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ABSTRACT

In-situ stress state can be defined with vertical and horizontal effective stresses
with the coefficient of lateral earth pressure at rest (Ko), all necessary to characterize soil
condition for the design and analysis of foundations. This study presents a CPT-based
method for the determination of Ko. Focus was given on utilizing the stress anisotropy
given by CPT results obtained from vertical and inclined penetration conditions. Results
from laboratory chamber tests for vertical and inclined CPTs are presented and analyzed
to obtain the effect of cone penetration angle (8) on the cone resistance (qc). It was shown
that gc increased with 6. Coupled Eulerian-Lagrangian (CEL) finite element analyses
were performed to further clarify the relationship between vertical and inclined cone
resistances. A correlation model of Ko was developed where the main variable was the
ratio of inclined to vertical cone resistance. Case example was collected and adopted to
compare measured and predicted values of Ko.

1. INTRODUCTION

The coefficient of lateral earth pressure at rest (Ko) represents the ratio of horizontal
to vertical effective stresses, and it is a crucial factor for characterizing in-situ soil
condition. The widely recognized Jaky equation (Jaky 1944, 1948) is typically used to
estimate Ko. However, several researchers have proposed modifications to the Jaky
equation, focusing on soil expansion, relative density (Dr), and particle interlocking
effects (Mayne and Kullhawy 1982; Mesri and Vardhanabhuti 2007; Wanatowski and
Chu 2007; Lee et al. 2013). Estimating Ko using the Jaky equation necessitates
determining the friction angle (¢') through soil sampling, laboratory tests, and result
interpretation. For sandy soils, undisturbed soil sampling is not usually available, leading
to the introduction of assumptions that can reduce the accuracy and reliability of the
estimated results.

The cone penetration test (CPT) is a widely adopted in-situ testing method in the
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field. It has been experimentally and theoretically verified that the cone resistance (qc) of
the CPT is governed by horizontal effective stress (Been et al. 1987; Salgado et al. 1997;
Houlsby and Hitchman 1988; Yu and Mitchell 1998). Despite the various methods
proposed to characterize geotechnical properties based on CPT (Been et al. 1987;
Houlsby and Hitchman 1988; Sadrekarimi 2016; Mo et al. 2017), surprisingly little
attention has been given to directly applying CPT to Ko estimation. Since both Ko and qc
are controlled by horizontal stress, there may be a potential correlation between them,
warranting further investigation. One recent example is the method by Nam et al. (2024)
who presented a CPT-based Ko estimation analysis.

In this study, the vertical and inclined CPT-based Ko estimated method is presented
following the framework of Nam et al. (2024). Laboratory tests and coupled Eulerian-
Lagrangian (CEL) finite element (FE) analysis were conducted to characterize qc under
various penetration and soil conditions. Based on the results, a CPT-based Ky correlation
model was established, and a field case example was adopted to verify the proposed
method.

2. CORRELATION MODELS FOR K, AND qc

2.1 Coefficient of lateral earth pressure at rest (Ko)

The coefficient of lateral earth pressure at rest (Ko) can be estimated using various
experiments and correlations (Jaky 1948; Mayne and Kullhawy 1982; Northcutt and
Wijewickreme 2013; Lee et al. 2013, 2014). Jaky's (1948) Ko equation is as follows:

Ky, =1-sing' (1)
where ¢' is the internal friction angle of the soil.

Lee et al. (2013, 2014) proposed the following Ko correlation based on the concepts
of relative density dependency and particle interlocking strength:

1-sin(S-¢'.)
KO = - , (2)
1+sin(B-¢',)
where ¢'c is the critical-state friction angle, and B is a correlation parameter. The

parameter 3 in the equation reflects the effect of relative density and expansion
conditions:

B =alDr (W) (3)
where Dr is the relative density, and a and b are correlation parameters as given in Lee
et al. (2013, 2014).

2.2 Cone Resistance (qc)

The CPT measurement of qc is influenced by various factors, including in-situ stress
conditions and the shear strength of the soil. Approaches for analyzing gc can be
categorized into theoretical analysis methods and experimental testing methods.
According to the cavity expansion model (Salgado et al. 1997), the cone penetration
mechanism in sand is governed by horizontal effective stress rather than vertical effective
stress. This has been experimentally verified (Been et al. 1987; Houlsby and Hitchman
1988).
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Among several, one representative correlation model to describe the cone
resistance is that proposed by Houlsby and Hitchman (1988), given as the following

relationship:
0.6
q. th
<=4 — 4
o %) @

where qc = cone resistance; ¢'n = horizontal effective stress; pa = atmospheric pressure
(100 kPa); and A = correlation parameter. The values of A represent the effect of Dr on
dec, given as 50, 160, and 230 for loose, medium, and dense sands, respectively.

3. LABORATORY CHAMBER TEST

CPTs were conducted using a square steel chamber with dimensions of 900 mm
in width, 900 mm in length, and 700 mm in height. Clean silica sand, Jumunjin sand, was
used as the test soil. The maximum and minimum void ratios (eémax and emin) were 0.924
and 0.639, respectively. The mean particle size (Dso) was 0.525 mm, and the specific
gravity (Gs) was 2.65. From the triaxial test, the critical-state friction angle (¢'c) was
determined to be 36.4°, while the peak friction angles (¢';) at Dr of 40% and 80% were
36.4° and 39.8°, respectively.

To obtain inclined cone resistance (qce) for various inclination angles (8), a series
of inclined CPTs were conducted. The cone was 16 mm in diameter with cross-sectional
area of 2.0 cm?. The values of 0 in the tests 0°, 15° 30°, and 45°, and the relative
densities of the sand were 55% and 90%. Fig. 1 shows the configuration of the inclined
CPT system for the condition of 6 = 45°.

