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Analysis of single pile in two-layered soil subjected to uplift load
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Abstract. Studies on uplift piles in layered soil have been insufficient. This study aimed to develop an analytical model to
predict the limit state performance of single pile in two-layered soil under uplift load. Appropriate mathematical correlations
have been derived for uplift capacity and limiting displacement of piles considering limit state analysis. Validation of the model
by comparison with available experimental and theoretical results ensured its accuracy. The model has been applied to conduct
parametric studies and develop design curves for uplift pile design considering safety and serviceability criteria. A typical design
example has also been illustrated. From the entire study, relevant conclusions are drawn.
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1. Introduction

Pile foundations are sometimes subjected to uplift
loading. Piles supporting offshore and onshore structures,
transmission towers, bridges, high-rise buildings, etc., are
subjected to pullout load due to the action of wind, wave,
traffic movement, etc., initiated by overturning moment,
hydrostatic pressure or seismic loading (Zhu et al. 2014,
Park and Lee 2021). These piles resist the imparted uplift
load due to skin friction in case of floating piles, unless the
piles are socketed at the tip wherein the majority of pullout
is resisted by base restraint (Li ef al. 2021, Fang et al
2023). The pullout loads are also resisted by bearing
pressures in cases of under-reamed piles and helical piles
(Kumar et al. 2020, Karami et al. 2023, 2024). The design
requirements for uplift piles are to provide adequate factor
of safety against ultimate failure and acceptable upward
displacement at pile head (Alawneh 1999, Lee ef al. 2009).

An extensive review of the existing contributions reveal
that several studies have been conducted on uplift piles in
uniform soil, including analytical (Su et al. 2014, Zhang et
al. 2018, Liu et al. 2023) and numerical (Hong-nan et al.
2015, Kranthikumar et al. 2016, Basack et al. 2025, Saleh
et al. 2025) modelling, laboratory model study (Reddy and
Ayothiraman 2015, Gui et al. 2021, Dong et al. 2023, Nour
El-Deen et al. 2025, Raju and Lakshmi 2025) and field-
based investigations (Xu et al. 2014, Yu et al. 2023).
Although limited past studies were conducted on uplift piles
in layered soil (Pusadkar and Ghormode 2015, Ashour and
Abbas 2020), a comprehensive analysis on single piles in
layered soil under pullout load together considering safety
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and serviceability criteria, with development of appropriate
design methodology is yet to be carried out. The current
study is aimed towards developing an analytical model on
uplift pile performance in two-layered soil under limit state
condition, so as to derive appropriate.

2. Problem identification

The idealized problem has been depicted in Fig. 1,
wherein a single, vertical, floating pile having circular cross
section of diameter D and length L is embedded in a two-
layered soil, and the depth of upper layer being z;. When
subjected to an uplift load of P, vertically downward shear
stress is induced on the pile surface; at a depth of z on the
pile surface (point ‘A’), the shear stress is denoted as z..

3. Theoretical analysis

The mathematical derivations involved in development
of the analytical solution are described in this section.

3.1 Assumptions

The analytical model is based on the following
assumptions:
(i) The layer-2 is semi-infinite.
(ii) The pile is subjected to pure axial tension without
any other load.
(iii) No residual stress exists in the soil due to pile
installation.
(iv) The pile base is not restraint against upward
displacement.
The pile is assumed to be elastic-perfectly plastic,
while the stress-strain correlation of soil is hyperbolic with
a reduction factor of Ry For most soils, Ry varies from 0.8 to
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Fig. 1 The idealized problem

1.0 (Duncan and Chang 1970, Randolph 2003).
3.2 Ultimate uplift capacity

As the uplift load P is gradually increased, the failure
condition is attained when pile-soil slippage occurs for the
entire pile-soil interface, or the pile material itself fails
under tensile stress, whichever is earlier (Basack et al
2025). Mathematically

P, = Min{P5,PY}+ W, (1)

where, P, is the ultimate uplift capacity of the pile, P} and
PP are the uplift loads corresponding to complete pile-soil
interface slippage, and tension failure of the pile material,
respectively, and W, is the self-weight of pile.

In case of cylindrical pile, the self-weight is given as

T
W, = ZDZ(L + e, Q)

where, ¥, is the unit weight of pile material. Based on limit
state analysis, the value of P;can be written by (Poulos and
Davis 1980, Basack and Khabbaz 2024)

L
B} = JnDT}‘ dz 3)
0

where, 77 is the yield shear stress of soil at the pile-soil
interface, given by (Basack and Sen 2014)

= a(cd +n.2) [for clay]

4
[for sand] @

u — r
T3 = Ko, tand;

where, « is the interface adhesion factor, ¢Q is the unit
cohesion of clay at the ground surface, 7. is the rate of
increase of unit cohesion with depth, K is the in-situ earth
pressure coefficient, o, is effective vertical overburden
stress in soil at depth z, and &, is interface friction angle.

