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ABSTRACT

The increasing use of rock-socketed piles highlights the importance of developing a suitable
design method for their bearing capacity. This study quantifies the shear behavior of the rock-pile
interface, which generally dominates the bearing capacity of rock-socketed piles under service
load. A micromechanics-based rock-pile interface model with idealized nonuniform profile is
proposed with two enhancements: (1) the slip line method together with nonlinear Hoek-Brown
failure criteria is integrated to identify the critical shear displacement of rock asperity; and (2) the
residual stage of shear behavior is properly considered with the rounding progress of sheared
rubbles. Then, the interface model is implemented via user defined FRIC into the finite element
code ABAQUS without the need of explicitly building the rock-pile interface profile. Comparison
between the predictions and field observed results shows this method can well capture the axial
load transfer behavior of pile socket into weak rock. Comparison between the predictions and
field observed results shows this method can well capture the axial load transfer behavior of pile
socket into weak rock.

1 INTRODUCTION

Rock-socketed bored piles are widely used to support superstructures due to the high axial capacity from
both side and toe resistance from the portion of the pile embedded into rock socket (BD (Buildings
Department Technical Committee of Hong Kong) 2017). The shaft resistance of drilled rock sockets typically
bear a major proportion of working load on the piles, which can account for 80-85% of their total capacity
(Chen et al. 2021). This is due to the fact that the mobilized displacement between the shaft and surrounding
rock required for the ultimate shaft resistance is smaller than that for the ultimate toe resistance (Carter and
Kulhawy 1988). Therefore, predicting pile shaft shear behavior is more critical than predicting toe resistance
(Seol et al. 2009, Akgiiner and Kirkit 2012). Numerous experimental studies have been conducted to
investigate the performance of side resistance on drilled shafts embedded in rocks (Williams 1980, Leung and
Ko 1993, O’Neill et al. 1996, Dykeman and Valsangkar 1996, Carrubba 1997, Zhan and Yin 2000, Ng et al.
2001, Omer et al. 2002, Kou et al. 2016, Dai et al. 2017, Xu et al. 2020, Chen et al. 2021). The investigation
of influence factors such as test pile details (e.g., pile dimension, socket depth and construction techniques),
rock mass characteristics (e.g., rock types and rock stiffness) and rock-pile interface roughness have been
reported. However, the lack of detailed information about the constructed socket profile in most of these
studies makes it difficult to quantitatively analyze the impact of socket-pile interface roughness on pile side
resistance, despite interface roughness being the primary factor influencing shaft friction.

Several interface models (Castelli et al. 1992, O’Neill and Hassan 1994, Seidel and Haberfield 2002, Seol
et al. 2009, Tian et al. 2015, Li et al. 2019, Zhao et al. 2022) have been proposed to predict the shear
mechanisms between pile shaft and rock joints based on numerous studies and shear tests conducted under
constant normal stress (CNS) and constant normal stiffness (CNS) boundary conditions. O’Neill and Hassan
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(1994) suggested a hyperbolic shear functions that considers the pile diameter and Young’s modulus of the
rock. Seol et al. (2009) employed a nonlinear triple-curve model to describe the shear load-transfer
characteristics of the rock-socketed pile shaft based on the Hoek-Brown failure criterion. Tian et al. (2015)
presented an interface model that considers the elastic stage of cohesive bond and the post-peak stage due to
the bond failure and increasing friction. Li et al. (2019) proposed an analytical model for rock joint shear
behavior consisting of waviness and unevenness asperities separated by wavelet analysis.

The shear mechanism of the rock-socketed pile shaft is of particular interest in this study. The motivation
of this paper is to develop a rock-pile interface model and provide a valuable method to calculate the axial
bearing capacity of piles socketed into weak rock, since the weathered rock layer is widespread in Hong Kong
(Ng et al. 2001). In this paper, a micromechanically based interface model focusing on the shear behavior
between the pile shaft and weak rock has been proposed considering rock mass with nonlinear failure criteria
with two enhancements: (1) the slip line method together with nonlinear Hoek-Brown failure criteria has been
integrated to identify the critical shear displacement of rock asperity; and (2) the residual stage has been
elaboratively considered based on the evolution of the rock particle breakage. Then, the proposed interface
model is integrated into the ABAQUS finite element (FE) code with no need of explicitly building the rock-
pile interface profile. The accuracy of the proposed method is validated through comparisons between the
simulation results and the field observed results.

