Hindawi

Advances in Civil Engineering

Volume 2020, Article ID 8882698, 13 pages
https://doi.org/10.1155/2020/8882698

Research Article

Hindawi

Side Friction of Rock-Socketed Piles Involving Thick Sediment

Tie Hang Wang,1 Liang Zhang ,! Yan Zhou Hao ®,! and Xin Jin?

College of Civil Engineering, Xi’an University of Architecture and Technology, Xi’an, Shaanxi 710055, China
2School of Civil & Architecture Engineering, Xi’an Technological University, Xi'an, Shaanxi 710021, China

Correspondence should be addressed to Yan Zhou Hao; 30010508@hncj.edu.cn
Received 1 June 2020; Revised 25 October 2020; Accepted 5 December 2020; Published 16 December 2020
Academic Editor: Xueping Fan

Copyright © 2020 Tie Hang Wang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This paper investigates the skin friction transfer characteristics of the rock-socketed section of a rock-socketed pile resting on thick
sediment by conducting in situ core-drilling tests and static loading tests. Test results show that when using the impact hole-
forming method in weakly cemented soil, a layer of sediment is deposited at the pile bottom. Due to the existence of sediment,
when the load reaches a certain value, sudden and large subsidence is observed. This indicates that the end resistance does not
contribute to the bearing capacity. Thus, it is not appropriate to consider both end resistance and side resistance in the existing
design method of a rock-socketed pile. The bearing capacity of a single rock-socketed pile should be determined according to the
side resistance of the soil layer and rock-socketed section only. Numerical analysis is performed to determine the deformation and
load-carrying capacity of the pile and the distribution of friction on the sides of the rock-socketed segment. Under a given applied
load, small settlement is observed when socketed thickness and rock strength are relatively large. The distribution of side friction
of the socketed segment along the vertical direction shows a double-peak saddle shape. When the socketed thickness and rock
strength are relatively smaller, the lower peak is higher than the upper peak, and conversely, when the socketed thickness and rock
strength are relatively larger, the lower peak is smaller than the upper peak. For a given applied load on the pile top, smaller
socketed thickness results in larger settlement and side friction. Due to the thick layer of sediment, the axial force of the rock-
socketed segment of the pile gradually decreases along the vertical direction from the applied load on the pile top to zero at the
bottom. According to the mechanical properties at different shear stages, a function is derived for the complete constitutive model
for a pile-rock interface. Analytical solutions for the friction of a single pile are obtained under the conditions of failure and
elasticity deformation of the surrounding rock. Its load transfer equation is derived as well. Accordingly, an equation is proposed
for calculating the bearing capacity of rock-socketed piles resting on sediment at the bottom.

1. Introduction

Rock-socketed pile is a special type of pile foundation that is
widely used in the construction of multistoried buildings
and bridges. As an important type of bored pile, it is be-
coming popular in engineering construction in recent years.
At present, most rock-socketed piles are constructed by the
method of manual excavation or impact drilling. The bottom
of manual excavation is clean and easy to check, and the
prediction of bearing capacity is reliable, so the manual hole-
forming method is the most widely used method in engi-
neering construction. However, it is generally applicable
only to large-diameter piles, shallow burial depths in

bedrock, and shallow groundwater level. Impact hole
forming is used where these conditions are not satisfied.
For using the impact hole-forming method, due to the
limitations of mechanical equipment and the process of
placing steel reinforcement cage and pouring pipe, the upper
soil layer (especially the gravel stratum) is collapsed, and a
thick layer of loose sediment will be generated at the bottom
of the pile. A rock-socketed pile is designed by assuming that
most of the load is transferred through the side resistance
caused by the contact between the pile and rock, and the
remaining load is transferred through the base resistance of
the bedrock [1]. However, because of the thick sediment at
the bottom of the pile, the end resistance will be affected and
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its prediction becomes unreliable. Therefore, according to
the existing bearing capacity calculation method [2], it is
unsafe to consider the side resistance and end resistance at
the same time to determine the bearing capacity of a single
pile when a percussive drilling method is used.