The value of PP, on the other hand, has been derived
from the conventional theory of solid mechanics (Bertram
and Gliige 2015), given as

T
pP = ) D?g %)
where, o is the limiting stress in the pile material at tensile
failure.

Analysis has been performed separately for -clay
overlying sand and vice versa, as detailed below.

3.2.1 Clay overlying sand

In this case, the soil layers numbered as 1 and 2 (see
Fig. 1) are considered as clay and sand respectively. The
groundwater table has been assumed to be situated at
ground surface. The Eq. (3) can be re-written as

21
pi = [ atch + o) dz
0
L (6)
+ f Ki{yiz, + vi{(z — z;)} tan 6, dz
Z1

where, y; and y. are the effective unit weights of clay and
sand, respectively.

Carrying out the above integration, the following
expression has been obtained

7,?
PS =D |a|clz +ne—-

+ K tan §; {yc’zl (L —12z)

RN
+yl L 221) }]

(M

3.2.2 Sand overlying clay

In this case, the soil layers described in above
(section 3.2.1) have been reversed and the groundwater
table has been chosen to be situated at ground surface. Here,
the Eq. (3) can be re-written as,

zZ1 L
P$ =mnD fKS tand,y.zdz + fa(cil +1n.z)dz| (8)
0 Z1

where, . and y; are the effective unit weights of clay and
sand, respectively.

Carrying out the above integration, the following
expression has been obtained

z,?
P =mnD Kstandsys’T

L-z)] @
=)

+a {c,fl(L -z +1n,

Logically, tension failure is likely to take place
whenever PP /P > 1 . For sufficiently long piles, failure
of pile material in tension usually occurs prior to pile-soil
slippage (Phanikanth et al. 2010, Basack and Nimbalkar
2017, Basack et al. 2025).
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Fig. 2 Cylindrical pile element with stress components

3.3 Maximum uplift displacement

Considering an infinitesimal and cylindrical pile
element shown in Fig. 2, the vertical equilibrium condition
of the element yields the following expression

do, A4t,

—Z__Z4 10

9z D 7 (10)
where, g, is the tensile stress on a pile cross section at a
depth of z, 7, is the interface shear stress at a depth of z and
¥p is the unit weight of pile.

From classical theory of solid mechanics (Bertram and
Gliige 2015), the elongation of the pile element is given by

dp, = (az/Ep)dz (11)

where, p, is the elongation of the pile element and £, is the
Young’s modulus of the pile. Differentiating Eq. (11) with
respect to z and using Eq (10), the following correlation is

obtained
%p, 1 (41,
9z2 Ep( D }/p) (12)

Using Eq (12), the net upward displacement of the pile
head is therefore given by

L[ L
_ P(L+e) N 1J‘ f<4rz+ )d dz (13
ph_(ﬂ'Dz/‘l')Ep Pp Ep D yp Z Z( )
0 |o

where, p,, is the upward displacement at the pile base. At
pre-slippage stage, p, is given as (Randolph and Wroth
1978, FHWA 2006)

5L(1 - ”s)
D(Gt/GE'?)

where, T}, is the interface shear stress at pile base level, pg is

Pr=ee/p) "

(14)

the Poisson’s ratio of soil, and G2 and GSL /% are the secant
modulii of soil at pile base and at z = L/2. After hyperbolic
soil model, the following correlation holds good

GZ = (G +nyz)[1 — Ry (z,/7¥)] (15)

where, GZ is the secant modulus of soil at a depth of z, G is
the initial tangent modulus of soil at z = 0 and 7, is the rate
of increase of initial tangent modulus of soil with z.

As observed from previous studies, the interface shear
stress is maximum at the ground surface and minimum at
the base. Thus, pile-soil slippage is commenced from the
ground surface and increasingly progresses downward, as
the magnitude of the upward load P is gradually increased
(Ashour and Abbas 2020, Basack ef al. 2025). At the onset
of uplift pile failure by interface slippage, 7, = T} and Eq.
(14) 1is still applicable at the pile-base. Therefore, the
upward displacement of the pile head has been derived from
Eqgs. (12)-(14) which is given as

Ph
_ Bi(L+e) N Ty
- (nDZ/4)E [2G62(1 - R;)/D]

4T
——J- f Z+yp dz dz

where, 7} is the peak shear stress at base, v is the Poisson’s

, 5L(1 —v,)
p(GP /6%
(16)

ratio of soil, and G? and GtL /2 are the initial tangent moduli
of soil at z= L and L/2, respectively.