2 ASSUMPTIONS FOR THE PROPOSED MODEL
2.1 Boundary conditions

Two common types of boundary conditions are typically used in direct shear tests, namely constant normal
load (CNL) and constant normal stiffness (CNS). The CNL condition is suitable for studying planar and non-
reinforced slope stability issues (Johnston and Lam 1989). However, for the analysis of rock-socketed piles
under axial loading, the downward motion of the pile reduces the contact area at the interface while the pile
undergoes dilation due to the confinement of the socket wall. As a result, normal stress is not constant but
increases with the development of dilation, as depicted in Fig. 1. Hence, it is more appropriate to apply the
CNS condition to model the shear behavior of the rock-pile interface. To incorporate this condition in the
interface model, a spring is employed to represent the CNS boundary condition. The stiffness of the spring can
be determined based on the expanding infinite cylinder theory in an elastic half-space, as outlined by Johnston

and Lam (1989):
Ao, E |
Ar R(1+v) M

where K is the spring stiffness; E is the elastic modulus of the rock; R is the radius of the pile shaft, v is the

Poisson’s ratio.
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Fig. 1. Bored pile socket into rocks: (a) initial rock-pile interface after casting; (b) pile settlement after axial loading
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2.2 ldealized profile of the interface model

It is worth noting that the use of a uniform simplified surface can result in synchronized shear behavior of
each asperity, encompassing both the pre-peak and post-peak stages. However, in natural rock boreholes, the
shear behavior of individual asperities occurs separately, and each asperity contributes to the overall global
shear stress independently (Zhao et al. 2021). To address this limitation, an idealized nonuniform triangular
surface with the same inclined angle, 8, is proposed to represent the complex rock profiles, as illustrated in
Fig. 2. For instance, considering a pile-rock interface with a nominal length of L, the length of a series of
asperities can be determined through linear interpolation in an ascending sequence within the range of the
minimum and maximum asperity lengths. The chord length of the i th (1 <i < n) asperity can be expressed as

follows:
(24, =24)(i-1)
)
n—1
where n is the number of the asperities and #n=L/ (1i+ An); 241 and 24, denote the minimum and maximum
asperity length, respectively, which can be estimated by field-scanned borehole surface.
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Fig. 2. Sketch of the uniform triangular rock-pile profile
2.3 Single asperity and multi-asperity behavior

The basic friction law can be employed to describe these two stages of shear behavior (Patton 1966):
r=0, tan(¢, +0)
3)
7, =0, tan(p,)
where 7 and 7 denote the shear stress in the dilation and post-peak stage; ¢i and ¢ are the base friction and
residual friction angles; 6 is the asperity inclination angle; o, represents the normal stress, which is related to
the initial normal stress ano, dilation displacement, y and spring stiffness, K. The relationship can be expressed
as:
o,=0,,+Ky=0,,+Kwtan@ 4)
where the dilatancy displacement, y, is equal to wtan#; w is the relative shear displacement of the interface.
When combining a series of incremental-length asperities at the rock interface, the lift-off behavior needs

to be considered. To be specific, as the dilation progresses, the initially closely contacted asperities would be
separated, the smaller asperities will lose contact and undertake no more shear stress, as indicated in Fig. 3.
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(a) single rock asperity at the critical state (b) newborn wedge slides along the failure surface
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Woﬁ“ Rock mass
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(c) local lift-off of the newly generated wedge
Fig. 3. Shear development of the newborn sliding wedge
3. DERIVATION OF THE MICROMECHANICS-BASED INTERFACE MODEL
3.1 Critical shear displacement with Hoek-Brown model

In this study, the rock mass is regarded as a Hoek-Brown material, the Hoek-Brown failure criterion is
defined as follows (Hoek and Brown 2019):

a
!
o
o/ =0,+0, [mh 0_—3 + s] (5)

ci

where o, and o, are the major and minor effective principal stresses at failure, respectively; o, is the

1

unconfined compressive strength (UCS) of the intact rock mass; m, is the reduced material parameter derived

from m; for intact rock mass; s and a are the parameters that rely upon the rock mass characteristics. These
parameters are functions of the geological strength index (GSI) and can be calculated as follows:

(GS]—IOOJ
m, =m, exp| —————

28-14D
GSI -100
s =€xXp 9—T (6)

SRR IEY
276l Pl s Pl73

where D is the disturbance coefficient which varies from 0 for undistributed rock mass to 1 for highly
disturbed rock mass; 7; is the constant of the intact rock which counts mainly on lithology and mineralogy of

rock and can be obtained from experimental measurements. For intact rock, the constants can be set as s = 1
and a =0.5.
The ultimate bearing capacity of the weightless rock asperity can be written as (Serrano and Olalla 1994):

p.=B(N;~¢) (7)
where 8 and & are constants and S=m,0,/8, {=8s/m;; N, is the parameter of bearing capacity

and N, = (cot2 £ ) /2+ (1 —sinp, ) /sinp,; p, is the instantaneous friction angle of zone A.