There are many theoretical and experimental studies
on the bearing capacity of rock-socketed piles [3]. For the
bearing characteristics of rock-socketed piles, scholars in
China and abroad have performed a series of studies.
Field and laboratory tests are often performed to de-
termine the load transfer function and load-settlement
curve of the pile and, hence, to determine the bearing
capacity of the pile. In this respect, the research was
pioneered in the United States by Seed and Reese, who
proposed that the relationship between side friction and
pile settlement was hyperbolic. The study regarded a
rock-socketed pile as composed of many elastic elements.
Each element and the soil would meet a certain rela-
tionship, which is usually expressed by a load transfer
function or curve. Then, according to the static equi-
librium relationship of each element of the pile body, a
basic differential balance equation was established [4].
According to the measured load displacement curve, a
hyperbolic load transfer function was adopted for the
side and the end resistance, and a numerical solution of
the pile side resistance and base resistance was discussed
[5]. Liu et al. conducted a vertical static load test and an
internal force test on a rock-socketed pile and summa-
rized the load-settlement curve of a rock-socketed pile, as
well as the variation law of axial force and lateral re-
sistance along the depth [6]. Barrett and Prendergast
summarized the empirical relationship between the
compressive strength of the surrounding rock in the
rock-socketed section and the bearing capacity of a single
pile based on a large number of field load tests of rock-
socketed piles [7].

In the early days of the studies on the bearing capacity of
a rock-socketed pile, it was thought that the deeper the
socket depth, the greater will be the resistance of the rock-
socketed pile and the bearing capacity. However, with
turther studies, scholars realized that increasing the depth of
a rock-socketed pile can effectively improve the bearing
capacity only to a certain depth range, after which there is
almost no effect on the bearing capacity of a single pile
socket. This indicated that there would be an optimum depth
for a rock-socketed pile [8].

The bearing capacity of a rock-socketed pile depends
on several factors including the relative displacement
between the pile and rock (soil), and the displacement is
related to the rock stratum lithology, elastic modulus of
pile concrete, section size, construction technology, and
the degree of bottom cleaning at the pile end [9]. As many
factors influence the performance of a pile and a rock-
socketed cast-in-place pile has the characteristics of
strong concealment, its bearing mechanism is also
complex [10]. Through extensive engineering practice and
numerical analysis, scholars have found that the rough-
ness of the wall of the bored hole has the greatest influence
on the bearing capacity of rock-socketed piles [11, 12].
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Luo et al. investigated the shear behaviors between the
bolt and grout material under different initial normal
stress and normal stiffness of the borehole wall. The test
results show that both initial normal stress and normal
stiffness significantly influence the interface shear be-
havior [13].

A standard for the wall roughness was proposed in 1980.
Based on the test data of rock-socketed pile embedded in
sandstone, the roughness of the hole wall was divided into
four grades, R1, R2, R3, and R4; they are smooth, general,
rough, and very rough, respectively. When the integrity of
rock around the pile is good and no open discontinuities
exist in the rock mass, the relationship between the pile side
resistance and the unconfined compressive strength of the
rock meets the following relationship [14].

When the roughness is between R1 and R3,

f =045, (1)
When the side wall roughness is R4,
f =06+, (2)

where f is the pile side resistance and S. is the unconfined
compressive strength of rock [15].

Horrath introduced a roughness factor called RF to
quantitatively describe the hole wall roughness and pro-
posed a method to calculate the side resistance. Based on the
study, the greater the roughness factor, the greater was the
pile side resistance when other conditions remained same
[16].

Although the static load test is the most reliable method
to obtain the bearing capacity of piles [17], it is not suitable
for all test schemes due to the limitation of cost, reaction
system, and space [18]. Many researchers have investigated
the bearing capacity of rock-socketed piles through nu-
merical analysis. Numerical simulation analysis of a rock-
socketed pile includes three parts mainly: rock mass, pile
concrete, and pile-rock (soil) interface. The finite element
method can be effectively used to calculate the bearing
capacity and predict the settlement of a single pile [19].
Leong and Randolph used finite element analysis to study
the response of the pile body, with particular attention to the
shaft response with and without intimate base contact [20].
Alnuaim et al. took a friction pile as the research object and
studied the characteristics of side friction resistance under
vertical load until failure [21]. Seol et al. analyzed the
coupling effect of soil resistance in the rock-socketed shaft by
the elastic-plastic finite element method and studied the slip
and shear load transfer characteristics of the pile-soil in-
terface [22]. Yu et al. used plane strain model to simulate
layered foundation and bedrock [23]. Zhang et al. used a
numerical simulation method to analyze the dynamic re-
sponse of a rock-socketed steel elevated vertical wharf [24].
Gamage took a pile raft foundation as the research object
and performed detailed numerical analysis to investigate its
load transfer and the influence of various factors on the pile
raft behavior [25].