For two-layered soil, appropriate correlations for peak
uplift displacement of pile head have been derived by
carrying out the integration of Eq. (16) above, as described
below.

3.3.1 Clay overlying sand
In this case, the integration in Eq. (16) has been
conducted and the expression is given by

Prh = pP1+p2—pPs (17
where, the components p;, p,, and p; are given as
Bi(L+e)
p1= oo (18)
(mD?/4)E,
9, = Ks{ycz, + ys(L — z,)} tan 1| 2L =) (19)
, =
[2G2(1 - Rf)/D] (G2 /6"?)
L*y, 4 Z,? z}
= —— — 0 —_— —
P:=2E, " DE, “(C“ 2 TG
' (L - Z12)
+ K, tan §; {ycz1 > (20)
J(L—2zy)?
+ 7! Tl

Idealizing the soil stiffness to increase linearly with
depth, the secant moduli of soil given in the above
equations may be expressed as follows

Gl = GO +ng,(L—2,) (21a)

GH? = GO +ng,~ (Ifz; > L/2) (21b)



586 Sudip Basack, Meshel Q Alkahtani and Saiful Islam

=G +ng,(L/2—z)

0 L, z1
_ th +T’915+Gt2
2

(If z; < L/2)

(If z; = L/2)

where, G¢,, Gtz2 ', 1g,and 14 are the soil parameters G{ and
14 relevant to layers 1 and 2, respectively.

3.3.2 Sand overlying clay

In this case, the maximum uplift pile head displacement
is given by Eq. (17) above. While p; is obtained by Eq.
(18), p, and p5 are given as

a(cit +n.z,) 5L(1 —vy)

Py = n (22)
* [262(1-Ry)/D] | D(G2/GE?)
L*y, 4 ,Z3
p3 = 2—%+D—%[Kstan5s Vs &
ra {Czl L-z) (- )}] @)
u 2 nC 6

The shear moduli G?and GtL /2 may be obtained from
Egs. (20) and (21), respectively.

4. Validation

To verify the accuracy of the analytical model and the
formulations developed above have been compared with
available experimental data and results from existing
solutions.

Carvalho and Albuquerque (2013) carried out a set of
full-scale field based investigations at Brazil on concrete
bored piles embedded in layered sandy soil consisting of
different upper and lower sandy soil layers, each having 6
m thickness. The ground water table was located at a depth
of 10 m below ground surface. The single, vertical concrete
pile were of length 10 m and diameter of 0.35 m, 0.4 m and
0.5 m. The soil parameters and pile geometry are taken in
accordance with those reported by Carvalho and
Albuquerque (2013) along with few reasonably assumed
parameters, and presented in Table 1. The initial tangent
modulus of the soil layers were estimated from the reported
field values of standard penetration tests. The comparison
of analytical values with field test data is depicted in Fig. 3.

The analytical values of ultimate uplift capacity of the
piles have been evaluated utilizing Eqs. (1) to (5). It has
been observed from analysis that the pile-soil slippage
occurred prior to pile material failure in tension, based on
the chosen value of g,

The analytical limiting upward pile head displacement
has been evaluated using Eq. (16). Since both the layers are
sandy, the Egs. (19), (20) and (22) are not directly
applicable in these cases.

The field values of ultimate uplift capacity have been
estimated from the in-situ load-displacement responses and
using double-tangent technique (Basack et al. 2022). The
limiting pile displacement was chosen at the point where
the field load-displacement curves started exhibiting linear

Table 1 Input parameters for analysis after Carvalho and
Albuquerque (2013)

. Value
Material Parameter
Layer-1 Layer-2
Thickness (m) 6 12
Bulk unit weight, 3 (KN/m?) 16.3 18.9
Initial shear modulus of soil, . .
GO (MPa) 28 40
Depth-rate of increase of shear 0 0
modulus, 7z (MPa/m)
Poisson’s ratio, vs 03° 03°
. Undrained cohesion at ground
Soil
ol surface, 9 (kPa) 0 0
Rate of increase of cohesion 0 0
with depth, #. (kPa/m)
Effective friction angle, ¢’ (°) 30° 23°
Stress reduction factor, Ry 0.8°¢ 0.8°¢