Following Serrano and Olalla (1994), the stress state associated with the o characteristic line (i.e.,
Riemann’s invariant) can be expressed by Eq. (8) taking into account the Hoek-Brown failure criteria:

%[cotp+1n(cot(p/2))]+l//=1 (8)

where p is the instantaneous friction angle, defined as p=arcsin(dq/dp), where p and g represent the mean
stress and deviatoric stress in the plane, respectively; w denotes the counterclockwise rotation angle from x-
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axis to major principal stress; / is the integration constant. Consequently, the stress state in both zone 4 and
zone B can be interconnected by the following relationship:

1 1
5[cotpA +ln(cot(pA /2))}”///1 =5[cotp3 +1n(cot(pB /2))]“//5 =1 9)

where pg is the instantaneous friction angle of zone B and can be calculated as p, =sin”' (1 / (1 +42¢ )) .In

this analysis, ¥, — ,=0-7/2 . This equation is used to determine the value of p,.

The normal stress on the asperity surface, oni, gradually increases with the onward shearing, resulted the
dislocation of the asperity and the occurrence of dilation under the CNS boundary condition. When oni equals
to the ultimate bearing capacity, p., the rock asperity enters the critical state. At this point, the asperity
undergoes failure and is sheared off, as illustrated in Fig. 3(a) and (b). The value of oni at failure can be
determined as:

_2(0,cosf+1sinb)

ﬂ/_WC}”

o

ni

(10)

where w,, is the critical shear displacement and can be derived considering o,; = p. by substituting Eq. (7)
and Eq. (10):
pA—=2A0,,(cos0+tan(p,+06)sin0)

w, = - (11)
22K tan 6(cos 0 +tan (¢, +6)sin0) + p,
In the multi-asperity model, the shear-off criterion, (W,-” A ) , can be given by:
pA—-240,,(cos@+tan(p, +0)sind
(w2 ) = wni =w o (g +0)sind) (12)

21K tan 6(cos 6 + tan (¢, +6)sin )+ p,

where the subscript i is the asperity index, when f (Wfr, /1,-) =0 indicates the failure of i-th asperity.

No sooner had the largest asperity been sheared off than the normal displacement changing from dilation to
contraction. A noteworthy aspect of this study is the behavior of the granular material, which is detached from
the rock. As depicted in Fig. 4, the separated granular material experiences compression and exhibits
translation and rotation at the interfaces with the concrete and rock boundaries.

J”l Pie Gravity direction

Shding rock wedge

Compressed

Curved failure surface
Rock mass

22

Fig. 4. Local compression after the largest asperity has been sheared off

In order to provide a detailed illustration of this influence on shearing behavior, the red dashed line circle
area in Fig. 4 is magnified and shown in Fig. 5. For simplicity, a single rock particle is selected as a
representative to analyze the transformation of its morphology. Based on observations from rock compression
and sliding tests (Seidel and Haberfield 2002, Gehle and Kutter 2003, Zhu et al. 2010, Xu et al. 2020, Zhao et
al. 2023), the hypothetical evolution of particle shape with compression and sliding is depicted in Fig. 5 (a)—
(¢). The granular material will gradually experience rounding with an increasing shearing displacement,
resulting in a lower shear resistance on account of the transition from sliding friction to rolling friction in the
global frictional behavior.
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Fig. 5. Evolution of particle shape with shearing

However, there is currently no established method for quantifying this friction mechanism. Therefore, a
novel friction parameter, ,u*, is proposed to describe the shear behavior after the largest asperity has been
sheared off, as shown below:

1 =(1-B)x+Bpy,
. w—wo (13)

BV :b cr
-l-W—Wmlx

where K is the friction coefficient after the single asperity has been sheared off; 4. is the residual friction
parameter, 4 =tan@,, @, is the residual interface friction angle; B, is the friction degradation factor, which

is related to the shear displacement, w, the critical displacement of the largest asperity, w_  and a constant, b,

ax

which controls the rate of degradation.
3.2 Schematic representation of calculation result of proposed model

The schematic representation of the calculation results showing the relationship between shear
displacement and shear stress using this interface model is presented in Fig. 6. The plot shows the progression
of shear in three stages, separated by the two critical displacements. To be specific, in stage 1, the shear stress
shows a linear increase with shearing until the minimum asperity is sheared off. In stage 2, as the asperities
progressively shear off, there shows an abrupt change in local stress, leading to stress oscillation. After
reaching the peak shear stress, a degradation trend is observed on account of the dominance of lift off in the
shear behavior. The system enters stage 3 once the shear displacement meets the maximum critical shear
displacement, indicating that all the asperities have been sheared off. In stage 3, the shear stress gradually
decreases until it stabilizes.
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Fig. 6. Schematic representation of calculation result of proposed model

