnical problems such as piles, and slope stabilities. Due to the
limited research on clayey soils, the significance of understanding their behavior, and the limitations of  Keywords:
laboratory experiments, this study investigates soil behavior via numerical modeling of cone penetration
tests in saturated clay with undrained conditions. In this study, the effect of the coefficient of lateral earth
pressure and initial effective vertical stresses on pore water pressure has been investigated. Additionally,

Numerical Modeling
Piezocone Penetration Test

the correlations between excess pore water pressures at points u2 and ul, as well as u2 and u3, have Vertical Effective Stress

been outlined. A modified Cam-Clay constitutive model was employed in all numerical analyses using ~ Coefficient of Lateral Earth Pressure
FLAC2D software. The validation of proposed relationships was also addressed using the database of Modified Cam - Clay Model
field tests available in the literature provided by different researchers. The obtained results indicated that

as each parameter of lateral pressure coefficient and vertical effective stress increased, the excess pore

water pressure also increased at all three locations where pore water pressure is measured.

1- Introduction

The Cone Penetration Test (CPT), involving the
continuous penetration of a cylindrical tool with a conical tip
into the ground, has gained widespread popularity worldwide
due to its efficiency and cost-effectiveness. This test not only
measures the resistance of the cone tip and the friction sleeve
but also allows for the measurement of pore water pressure.
Pore water pressure sensors are located at the cone shoulder
(u,), at the mid-face of the cone (), and behind the friction
sleeve (u,) [1]. For all soil types, particularly those with a
high over-consolidation ratio, the maximum pore water
pressure typically occurs at u location, gradually decreasing
towards u, [2]. Several factors influence pore water pressures.
Important factors include the coefficient of lateral pressure
(K,), over-consolidation ratio, and initial stresses. The initial
stress condition of the soil and the coefficient of lateral earth
pressure is crucial for the design of various geotechnical
problems such as retaining walls, piles, and slope stabilities
[3]. In soils with a high over-consolidation ratio, due to the
dilative soil behavior, there is a tendency to suction along
the friction sleeve, leading to a negative excess pore water
pressure (EPWP) in the soil [4]. Consequently, as the over-
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consolidation ratio increases, the EPWP decreases along the
friction sleeve. At location u,, the EPWP (Auw,) is always
positive; However, behind the cone shoulder, this EPWP (
Au,) can be either positive or negative based on the level
of over-consolidation ratio, sensitivity, and soil disturbance.
Numerous studies have been carried out in this field, including
the works of Sully et al. (1991), Moug et al. (2019), as well
as Mashinchian and Ahmadi (2024) [5-7]. The number
of research on the friction sleeve is generally less than the
studies on the mid-face of the cone, which can be attributed
to the fact that the . sensor is not commonly installed behind
the friction sleeve of the cone. In this research, firstly, the
effect of two parameters K and ¢’ , on pore water pressure
was investigated, and then a relationship between EPWP at
u,, u,, and u, was presented according to the aforementioned
parameters.

2- Methodology

A numerical simulation of cone penetration testing
in saturated undrained clayey soil has been performed,
employing the finite difference method. FLAC 2D software
was used to solve equations and simulate the conditions under
axial symmetry [8]. In this model, the standard piezocone
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Fig. 1. Boundary conditions and initial meshing of the finite difference model.

Table 1. Modified Cam-Clay parameters of Boston Blue Clay (BBC) soil.

soil K A v,

M

Boston Blue

Clay (BBC) 0.03 0.15 2.83

has a cross-section of 10 cm? and an apex angle of 60°. Soil
dimensions, cone radius, meshing, boundary conditions, and
applied stresses are illustrated in Figure 1. In this research,
to simulate the behavior of clayey soils, the Modified Cam-
Clay Model was utilized. Table 1 outlines the soil properties
of studied clayey soil. To investigate the effect of ¢’ | and K|,
on the EPWP in Boston clay, five ¢’ , (50, 100, 150, 200, and
300 kPa) and four K, (0.49, 0.73, 0.9, and 1) were examined.