In-situ earth pressure

d d
coefficient, K 0.5 0.609

Interface friction angle, Js 1.0 ¢ ¢ 1.0 ¢4
Diameter, D (m) 0.35,0.4,0.5
Embedded length, L (m) 10
) Unit weight of pile material, y, 25¢
Piles (KN/m?)
Young’s modulus, E, (GPa) 3¢
Plastic strczii II)I; )tens10n, op 500 ¢

Data assumed after: *“Anbazhagan et al. (2012, 2021); °Ashour and
Abbas (2020), “ Randolph (2003), ¢ Awad-Alla et al. (2009), Kulhawy et
al. (1983), Kulhawy (1991), °McCormac and Brown (2015),
‘Moghadam and Izadifard (2021)
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1| OField Test (a)
400 1 |_mAnalytical
_. 300 A
Z e
< 200 -
QS 1
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0
Pile diameter, D: 0.35 m 04m 0.5m
8
J OField Test (b)
6 - [ ] @ Analytical
Y >
0
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Fig. 3 Comparison of analytical results with field test
data of Carvalho and Albuquerque (2013): (a) Ultimate
uplift capacity, and (b) Limiting upward displacement

variation, based on the analysis of Das and Seeley (1982)
and Narasimha Rao and Prasad (1993).
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Table 2 Input parameters for analysis after Massoudi and
Bell (2017)

Value
Material Parameter
Layerl Layer3 Layer2
Thickness (m) 1.83 4.11 14.0
Unit weight (kN/m?) 19 18 19.5

Initial shear modulus of
soil, G (MPa)
Rate of increase of shear

NR NR 24.55

modulus with depth, 72 ~ NR NR 6
(MPa/m)
Poisson’s ratio, vs 0.5° 0.32 0.52
Undrained cohesion at
surface, 2 (kPa) 70 0 190
Soil Rate of increase of
cohesion with depth, 7. 0 0 37.86
(kPa/m)

Adhesion factor, a 0.55 NR 0.35>
Effective friction angle,

\ 0 34 0
¢ )
Stress redu}g;mn factor, 08¢ 08¢ 0.8¢

In-situ earth pressure
coefficient, K
Interface friction angle,

NR 0.309¢ NR

NR  094'¢ NR

Js

Diameter, D (m) 0.457
Embedded length, L (m) 16.76

Unit weight of pile 25

Piles material, y, (kN/m?)
Young’s modulus, Ep 3e
(GPa)

Plastic stress in tension, £

op (MPa) 500

Notes: (1) NR: Not required. (2) Data assumed after: *Ashour and
Abbas (2020), *Cherubini and Vessia (2007),  Randolph (2003), ‘Awad-
Alla et al. (2009), Kulhawy ef al. (1983), Kulhawy (1991), “McCormac
and Brown (2015), " Moghadam and Izadifard (2021)

As observed from Fig. 3, the average variation has been
about 21%, with the analytical capacities on the lower side.
In reality, the presence of silt and clay in the sandy soil
layers exhibited minor cohesion, as reported by Carvalho
and Albuquerque (2013), which have not been taken into
account in the analysis. Since no direct field data pertaining
to the soil shear moduli is available, their assumed values
have as well attributed to the deviation of pile displacement.

Massoudi and Bell (2017) conducted a series of field
tests at Austin, Texas, USA, on uplift performance of auger
bored cast in-situ concrete piles embedded in three layered
soil comprising of upper clayey layer, middle sandy soil and
bottom stiff clay layer. The groundwater table was situated
at a depth of 2.13 m below the ground surface. The soil and
pile parameters were chosen based on the reported in-situ
values, together with few assumed value, as presented in
Table 2. The initial tangent moduli of soil have been
assumed from the available values of soil strength and &so
(i.e., strain at 50% stress level) based on the analysis given
by Ashour and Abbas (2020).

3000 12
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Fig. 4 Comparison of analytical results with field data of
Massoudi and Bell (2017)
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Fig. 5 Comparative study of normalized analytical and
field test results

As observed, the deviation of analytical results with the
field-based data have been about 12% and 4.5% for ultimate
uplift capacity and limiting upward displacement
respectively, the analytical results being on the higher side.
Such minor deviations possibly took place due to assumed
values of few soil and pile parameters including a, Ry, K, ds,
E,, etc. In the analysis, the pile-soil has been found to occur
prior to tension failure of pile material.

For comparative study, the ultimate uplift capacity and
the limiting upward pile displacement have been
normalized by the self-weight of pile (/) and pile diameter
(D), respectively. The analytical values of these non-
dimensionalized parameters have been plotted against the
relevant field values, as shown in Fig. 5. It has been
observed that the data point are close to the 45° line,
indicating accuracy of the analytical formulations
developed.