Existing calculation methods of bearing capacity of rock-
socketed piles are as follows [26]:
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Qu = qu + Qru + Qbu

. (3)
=u Z CsiqsuiLsi + uZ(rfrchr + (bfrcAb’
1

where Q, represents the ultimate bearing capacity of a rock-
socketed pile; Qy, and Q,, represent the side resistance of the
soil layer around the pile and socketed section; Qy, repre-
sents the bottom end resistance; gg,; represents the ultimate
side resistance of the soil layer “i” around the pile; ; is a
coeflicient representing the degree of exertion of the soil
layer’s side resistance; and (, and {}, represent correction
coefficients. Moreover, f,. represents the compressive
strength of bedrock; u; and u, represent the circumference
of the pile in soil and rock, respectively; Lg; represents the soil
thickness; h, represents the socketed depth; and Ay, repre-
sents the area of the pile bottom.

In summary, due to the lack of consideration of ad-
verse effects of sediment in the rock-socketed pile design
methods, existing research has difficulty to provide the-
oretical basis for the design of rock-socketed piles in-
volving sediment at the pile bottom. Therefore, the
bearing capacity of a pile was overestimated in the cal-
culation (equation (3)). To overcome the current design
flaws, this study conducts on-site tests to analyze the
sediment thickness and bearing capacity of rock-socketed
piles with impact hole forming. The sediment thickness,
rock strength, pile-rock interface differences, and other
factors are considered. The bearing performance of rock-
socketed piles is analyzed numerically, and the influence
of various factors on the bearing performance of rock-
socketed piles with thick sediments is discussed. This
paper proposes a method for calculating the bearing ca-
pacity and demonstrates the method through a design
calculation for the rock-socketed pile for theoretical
understanding.

2. Bearing Performance and Field Test Study of
Rock-Socketed Piles

Firstly, a core pulling test was conducted to verify the
sediment thickness at the bottom of a rock-socketed pile
when a percussive drilling method was used in the weak
cemented soil layer. Then, the vertical load test of the rock-
socketed pile with thick sediment at the bottom of the pile
was performed to verify the influence of sediment on the
bearing capacity of the rock-socketed pile.

Table 1 shows the stratigraphic distribution of a mine-
produced warehouse site in Shaanxi, China. The depth of the
groundwater level exceeds 7.00m. This project adopted
bored concrete piles. The pile diameter was 1.20 m, and the
concrete strength grade was C30. The construction adopted
the impact hole-forming method, and the depth of the pile
end entered the medium weathering rock layer at a depth of
1.50m. Before the steel cage was placed, the hole was
mechanically cleaned according to the construction
regulations.

Even though the pile hole was strictly cleaned by me-
chanical measures, weakly cemented soil and the gravel layer

around the pile were collapsed when placing the steel cage
after clearing the hole. Twelve piles were randomly selected
for the borehole core pulling test. One sample for each test
pile was drilled 0.15m away from the center of the pile. A
drilled sample was placed into a sample box from top to
bottom, and the drilling conditions and abnormal drilling
situation were recorded. The core concrete, pile bottom
sediment, and pile end holding layer were recorded in detail.
According to the test result, the concrete core samples of
each sampled pile were continuous and complete. The
sediment thickness at the bottom of the pile was between
0.38 m and 0.89 m, as shown in Table 2. The composition of
sediment was mainly pebble-mixed soil (Table 2).

When a weakly cemented layer was encountered around
the pile and the impact hole-forming method was used for
construction, thick sediment was generally present at the
bottom of the pile (Table 2). The static load test results of the
rock-socketed pile with the thickest sediment at the bottom
of the pile were analyzed. Pile 6, pile 9, and pile 11 were taken
for a pile static load test, as shown in Figure 1. The slow-
speed maintenance load method was adopted; each stage
increases 870 kN, and the first stage load was 1740 kN. The
settlement at 5, 15, 30, 45, and 60 minutes after the load was
applied was observed. When settlement less than 0.1 mm in
one hour, it could be considered that the test pile was stable
and the next load could be continued. When the settlement
at the certain load is greater than 5 times at the previous load,
it was regarded as the failure of the test pile and the loading
terminated [6]. The test reaction force was weighed by the
anchor pile and steel beam, pressurized by using a hydraulic
jack, measured by using a pressure gauge, and observed for
settlement by using a dial indicator. The load-settlement
curves (Figure 2) show that, during the later stage of loading,
the settlement of the three piles increased sharply, and the
settlement was not stable.