3- Results and Discussion

To examine the effect of the K parameter on the EPWP
developed in the cone penetration test for Boston Blue clay,
four different K values were considered under a constant ¢’
of 100 kPa. Subsequently, the EPWP at three locations u,,
u,, and u, has been monitored. Based on the results, as the K,
value increases, the EPWP increases at locations u, u,, and
u,. To study how the ¢’  affects the EPWP, five different o’
values were considered under a constant K value of 0.73.
The results indicated that as ¢’ | value increases, under the
specified K value, EPWP increases at locations u, u,, and
u,. The investigation of the EPWP along the friction sleeve
between u, and u, for two K values and varying ¢’ , values at
K,=0.73 are depicted in Figure 2. In this figure, it is evident
that as K| increases, the ratio of (Au, )/(Au,) along the friction
sleeve reduces more rapidly. This trend can be attributed
to the dilative behavior of the soil. Based on the results
obtained, a formula can be derived for the values of EPWP
along the friction sleeve via Eq. (1). In this equation, a and
P, as constant and dimensionless parameters, are calculated
individually for each specific location using Eq (2) and (3)
derived by nonlinear regression analysis.
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The analysis of the generated EPWP was further explored
along the cone face along the distance between u, to u, under
two scenarios with varying values of K and different o’
values of at K =0.73, as illustrated in Figure 3. In this figure,
the downward movement from u, to u is regarded as positive.
When the cone penetrates into the soil, the EPWP along the
cone tip initially increases, then decreases. As the piezocone
tip penetrates into the soil, stresses increase until the diameter
of the penetrated soil reaches the cone diameter, after which
the stresses become constant. This gradual increase in stress
until reaching constant stress leads to a gradual increase in
the EPWP. The zones near the piezocone shoulder exhibit
the highest ratio of (Au )/(Au,). Eq. (4) was proposed for
the EPWP ratio along the cone tip. In this equation, a is a
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Fig. 2. Distribution of EPWP along the friction sleeve of the piezocone; (a) For different vertical effective
stresses, (b) For different lateral earth pressure coefficients.
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Fig. 3. Distribution of EPWP along the piezocone face; (a) For different vertical effective stresses, (b) For
different lateral earth pressure coefficients.

dimensionless constant parameter determined at each location (Au)) increases along the cone face. However, along the

based on Eq. (5) derived from nonlinear regression analysis. friction sleeve, increasing the K leads to a decrease in the
ratio of (Au )/(Au,).

o 2. The initial ¢’ value affects the value of EPWP and

Au_ —ex p(L )_( _z j (&) causes an increase in the pore water pressure during the

5 a 0.02 penetration of the cone at locations u,, u,, and u,. Ata constant

K, value, with the increase of the o’ | values, the ratio of (Au )/
(Au,) increases along the cone face and the friction sleeve.
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Table 1. Modified Cam-Clay parameters of the soils used in this study

soil K A v, M O'Ln (kPa) OCR Reference
Boston Blue Clay (BBC) 0.03 0.15 2.8271 1.2 100 22 Moug et al. (2019)
LOC-SFB 0.005  0.071 222 1.2 100 1.7 Schneider et al. (2007)
NC-Kaolin 0.06 0.26 3.6 1.2 100 1 Schneider et al. (2007)
K50 0.024  0.11 222 1.2 207 1 Kurup et al. (1993)
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Table 2. The results of Cone penetration test in centrifuge test

Sﬁjf;&in soil o'Lﬂ (kPa) o-Ly (kPa) OCR ZIEZ;;Z; Measure qg“—”;’
1 LOC-SFB 100 171 1.7 95 1.75
2 LOC-SFB 134 283 2.1 120 3.25
3 NC-Kaolin 100 100 1 340 4.49
4 NC-Kaolin 89 89 1 310 4.01
5 NC-Kaolin 77 77 1 212 3.71
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Kurup et al. (1993)

Schneider et al. (2007)

Normally Consolidated-Kaolin (NC-Kaolin)

Low Over Consolidated Silica-Flour Bentonite (LOC-SFB)
Sheng et al. (2012)
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Fig. 2. Comparison of centrifuge test results with numerical modeling results a) Pore water pressure b) Cone tip
resistance
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Fig. 3. Comparison of calibration chamber test results with numerical modeling a) Pore water pressure b) Cone tip
resistance
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Table 3. Calibration chamber test measurements

S:zz::zn soil o, (kPa) o, (kPa) BC OCR Au, (kPa) Au,(kPa) (g, —u, )(kPa)
1 K50 207 207 1 1 700 582 1362
2 K50 41.4 414 1 5 650 480 780
3 K50 207 107.6 3 1 560 430 826
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Fig. 4. The influence of the coefficient of lateral pressure on the excess pore water pressure a) the middle face of the
cone ul b) the base of the cone u2 c¢) the back of the friction sleeve u3
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Fig. 5. Excess pore water pressure in the different vertical effective stresses: a) the middle face of cone u, b) the base of
the cone u, c) the back of the friction sleeve u,
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Fig. 7. Comparison of excess pore water pressure measurements by using equation (10) with the numerical model
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Table 4. Measurements of cone penetration test in cohesive and intact soils at the site u,