5. Parametric studies

The analytical solution and the formulations have been
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Table 3 Input soil and pile data for parametric study

Material Value
E— Parameter
Clay Sand
Unit weight (kN/m?) 18 20
Initial shear modulus of soil,
GO (MPa) 30-50 0
Rate of increase of shear 3 (¢=20°)
modulus with depth, e  0.3-0.5 5 (¢=30°)7
(MPa/m) (¢'=40°)
Poisson’s ratio, vs 0.5% 032
Undrained cohesion at
Soil ground surface, ¢ (kPa) 30-50 0
Rate of increase of cohesion 3.5 0
with depth, 7. (kPa/m)
Adhesion factor, o 05" -
Effective frl(cot)lon angle, ¢ 0 200 40°
Stress reduction factor, Ry 09¢ 09¢
In-situ earth pressure ) i ard
coefficient, K I-sin ¢
Interface friction angle, s 1.0 ¢'¢ 1.0 ¢'¢
Diameter, D (m) 0.33,0.5,1.0
Embedded length, L (m) 10
Unit weight of pile material, 25¢
Piles Vp (kN/m3)
Young’s modulus, E, (GPa) 3¢
Plastic stress in tension, op £
(MPa) 500

Data assumed after: ® Ashour and Abbas (2020), ®Cherubini and Vessia
(2007), °Randolph (2003), Basack and Khabbaz (2024), ¢ Awad-Alla et
al. (2009), Kulhawy et al. (1983), Kulhawy (1991), © McCormac and
Brown (2015), f Moghadam and Izadifard (2021)

utilized to perform an extensive parametric study and
develop appropriate design recommendations. A vertical
concrete pile has been assumed to be embedded in a two-
layered soil, taking the data pertaining to a similar case
study conducted earlier (Basack and Hadi 2024, Basack and
Sen 2014). The depth of embedment of pile has been kept at
a constant value of L = 10 m, while the pile diameter D has
been varied 0.33 m, 0.5 m and 1 m, so that the L/D ratio
altered as 30, 20 and 10, respectively. The pile head and the
ground water table has been assumed at the ground surface.
The layer thickness ratio z,/L and the soil strength and
stiffness have been varied in specified ranges and
appropriate results relevant to the ultimate uplift capacity
and limiting displacement have been evaluated. The soil
and pile input parameters are presented in Table 3.

For the convenience of conducting the repetitive
analytical computations, a user-friendly computer program
APUL has been developed in Fortran 90 language. Separate
subroutines were written for ultimate uplift pile capacity
and the limiting upward pile head displacement, as well as
for clay overlying sand and vice versa. The flowchart of the
program is portrayed in Fig. 6.

Analytical results pertaining to clay overlying sand and
vice versa have been separately presented herein below
sequentially.

START
Input soil parameters

i‘ Input pile geometry -

£ Overlying ¢ Overdying >
v Sand - NGy -

Repeat =
analyse S 4
for new pile

.....

Fig. 6 Flowchart of the computer program APUL

5.1 Ultimate uplift capacity

Using the developed correlation, variation in the
ultimate uplift pile capacity for various soil parameters, pile
geometry and layer thickness ration (z1/L) has been studied,
using the developed correlations. Separate presentations for
clay overlying sand and vice versa has been made below.

5.1.1 Clay overlying sand

In the case of clay overlying sand, the correlation used
are Eqgs. (6) and (7). It has been noted that failure by a
complete pile-soil slippage took place prior to tensile failure
of pile material. The ultimate uplift pile capacity has been
normalized by acdD?. The values of normalized capacity
have been plotted against the soil layer thickness ration z; /L,
for different values of L/D ratio and soil strength c2, #. and
@', as depicted in Fig. 7. The curves have been curvilinear
with ascending slopes. For the chosen values of L/D ratio,
the normalized capacity initially decreased to minimum
values and thereafter increased. The value of z; /L at which
the minimum capacity was attained was found to be
decreased with increasing soil strength. This plot may be
utilized to evaluate the ultimate uplift capacity of the pile at
the desired soil thickness ratio for the desired L/D ratio and
soil strengths.

5.1.2 Sand overlying clay
In the case where the upper layer is sand while the lower
layer is clay, Egs. (8) and (9) have been applied. For all the
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Fig. 7 Variation of normalized uplift pile capacity with z; /L for clay overlying sand

soil and pile parameters, pile-soil slippage occurred prior to  ith increase in thickness ratio z/L, the normalized
tensile failure of pile. _ ) ) ) capacity was observed to initially decrease up to a

The variation of ultimate uplift capacity of the piles with  inimum value, and thereafter increased progressively. The
the soil layer thickness ratio z; /L have been plotted in Fig. 8 value of z; /L at which this minimization took place

for different soil_strengths of San(_j and clgy. In Or_der to increased with ascending soil strengths of both the layers.
conduct a generalized study, the ultimate uplift capacity has

been normalized by the quantity aK tan 8.y, D3.