The depth profiles for ratio of vertical (qc,6=0°) and inclined (qc,6) cone resistance
were obtained from the tests and shown in Fig. 2. qce increased with increasing 6, with
this effect being more pronounced under conditions of higher relative density and greater
8. These confirmed that the cone resistance in vertical CPT is governed by horizontal
effective stress.

Angle control
system

A
Pushing

Unit: mm
rod

Wire | .
LVDT
g

Rod connection

| Extension rod

700 I —Cone

Sand
900

Fig. 1 Configuration of inclined CPT system
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Fig. 2 Depth profiles of normalized cone resistance (qc,6/qc,e=0°)
4. COUPLED EULERIAN-LAGRANGIAN ANALYSIS

To further characterize qce under various cone penetration and soil conditions, a
coupled Eulerian-Lagrangian (CEL) FE analysis was performed. The FE model used in
the CEL analysis accounted for boundary effects, with the soil model dimensions set to
3 m in width, length, and height, and a cone diameter of 16 mm, identical to the
experimental setup. The CEL analysis considered inclination angles (0) of 0°, 15°, 30°,
and 45°, as well as relative densities (Dr) of 30%, 50%, 70%, and 90%. The soil
properties used in the analysis were consistent with those of Jumunjin sand from the
experiments, and the Mohr-Coulomb (MC) model was adopted.

Fig. 3 indicates the relationship curves of qce and Qce/qce=0c With Dr for relative
depth (z/D) at 60, as obtained from CEL analysis. In all cases, qce increased with
increasing 0, aligning with the trends observed in the chamber tests. It is evident that qce
is more effected by Dr than 8, indicating that Dr has a more significant impact than 6 in
determining the qc value of the inclined CPT.
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Fig. 3 Values of gc and normalized qc with Dr at z/D = 60
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5. CPT-BASED CORRELATION MODEL FOR K,

Based on the previously established cone penetration mechanism (Been et al.,
1987; Salgado et al., 1997), the stress distribution and influence zones around the cone
for various penetration conditions were described in Fig. 4. For 8 = 0° in Fig. 4(a), o'h is
equally distributed around the cone showing a circular shape of distribution pattern. For
inclined and horizontal cases, elliptical shapes of the stress distribution take place around
the cone given by o'y, o', and o'v depending on 8. The size of the stress ellipse is
influenced by the stress anisotropy defined by Ko.

6=0°

0
V 8 =90°

Fig. 4 Description of stress state around cone: (a) Vertical CPT; (b) Inclined CPT; and (c)
Horizontal CPT

In Fig. 4, a'e of the elliptical stress distribution can be derived based on the in-situ
stresses of a'n and o'y given as follows:
:Ghzav+ah_avcos20 (5)
where 0's = normal stress to the cone under inclined conditions; o'v and o', = vertical and
horizontal stresses, respectively. As Eq. (4) was developed for vertical cone penetration,
a modification to Eq. (4) was introduced based on equivalent uniform stress. The
modified correlation model of gc for inclined condition was then obtained with qce given

as follows:
q o' 0.6
c,0 eq,0
=4y ( ] (6)

Pa Pq
where Q¢ = inclined cone resistance; pa = reference pressure equal to 100 kPa; G'eqe =
equivalent uniform stress given by the square root of o'g times ¢'n, applicable to inclined
cone penetration; and Ag = correlation parameter.
Using Egs. (4) and (6), the normalized cone resistance of qce/qce=0c Was obtained
as follows:

'

Oy

0.3
. 4, (1 1
et _ 4 —(1+c0s28) +——(1—co0s20) (7)
9c,0=0° Ao\ 2 2K,
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where qc,e/qc,e=0° = Nnormalized cone resistance; As and Ag=o- = correlation parameters for
inclined and vertical conditions; and 8 = inclination angle. From Eq. (7), the correlation of
Ko was obtained as:

1—cos260

10

1 4o |3 ©)

2| | = Fef —1—cos20
aqc,6’=0°

K():

where a = Ae/As=0° and 8 = inclination angle. According to Nam et al. (2024), a is given
as a function of 8 and Dr as follows:

O.OS(DRBJ
a=0.02e ' /+0.98 (9)

where Dr = relative density (%) and 6 = inclination angle. As there are various methdos
and approaches to estimate Dr based on CPT results, all parameters in Eq. (8) can be
obtained directly from CPT without additional sampling process.

6. COMPARISON

Case example of inclined CPTs were collected from the literature and adopted to
compare measured and predicted Ko values. The case example was Wei et al. (2005)
where both vertical and inclined CPTs were conducted and reported. The test site was
the Port Allen site in the US, where the soil profile consisted of mixed layers of fine-
grained soil and sands. Inclined CPTs with 8 = 30° and 45° were used in the prediction.
Fig. 5 shows CPT profiles and measure and predicted Ko values. For both inclination
angles of 8 = 30° and 45°, the predicted Ko profiles were in reasonable agreement with
measured Ko values, confirming the field applicability of the CPT-based method.
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Fig. 5 Measured and predicted values of Ko for case example
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7. SUMMARY AND CONCLUSIONS

This study presented a method for estimating Ko using CPT, considering both
vertical and inclined cone resistances. Results from chamber tests and FE analyses were
described to show differences in the vertical and inclined cone resistances. The effects
of @ and Dr were explained. qc e increased with 8, especially at higher Dr. It was indicated
that, as 6 increased, the dominant stress on qc shifted to the vertical stress. A Ko
correlation model was presented, expressed as a function of Qc=cc and qce. The
correlation parameter, a, was also presented, given as a function of 8 and Dr. From the
comparison with case example, the effectiveness and reliability of the CPT-based Ko
estimation method was confirmed.
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