At the initial stage of loading, the load-settlement curve
of the three test piles was relatively gentle and the settlement
was comparatively low. However, when the load reached a
certain value and the relative pile-soil displacement in-
creased, the ultimate friction resistance at the pile side was
exceeded, and the pile suddenly lost stability followed by
sinking (Figure 2).

According to the load-settlement (Q-s) curves shown in
Figure 2, the load value corresponding to the initiation point
of the curve falling obviously can be regarded as the ultimate
bearing capacity. Therefore, the ultimate bearing capacity
against vertical load of pile 6 and pile 9 was 6960 kN, and the
vertical compressive ultimate bearing capacity of pile 11 was
7830 kN. According to the existing design method (equation
(3)) of rock-socketed piles, the vertical compressive ultimate
bearing capacity of a single pile composed of side resistance
and end resistance would be 10440 kN. Compared to the
calculated value, the ultimate bearing capacity of the three
rock-socketed piles was significantly reduced when there was
a thick layer of sediment at the bottom of the piles. This
discrepancy suggests that when the impact hole-forming
method is used for constructing a pile and weakly cemented
layer is present around the pile, it is unsafe to determine the
bearing capacity according to the existing design methods.
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TaBLE 1: Stratigraphic distribution of the piling area.

Number Depth of the soil layer (m) Cumulative depth (m) Soil layer type

@ 0.80-2.50 0.80-2.50 Plain fill

® 2.50-5.10 3.30-7.60 Loess-like soil

® 1.40-7.20 4.70-14.80 Mixed soil

©) 0.00-3.20 4.70-18.00 Silty clay

® 2.50-2.80 7.20-20.8 Circular gravel

® 0.30-1.80 7.50-22.60 Highly weathered sandstone

TaBLE 2: Logs of the twelve bore holes.

Pile number 1 2 3 4 5 6 7 8 9 10 11 12
Pile length (m) 12.42 12.58 12.65 12.56 12.28 11.82 13.27 12.82 11.56 12.61 11.65 12.66
Sediment thickness (m) 0.45 0.48 0.73 0.59 0.66 0.81 0.38 0.43 0.89 0.56 0.75 0.42
Bearing stratum Medium weathered sandstone, reddish brown, complete core
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FIGURE 2: Load-settlement curves of the three piles tested for static load.
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3. Numerical Analysis of the Bearing Capacity of
a Rock-Socketed Section

According to the abovementioned analysis, the pile bearing
capacity was affected by the presence of pile bottom sedi-
ment. In order to further study the influence of sediment on
pile bearing characteristics at different construction, the
finite element simulation method was used in different
socketed depths and surrounding rock to analyze the stress
and displacement at any desired location of the pile body.
Therefore, the bearing characteristics such as friction dis-
tribution and deformation of the rock-socketed section were
studied by performing a finite element analysis. The fol-
lowing sections discuss the numerical analysis used to study
the distribution and deformation of the rock-socketed
section.

3.1. Research Plan. In this paper, the static load test under
different rock-socketed depths and different surrounding
rock strengths was simulated. The pile-rock interface was
taken in a tightly occluded state. The concrete grade of the
pile body was taken as C30, and the bedrock was considered
as soft rock. The pile diameter was taken as 1 meter, and the
sediment thickness was taken as 1meter. The bearing ca-
pacity of a rock-socketed pile is an axisymmetric problem,
and hence, axisymmetric modeling was used. In order to
simulate the influence of sediment at the bottom of the pile
on the bearing properties of the pile, the stiffness of sediment
at the bottom of the pile was not considered, and the pile
bottom was set to be suspended. The rock-socketed pile was
taken as an elastic material, and the rock mass was con-
sidered as an ideal elastic-plastic material that followed the
Mohr-Coulomb strength criterion. The contact morphology
and mechanical parameters of piles, rock layers, and contact
surfaces in the model were selected according to the
problems studied. In order to simulate the process of an
impact forming hole, the roughness of the hole wall was
considered in the analysis. A good contact was assumed
between the pile and rock, and the interface between the pile
and rock was simulated in the form shown in Figure 3.