For the chosen ranges of soil parameters, pile geometry,
and soil layer thickness, the normalized ultimate uplift pile
capacity was observed to vary from 3 X 10° to 50 x 10°. The
curves were found to be curvilinear with ascending slopes.

5.2 Limiting uward ple dsplacement

Apart from pile capacity, upward displacement of the
pile head due to pullout load is an essential parameter to
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Fig. 8 Variation of normalized uplift pile capacity with z; /L in case of sand overlying clay for bottom clay layer strength
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ensure the serviceability criteria. In this section, the
variation of limiting upward pile displacement with respect
to soil thickness ratio has been studied.

5.2.1 Clay oerlying snd

In this case, Egs. (17) to (20) are applied. The variation
of normalized pile head displacement p, /D with soil
thickness ratio z;/L has been plotted in Fig. 9 for various
soil parameters and pile geometry. With the chosen values
of soil parameters and pile geometry, the magnitude of
normalized pile head displacement was found to vary from

1% to 2.2%. As observed, the variations have been
curvilinear with the magnitude of curvature progressively
decreased with increasing strength and stiffness of upper
clay layer. In case of L/D = 30, the value of p,/D was
found to decrease with initial values of zi/L up to a
minimum magnitude and thereafter increased. On the other
hand, for L/D of 10 and 20, p;,/D decreased continuously.

5.2.2 Sand overlying clay
Herein, the correlations in Egs. (17), (18), (22) and (23)
have been applicable. For different values of strength and



Analysis of single pile in two-layered soil subjected to uplift load

591

2.2
1 (@ Legend —-—— ===~
20 - chikpa) | 30 40 50 30 40 50 30 40 50
] | ne(kPaim) | 3 4 5 3 4 5 4 5
" LD 30 20 10
g
< 16 _\ ————
Q 1 ———
N = — |
< 1.4 1 e ———
SN ] -----_--‘EEE§EEEE_=_E
1.2 1
10‘: ¢’=20° -0 oeoeas
0.8 ] T ] T 1 T 1 T ] T 1 T 1 T 1 T 1 I 1 T
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
z,/L
2.2 ] Clay
] (b) 2 (kPa) 30 40 | s0
2.0 1 e 3 4 5
] 1| kPa/m)
e B = —— Gi, 30 | 40 | s0
g o e = (MPa)
16 4 i e o G et sl i e ot 03 | 04 | os
Q{ h -EE===EEEEEE=: (Mp;/m)
U 14 ] Sand
el =570 SO S O 0 20 | 30 | 40
e T B B B SIS R B B coeecescceee Ge; 0 0 o
1.2 5 Eeseseweses - - e w
] - (MPa)
11 # g ez 3 5 |7
10 T T T T T T T T T T T T T T T T T T T (MPa/m)
0.0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1.0
z,/L
2.2
1 (c)
2.0 4
- /
- /
1= S B oy
§ 18 17 ™~
4 ==
Q o =
X 1.6 A —m—_—esEEEEE==T
14 ¢ ¢'=400 | _ =
: - e w e R S o ew SEsmesss [RAepp—
1.2 ] 1 L) T L) T L) 1 L) 1 L] 1 Ll L] L] T L) 1 I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
z,/L

Fig. 9 Variation of normalized pile head upward displacement with z; /L in case of clay overlying sand, for effective
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stiffness of the sand and clay layers, the variation of
normalized pile head displacement p;, /D with soil thickness
ratio zi/L has been plotted in Fig. 10 for various L/D ratios.
With the chosen values of soil parameters and pile
geometry, the magnitudes of displacement was observed to
vary in the range of 0.38% < p,,/D < 1.35%, as the layer
thickness ratio varied from 0 to 1.

The pattern of variation of normalized pile head upward
displacement (p;, /D) was observed to be increasing with soil

layer thickness (z; /D) in a fairly linear trend. The magnitude of
displacement was found to be reduced with ascending soil
stiffness. For higher stiffness of upper sand layer, the curves
almost coincided for L/D > 0.6. Furthermore, variation of
stiffness of bottom clay layer did not produced notable
variation in the displacement magnitudes. For lowest value of
stiffness of upper sand layer, the curves intersected at z; /L =
0.7.
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5.3 Analysis and interpretations

The appropriate magnitude of uplift pile capacity in layered
soil largely depends upon the relative shear strengths of the soil
layers (Wang 2022). Ascending value of z,/L implies
increasing thickness of the upper layer together with
decreasing thickness of the lower layer. In Figs. 7 and 8, the
values of z,/L has been varied in the range of 0 <z,/L <1.