. . Soil Depth o qt / a B

Piezocone Site Type (m) PI%  OCR (kPa) o, (kPa) I Au,(kPa)  Auy(kPa) Eq(1l)  Eq(12)
1 Backebol intact 5 45 1.27 330 35 54.5 158.9 99.9 0.16 0.014
2 Backebol intact 7 35 1.23 357 46 84.3 167.3 95.3 0.18 0.009
3 Backebol intact 3.5 40 1.57 340 27.5 64.8 168.6 104.6 0.15 0.016
4 Backebol intact 2.5 40 2.2 308 22 48.5 149.4 79.4 0.17 0.03
5  Boston Blue Clay2 intact 274 20 1.2 1226 217 162 585 475 0.24 0.006
6  Boston Blue Clay2  intact 24.4 20 1.41 1074 196 159.7 545 451 0.26 0.007
7  Boston Blue Clay2 intact 21.3 18 1.6 1033 173 167.4 568 441 0.26 0.008
8 Bakklandet intact 4.5 8 33 616 82 117.5 460.2 260.2 0.31 0.03
9 Glava intact 10.5 15 4.1 852 105 70.3 486 325 0.33 0.05
10 Glava intact 17.5 12 2.6 1050 168 131.8 634 420 0.32 0.018
11 Glava intact 6.5 14 5.8 807 69 57.4 421 247 0.36 0.09
12 Inchinnan intact 3 12 1.41 304 47 225.9 145 106 0.26 0.006
13 Inchinnan intact 9 15 1.27 445 102 200.8 214 171 0.31 0.005
14 Lilla Melloca intact 10 55 1.25 431 57 353 194 134 0.19 0.019
15 Lilla Melloca intact 6 75 1 310 36 14.8 119 79 0.15 0.025
16  Lower 232".ST intact 20.5 19 1 824 147 169.5 438 322 0.22 0.005
17  Lower 232™.ST intact 2.6 19 6.1 409 20 448 139 52 0.32 0.11
18  Lower 232".ST intact 9.1 19 1.2 520 66 169.2 248 148 0.18 0.006
19 Munkedal intact 12 29 1.26 801 122 109.3 414 282 0.21 0.008
20 Munkedal intact 16 27 1.15 826 161 119.6 448 330 0.25 0.007
21 Munkedal intact 8 31 1.64 691 83 94 363 244 0.2 0.013
22 Munkedal intact 21 23 1.12 958 259 142.4 591 408 0.35 0.006
23 Norrkoping intact 6 39 1.27 336 45 70.7 162 107 0.19 0.011
24 Norrkoping intact 2 44 1.54 238 27 54.9 128 70 0.19 0.018
25 North Sea GC intact 7.4 22 2.55 544 74 87.5 244 192 0.28 0.023
26 North Sea GC intact 5.7 22 2.18 444 57 107.4 208 146 0.24 0.0166
27 Pontida intact 13.5 11 2.95 895 135.8 117.2 429.3 349.3 0.34 0.023
28 Pontida intact 20.5 11 2.95 2018 200.2 117.2 1410.7 1010.7 0.24 0.023
29 Pontida intact 7.5 11 3.6 705 80.7 94.2 358.9 268.9 0.29 0.035
30 Rio De Janeiro intact 5 60 1.74 176 16.8 25.7 67 31 0.18 0.035
31 Rio De Janeiro intact 8 60 1.6 283 26 26.9 98 70 0.17 0.03
32 Saro RD7/600 intact 5 75 1.22 335 26 14.8 105 45 0.13 0.03
33 Saro RD6/900 intact 3 90 1.2 253 20 7.7 61 35 0.134 0.05
34 Sea Island intact 19 15 1 956 187 201 426 280 0.27 0.0046
35 Ska-Edeby intact 11 30 1.3 520 68 104.4 252 165 0.19 0.009
36 Ska-Edeby intact 8 30 1.19 363 49 104.9 171 104 0.19 0.008
37 Strong Pit intact 1.5 15 14 2130 26 37.3 750 320 0.65 0.36
38 Strong Pit intact 2 15 1020 1410 36 41.8 800 450 0.53 0.22
39 Strong Pit intact 3.6 15 7.5 2173 67 47.8 1120 500 0.37 0.14
40 Tuve intact 20 40 1.5 784 74 65.8 379 254 0.17 0.015
41 Tuve intact 5 50 1.68 229 14 40.6 88 49 0.14 0.024
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Table 5. Cone penetration test measurements in cohesive and intact soils at u, location