The model is shown in Figure 4, and it is simplified as an
axisymmetric problem. In the finite element model, the
mesh division of the model adopted the density control
technology. Accordingly, the mesh near the pile-rock in-
terface was the finest, and the mesh farther away from the
interaction surface was the coarsest.

3.2. Influence of Rock-Insertion Depth on Bearing Properties.
In order to study the influence of different rock-socketed
depths on the bearing behavior, the rock-socketed depth was
varied as 1m, 2m, 3m, and 4m. According to relevant
literature data [27], the mechanical parameters of pile
concrete and bedrock were taken as shown in Table 3. The Q-
s curve of the pile, the distribution of pile side friction, and
the distribution of the axial force of the pile body in the
depth direction at different rock-insertion depths were
calculated and are shown in Figure 5. The distribution of side
friction along the depth is bimodal, which is consistent with

Pile

Bedrock

Pile

Sediment

Ficure 3: Contact between a pile and rock.

Pile

Sediment

FiGURE 4: Finite-element mesh.

TaBLE 3: Properties of piles and rock adopted in the numerical
analysis.

Parameters Pile Rock
Pile diameter (m) 1 —
Rock-insertion depth (m) 1, 2,3, 4 —
Modulus of elasticity E (GPa) 30 5
Poisson’s ratio u 0.2 0.22
Cohesion ¢ (kPa) — 520
Friction angle ¢ (*) — 41

the existing research results [28]. This verifies the validity of
the simulation results.

As shown in Figure 5, the rock-socketed pile did not fail
under a vertical load. Displacement increased gradually with
an increase in load, but sharp rise of settlement was not
observed (Figure 5(a)). The settlement of the pile was sig-
nificantly influenced by the socketed depth when the depth
increased from 1.00m to 3.00 m. With an increase in the
length of the rock-socketed section, the total side resistance
of the rock-socketed section increased, which increased the
bearing capacity of a single pile and reduced the settlement
of the pile. However, settlement was not reduced signifi-
cantly when the rock-socketed depth was increased from 3 to
4m. This proved that an optimum value exists for the
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Unit lateral friction resistance (kPa)
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FIGURE 5: Bearing characteristics of a rock-socketed pile with various rock-socketed depths. (a) Load settlement curve. (b) Shaft friction

distribution curve. (¢) Axial force distribution curve.

socketed depth of a rock-socketed pile. Increasing the rock-
socketed depth within the optimum depth range can ef-
fectively control the settlement, and beyond this depth,
settlement is not reduced by increasing the rock-socketed
depth. When settlement is regarded as one of the main
controlling parameters to determine the bearing capacity,
increasing the rock-socketed depth within the optimal depth
range is an effective way to improve the bearing capacity.
Under the action of the maximum load, the unit side
friction of the pile was distributed in the shape of a saddle
along the depth (Figure 5(b)), but the distribution trend of
the unit side friction was different for different socketed
depths. Only when the rock-socketed depth was especially
less, the lower peak of the rock-socketed section was higher
than the upper peak. This is related to the difference in
settlement reflected in Figure 5(a). The smaller the rock-
socketed depth, the greater the pile settlement, so the cor-
responding pile-rock relative displacement was larger, and

the pile side friction was fully exerted. Therefore, when the
rock-socketed depth was smaller, the peak value of the side
friction was greater than that of other piles.

When the socketed depth was relatively small, the lower
peak of the rock-socketed section was smaller than the upper
peak. With an increase in the rock-socketed depth, side
friction was fully developed in the upper portion. Since most
of the load was resisted by the friction in the upper portion,
side friction could not be fully developed in the lower part.
This is attributed to the increase in rock-socketed depth,
which decreased the pile settlement and, hence, reduced the
pile-rock relative displacement. Therefore, the decrease of
unit side friction would require an increased rock-socketed
depth. Because the axial force of the pile body decreased
gradually with an increase in the depth, according to the
equilibrium of force, the unit side friction at the top of pile
was the largest, and the unit side friction gradually decreased
with an increase in the depth. However, due to the trend of
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increased sinking of the pile at the pile end, the side friction
at the lower part of the rock-socketed section was mobilized,
and the side friction increased near the pile end.