4 FINITE ELEMENT IMPLEMENTATION
4.1 Finite element model of the rock-socketed pile

Fig. 7 shows the schematic and mesh details of the typical axial loaded rock-socketed pile model,
incorporating the user-defined interface model. For simplicity, this model is interpreted as 2D axisymmetric.
The model has with a width of 20 times the pile diameter, D, and a height of 2 times the socket length, L, from
the socket head to the bottom boundary. The model scale is chosen to be large enough to ignore the boundary
effects on pile axial bearing performance (Liang et al. 2021). The tangential behavior between the pile shaft
and socket wall is simulated using the user-defined interface model proposed in this study. The pile is
assigned an isotropic linear elastic material. The socket and bearing layer are assigned the Hoek-Brown
material via using the user material subroutine UMAT following Clausen and Damkilde (2008). The vertical
boundary on the left side is an asymmetrical line, while the roller boundary and the fixed boundary are applied
on the side and bottom of the model, respectively. A denser mesh is employed near the pile and a coarser
mesh is adopted far away from the pile to minimize the influence of the stress concentration and enhance the
calculation efficiency. The analysis utilizes four-node bilinear axis-symmetric finite elements (CAX4). In the
model verification process, the geostatic step is calculated to establish the initial stress state. After the
equilibrium of the geostatic, the equivalent axial pressure is applied with displacement controlled axial
loading on the socket head.
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Fig. 7. Schematic representation for the typical 2D axisymmetric axial loaded rock-socketed pile FE model

The flow chart that outlines the user-defined subroutine FRIC for the interface model developed in this
study is plotted in Fig. 8. The subroutine takes the constants of the proposed model and the variables
computed from ABAQUS as inputs. The subroutine examines the contact pressure (PRESS) and the relative
motion flag (LM) to determine the contact status of interface elements and if relative motion is permitted (if
the contact point can slip, LM is assigned a value of 0; if the contact point is sticking, LM is equal to 1; if the
contact is open, LM is equal to 2). If the conditions are satisfied, the subroutine calculates the shear stress
(TAU(1)) and shear stiffness (DDTDDG(1,1)), which are subsequently updated in the main program.
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Fig. 8. The flowchart of the userideﬁned subroutine framework of the proposed analysis
4.2 Application to field cases

4.2.1 Case 1
The shaft under investigation was situated in downtown Dallas, Texas, and the field test was conducted
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by O’Neill et al. (1996) The sub-soils of the site consisted primarily of a 3 m thick layer of fill, followed by
the undisturbed clay-shale with calcareous pockets. The socket was excavated by the soil auger, and the
diameter of the tested pile was 0.61 m. The pile was embedded to a depth of 9.44 m, with a socket length of
6.44 m. A Styrofoam plug measuring 0.15 m in thickness was placed beneath the pile toe to exclude base
resistance and ensure the complete mobilization of the shaft resistance. Fig. 9(a) provides an illustrative
idealized depiction of the cast-in-place pile. The model parameters and interface properties are summarized in
Table. 2.

4.2.2 Case 2

The static load test was conducted on bored pile socket into the conglomerate by Skeji¢ et al. (2022) The
geotechnical site characterization revealed a layer of sandy gravel and cobbles with a thickness of 4 meters,
succeeded by a 7-meter-thick layer of poorly cemented conglomerate, and a transition to well-cemented
conglomerate. The combined drilling method, core barrel and casting were utilized to create the borehole. An
instrumented pile with a diameter of 0.9 m and an embedded length of 10 m was then constructed. To
eliminate any contribution from shaft resistance above the socket level, a steel sleeve with a length of 7 m was
installed. Additionally, a 10 cm thick layer of Styrofoam was placed under the pile toe prior to installation, as
shown in Fig. 9(b). v

T~ N : N, NN
Om Om
Medum
plasticity clay Sandy gravel
il Steel sleeve and cobbles
v Socket head
-3.0m
v
-4.0m
Clay shale
Socket head Poorly cemented
70m conglomerate
y Pike toe
944 m J
Styrofoam / —— 2R =0.61 m y Pik toe
-9.59 m -10.0m 5
Styrofoam /|—— 2R=09m
-10.1 m
(a) (b)

Fig. 9. Sketch of cast-in-place test pile for different cases: (a) Case 1; (b) Case 2
4.3 Parameters for analysis and comparison results