. - Soil Depth o / @
Nu. Piezocone Site Type (m) PI% OCR q: (kPa) o, (kPa) I Au, (kPa) Au, (kPa) Eq.( 14)
1 Backebol intact 5 45 1.27 330 35 54.5 158.9 186.9 0.93
2 Backebol intact 7 35 1.23 357 46 84.3 167.3 197.3 0.97
3 Backebol intact 3.5 40 1.57 340 27.5 64.8 168.6 201.6 1
4 Backebol intact 2.5 40 2.2 308 22 48.5 149.4 156.4 0.94
5 Backebol intact 10 50 1.06 515 94 44 248.8 298.8 0.86
6 Boston Blue Clay2 intact 27.4 20 1.2 1226 217 162 585 722 1.02
7 Boston Blue Clay2 intact 14.2 25 34 895 104 54.3 425 533 0.89
8 Bothkennar intact 2.16 41 2.06 280 31 50.28 127.6 222 0.82
9 Bothkennar intact 3.62 41 1.42 408 40 63.9 151.3 254.3 0.96
10 Bothkennar intact 13.93 41 1.37 898 104 64.3 371.2 652.2 0.93
11 Bothkennar intact 17.89 41 1.72 1130 130 59.2 426.3 790.3 0.89
12 Glava intact 10.5 15 4.1 852 105 70.3 486 677 0.95
13 Glava intact 6.5 14 5.8 807 69 57.4 421 514 0.886
14 Haltenbanken intact 6 18 5 1220 65 53.04 470 690 0.72
15 Haltenbanken intact 2 18 8.6 780 24 39.42 330 480 0.7
16 Inchinnan intact 3 12 1.41 304 47 2259 145 272 1.12
17 Inchinnan intact 9 15 1.27 445 102 200.8 214 361 1.01
18 Inchinnan intact 7 15 1.52 355 84 194 170 290 1
19 Lilla Melloca intact 10 55 1.25 431 57 353 194 273 0.833
20 Lilla Melloca intact 6 75 1 310 36 14.8 119 179 0.806
21 Lower 232™.ST intact 20.5 19 1 824 147 169.5 438 541 1.02
22 Lower 232™.ST intact 9.1 19 1.2 520 66 169.2 248 317 1.08
23 Munkedal intact 12 29 1.26 801 122 109.3 414 576 0.98
24 Munkedal intact 16 27 1.15 826 161 119.6 448 653 0.96
25 Munkedal intact 8 31 1.64 691 83 94 363 430 0.99
26 Norrkoping intact 6 39 1.27 336 45 70.7 162 204 0.93
27 Norrkoping intact 2 44 1.54 238 27 54.9 128 146 0.892
28 Norrkoping intact 12 20 1.51 470 80 156.9 213 282 1.03
29 North Sea GC intact 7.4 22 2.55 544 74 87.5 244 359 0.9
30 North Sea GC intact 5.7 22 2.18 444 57 107.4 208 320 1.02
31 North Sea GC intact 34 22 2.5 295 34 89.8 141 189 0.99
32 Rio De Janeiro intact 5 60 1.74 176 16.8 25.7 67 90 0.74
33 Rio De Janeiro intact 8 60 1.6 283 26 26.9 98 122 0.79
34 Saro RD7/600 intact 5 75 1.22 335 26 14.8 105 165 0.8
35 Saro RD7/600 intact 4 80 1.25 300 24 11.9 147 147 0.76
36 Saro RD7/600 intact 6 90 1.16 355 28 7.7 174 174 0.73
37 Saro RD6/900 intact 3 90 1.2 253 20 7.7 61 101 0.72
38 Sea Island intact 19 15 1 956 187 201 426 592 1.02
39 Ska-Edeby intact 11 30 1.3 520 68 104.4 252 296 1
40 ST-Alban intact 1.71 28 2.69 182 154 62.8 77.1 95.1 0.73
41 ST-Alban intact 1.54 28 2.85 190 14.6 58.38 79.7 96.7 0.7
42 Strong Pit intact 2 15 10.20 1410 36 41.8 800 1400 0.7
43 Tuve intact 20 40 1.5 784 74 65.8 379 483 0.97
44 Tuve intact 5 50 1.68 229 14 40.6 88 150 0.95
45 Tuve intact 10 58 1.83 474 30 27 214 298 0.83
46 Tuve intact 15 50 1.63 599 49 413 284 398 0.89
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