When the upper soil layer has negligibly less thickness, i.e.,
the value of z/L is close to zero, majority of the uplift pile
capacity is contributed by the lower soil layer. Hence, gradual

increase in the thickness of upper layer associated with
decreased thickness of the lower layer initiates an initial
reduction in uplift pile capacity. For higher values of z,/L, the
upper layer contributes to majority of the uplift pile capacity,
initiating in progressive increase in capacity with ascending
z1/L. Similar observation was found in few earlier studies as
well (Basack and Khabbaz 2024, Yang and Jeremic 2006).
Simultaneously, the L/D ratio as well influences the uplift
capacity significantly (Mitchell 2005).

The magnitude of p, depends upon the strengths and
stiffnesses of both the soil layers, while their relative values
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Table 4 Input data for design illustration

Value
Material Parameter Layer 1: Layer 2:
Sand Clay
Bulk unit weight (kN/m?) 18 15
Initial shear modulus of soil, 0 25
G? (MPa) '
Rate of increase of shear
modulus with depth, 7 8 0252
(MPa/m)
Poisson’s ratio, vs 0.3 0.5
Undrained cohesion at 0 25
ground surface, cZ1 (kPa)
Soil Rate .of increase of cohesion 0 250
with depth, #. (kPa/m)
Adhesion factor, a - 0.8
Effective friction angle, ¢’ (°) 45 0
Interface friction angle, ds (°) 1.0 ¢'® -
Lateral earth pressure .
coefﬁcienlt), K L-sin ¢"° )
Stress reduction factor, Ry 0.9¢ 0.9¢
Depth below ground surface 6 )
(m)
. Outer, D (m) 0.5%*
Diameter
Inner, D;: (m) 0*
Pil Embedded length, L (m) 10 *
e Unit weight of pile material, y, (kN/m?) 254
Young’s modulus, E, (GPa) 3d
Plastic stress in tension, g, (MPa) 500°¢

Data assumed after: “Basack and Khabbaz (2014), *Awad-Alla et al. (2009),
Kulhawy ef al. (1983), Kulhawy (1991), “Randolph (2003), ‘McCormac and
Brown (2015), * Moghadam and Izadifard (2021);

* Arbitrarily assumed.Note: Groundwater table is assumed at ground surface

largely influence the pattern of variation of p; (Basack and
Khabbaz 2024, Yang and Zhou 2008). As per Eq. (16), the
magnitude of p, depends not only upon the uplift pile capacity
but also upon the shear modulus of soil at pile base and mid-
depth, apart from the peak values of interface shear strength. In
case of clay overlying sand, the ascending value of z;/L from 0
to 1 produced increase initial decrease in the normalized
upward pile head displacement (p;/D), followed by progressive
increase for higher values of z,/L , as observed in Fig. 9. The
ascending z;/L produced a variation pattern of p;, similar to that
of P,, which may be justified by the possible fact that the
magnitude of P, has predominant influence on p;, compared to
the magnitudes of p; and p; (see Egs. (18 )-(20)).

In case of sand overlying clay, the value of p;/D increased
fairly linearly with ascending z;/L, as visualized from Fig. 10.
With the given soil parameters and pile geometry, the
component p, was found to be predominant during
computation, compared to the other components p; and p;.
Since p; is a linear function of z; as per Eq. (22), the observed
pattern of variation is justified.

Similar findings were observed in few earlier studies as
well (Basack and Khabbaz 2024, Basack and Nimbalkar
2018).
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Fig. 11 Graphical estimation of B;: (a) Extrapolated
values at ¢’ = 45°, and (b) Evaluation at c3=25 kPa; #. =
2.5 kPa/m

Table 5 Estimated values of P;
cp (kPa), 7.

$'0) KPajm) PL(N)  pu(mm)

30,3 192 39

20 40, 4 230 38.5
50,5 242 38
30,3 219 41

30 40, 4 238 40.5
50,5 258 40.3
30,3 218 41.5

40 40, 4 240 41
50,5 264 40.5

5.4 Design illustration

To illustrate the use of the methodology and design curves
described above, a typical design example has been presented
here.