The material parameters and the interface parameters that are chosen for the finite element analysis based
on the field test are summarized in Table 1. The parameters for Hoek-Brown failure criteria, including sci,
GSI, m;i and D are determined following the methods proposed by Hoek and Brown (Hoek and Brown 1997,
2019) and Hoek et al. (2002) The interface profile parameters, such as q , 7, /min, and /max, are determined from
field-measured borehole roughness. Horvath et al. (1980) defined the roughness factor (RF) to quantify the
roughness of the rock socket interface, as shown in Eq. (14).

h L

RF =21
RL (14)
where R; is the radius of the socket; /im, L and L represent the average asperity height, travel length and
nominal length along the socket side wall, respectively. These parameters can be determined from field
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scanned roughness data. The calculated RF for this idealized nonuniform interface profile can be used to
provide additional verification by comparing it to the field-measured RF.

Importantly, the laser-based profiling scanning technique estimated the quantitative socket roughness (RF) to
be 0.0215 in Case 2 (Skeji¢ et al. 2022). Remarkably, the calculated RF using the proposed interface model
closely matches the site-measured value, with a value of 0.0216. This congruence between the calculated and
measured RF' values provides strong validation for the effectiveness of the proposed profile. Similarly, the
calculated RF for Case 1 is 0.0076, consistent with the essentially smooth field-measured profile (O’Neill et
al. 1996).

Table 1 Material and interface parameters used for finite element analysis

Oci

C Material E MP < R O R L b RF
ase aterial type a v MP  ® mj b 0i O ‘ n B
mm mm

a
Case 1
Socket Hoek-Brown 232 0.3 1 30 5 0 - - - - - - - - -
Pile Linear elastic 27600 0.3 - - - - - - - - - - - - -
Styrofoam Linear elastic ~ 10®@ 8)3 - - - - - - - - - - - - -
Interface User-defined 232 0.3 1 30 5 0 30 24 10 (1)0 1 10 2.4 0.5 0.0076
Case 2
Socket Hoek-Brown 1500 0.25 9 50 22 0 - - - - - - - - -
Pile Linear elastic 15000 0.3 - - - - - - - - - - - - _
Styrofoam  Linear elastic ~ 10® 2)' 3 - - - - - - - - - - - ; -
Interface User-defined 1500 0.25 9 50 22 0 58 56 30 (1)0 2 25 -5 0.5 0.0216

@ Predicted value by £=0.0097°~0.014p+1.8, p is the Styrofoam density (Eriksson and Trank 1991)

® When field or laboratory tests are unavailable, o, GSI, m; and D can be estimated from Hoek and Brown (Hoek and Brown 1997, 2019, Hoek et
al. 2002)

© Determined from field measured roughness and verified with roughness factor (RF) (Horvath et al. 1980)

@ Estimated from Seidel and Haberfield (2002)

© Estimated from Dai et al. (2017)

Fig. 10 presents the measured and simulated axial load distributions with socket depth for the two cases.
The FE analysis results predicted by proposed model demonstrates good agreement with the field
measurement, capturing the overall load transfer trend accurately. It is clearly observed that as the axial load
increases, a substantial portion of the shaft friction is contributed by the upper section of the socket, gradually
diminishing towards the pile toe.

Axial load / kN Axial load / MN
0 200 400 600 800 1000 1200 1400 0 2 4 6 8
& 0.0

. o . o

g2+ =i
= =
= =
& =
2 3
5 -
Sat £
3 g
[#0] vl
O Measured by O'Neill et al. (1996) - O Measured by Skejic et al. (2022)
. — Predicted with proposed model 100 Predicted with proposed model
q 1 1 1 1 1 1 L L L L 1
(2) (b)

Fig. 10. Simulated and measured axial load distributions with socket depth (a) Case 1; (b) Case 2
5 CONCLUSIONS

This paper provided an enhanced method to estimate the load transfer behavior for the drilled shaft
embedded in weak rocks. The micromechanics-based interface model with nonuniform profile was
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thoughtfully developed with two enhancements. Slip line method combined with nonlinear failure criteria was
integrated to derive the critical shear displacement for single rock asperity. The residual state of shearing was
well considered based on the evolution of the sheared off debris with the novel friction parameter being
proposed. The general shear constitutive function was divided into two scenarios, i.e., global dilation and
global compression, to calculate the shear stress. This interface model can be implemented as a user-defined
subroutine into the finite element code ABAQUS. This implementation does not require external elaboration
to explicitly build the rock-pile interface profile. The applicability of this method was well examined with
field-monitored results from literature, in which the axial bearing capacity of the pile was effectively captured.
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