Banu et al. (2024) conducted a numerical study on bearing
capacity of foundation in a two-layered sand-over-clay subsoil
deposit. The soil data of this study has been utilized to evaluate
the limit-state uplift performance of an assumed concrete pile
embedded in the layered soil. The soil and pile data adopted
herein is presented in Table 4.

Since the above data is for sand overlying clay, the
design curves in Figs. 8 and 10 shall be considered to
estimate the values of P, and p. First of all, the value of P}
has been evaluated from Eq. (5) as 98174 kN. Using Fig. 8
and 10, the values of P} and p; corresponding to the given
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values at ¢’ = 45°, and (b) Evaluation at c2=25 kPa;
ne=2.5 kPa/m

L/D = 20 has been estimated for different values of ¢, ¢
and 7., as presented in Table 5.

The values of B} from Table 5 have been plotted against
the values of ¢ for different values of ¢ and 7. (see Fig.
11(a)) and the curves are extrapolated to estimate the
magnitudes of P for ¢' = 45°. These extrapolated values
have been plotted against different values of ¢2 and 5. (see
Fig. 11(b)) and once again extrapolated to estimate the
magnitudes of P corresponding to the given values of ¢
and 7. as per Table 5. As found, the magnitudes of P} for
z; /L = 0.6 have been evaluated as 196 kN against the
analytically derived value from Eq. (9) as 217 kN, with a
deviation below 10%.

Similarly, the value of p, has been estimated as 35.7
mm, using graphical extrapolation technique shown in Fig
12. From Egs. (17), (18), (22) and (23), the analytical value
of pj has been evaluated as 40.1 mm. The deviation is thus
below 11%.

6. Significance and limitations

Several theoretical and experimental investigations on piles
under uplift load has already been conducted, although
rigorous mathematical analysis on the limit state performance
of tension piles in layered soil have been inadequate. The
solution presented here is based on rigorous mathematical
analysis for limit state uplift performance of single pile in two-
layered soil. In order to verify the accuracy of the correlations

developed, the analytical results have been compared with
available in-situ test data, wherein a reasonably good
agreement is observed. The model has further been utilized to
develop a series of graphical representations on the variation of
ultimate uplift capacity and limiting upward pile displacement
with soil layer thickness ratio, for different pile geometry and
soil strengths and stiffnesses. These curves may be utilized to
design the piles in specified soil and pile parameters.

e The analytical model has following inherent limitations:
The specific installation techniques impart residual
stresses on soil (Reda et al. 2023), but the model is unable
to capture the influence of pile installation.

e The analysis is applicable whenever the layers are pure
cohesive or granular soil. For c-¢ soil, the further analysis
with modification of the correlations might be required
(e.g., Dehghanbanadaki et al. 2021).

e In case of socketed pile, the base is restrained against
upward displacement (Poulos and Davis 1980). The model
is not applicable to such condition.

7. Conclusions

In spite of several past studies on uplift piles, analysis of
piles under pullout load in layered soil is insufficient.
Employing the limit state analysis, a mathematical model has
been developed to derive the ultimate uplift capacity and peak
upward pile head displacement of single pile in two layered
soils. Comparison of the analytical results derived from the
current model with field tests data from the past studies
implied reasonable accuracy of the formulations developed.

The study revealed that the normalized ultimate uplift pile
capacity varied in curvilinear patterns with ascending slopes
with respect to the soil layer thickness ratio z; /L. In case of
clay overlying sand, the normalized capacity P./(acl D? )
varied in the range of 36-225 for the chosen soil and pile
parameters. In case of sand overlying clay, on the other hand,
the normalized pile capacity P./ (aK,tan 8, y. D3) varied
from 2.5 x 103 to 50 x 103. In both the cases, the magnitudes of
normalized capacity initially decreased with ascending values
of z;/L, and thereafter increased gradually. The value of z; /L at
which the minimum capacity attained was found to increase
progressively with ascending shear strength of soil layers.

The normalized peak upward pile head displacement p /D
was observed to vary with z;/L. The magnitudes of peak
displacement progressively decreased with increasing soil
strength and stiffness. In case of clay overlying sand, the
pattern of variation was curvilinear with ascending slope. With
the chosen soil and pile parameters, the magnitude of pyD
varied in the range of 1% - 2.2%. With ascending value of z;/L,
the peak displacement initially reduced and thereafter
increased, for L/D ratio of 20 and 30, the minimum magnitude
being occurring at z;/L = 0.75 and 0.85, respectively. In case of
sand overlying clay, on the other hand, the pattern of variation
was found to be almost linearly increasing, with the
magnitudes varying from 0.38% to 1.35% for the chosen soil
and pile parameters.
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