Figure 5(c) shows the axial force distribution of the rock-
socketed pile shaft when the maximum load was applied. It
can be seen that the axial force of the pile shaft gradually
decreased from the pile top load to zero along the depth
direction. The axial force at the end of the pile was zero,
indicating that no end resistance was exerted.

When the rock-socketed depth was small, the friction
attenuation speed was faster. Because the relative dis-
placement of pile-rock displacement was relatively large, the
friction resistance of the pile side was larger, and the rate of
transfer of the axial force from the pile to the surrounding
rock was faster. With an increase in rock-socketed depth, the
pile-rock relative displacement decreased, the pile side
friction gradually decreased, and the rate of transfer of the
axial force from the pile to the surrounding rock decreased.
Thus, the stress attenuation of the pile body was slowed
down with an increase in the rock-socketed depth, which
corresponded to the smaller friction resistance.

3.3. Influence of Bedrock Strength on Bearing Properties.
In order to study and compare the influence of bedrock
strength on the bearing performance of thick-sediment
rock-socketed piles, four different bedrock strengths were
selected for the numerical analysis. The depth of the pile
body embedded in rock was 2 m, the diameter of the pile was
I m, and the load at the top of the pile was 4 MN. The
calculation parameters for bedrock with four different
strengths are shown in Table 4. The modulus and other
parameters of rock were determined by referring to the
engineering geological manual and literature data [2].

Figure 6(a)-6(c), respectively, show the load-settlement
curves for four bedrock strengths, the distribution of fric-
tional forces on the side of the pile, and the axial force
distribution of the pile body along the depth.

For the four strengths of bedrock considered in this
study, the rock-socketed pile did not yield and the set-
tlement changed slowly with the load (Figure 6(a)). For a
given applied load, the amount of pile settlement was
significantly affected by the strength of the bedrock. The
settlement of the rock-socketed pile decreased with an
increase in the strength of bedrock. With an increase in pile
top load, the difference in settlement caused by the dif-
terence in bedrock strength was more pronounced. When
settlement was taken as one of the main controlling pa-
rameters to determine the bearing capacity, the bearing
capacity appeared highly sensitive to the strength of bed-
rock: the higher the strength of bedrock, the higher the
bearing capacity. Since the strength of the pile was greater
than the strength of the surrounding rock, when the pile-
rock interface was sheared, it was assumed that the failure
occurred due to the compression failure of the surrounding
rock. Therefore, under a certain load, when the strength of
the surrounding rock is relatively large, the compression of
the surrounding rock is relatively small, and the settlement
of the pile is relatively small.

TABLE 4: Properties of concrete and rock.

Parameters Pile Rock
Pile diameter (m) 1 —
Rock-insertion depth (m) 2 —
Modulus of elasticity E (GPa) 30 1, 25,5, 10
Poisson’s ratio u 0.2 0.22

Cohesion ¢ (kPa) —
Friction angle ¢ (°) —

340, 400, 520, 720
33, 36, 41, 45

For a relatively large load applied to the rock-socketed
pile, the distribution of unit side friction of the rock-
socketed section was saddle shaped along the depth. The
trend of variation of the friction was influenced by the
strength of the bedrock (Figure 6(b)). When the bedrock was
weak, the distribution of unit side friction of the pile was
saddle shaped and the unit side friction of the upper part of
the rock-socketed section was smaller than that of the lower
part. When the rock was strong, the unit side friction re-
sistance of the pile still showed a saddle-type distribution but
the unit side friction resistance of the upper part of the rock-
socketed section was greater than that of the lower part. The
center of gravity of the unit side friction distribution curve
shifted towards the upper part of the rock-socketed section.

Based on the distribution of the axial force of the pile
body shown in Figure 6(c), due to the existence of sediment
at the bottom of the pile, total applied load was resisted by
side friction. At the bottom of the rock-socketed section, the
axial force of the pile body was zero. The axial force of the
pile body decreased gradually from the applied load to zero
along the depth direction. Comparing four piles otherwise
identical but with different bedrock strengths, when the
strength of the bedrock was higher, the friction at the upper
part of the rock-socketed section was larger, and the axial
force of the pile body at the same depth was smaller. This
observation suggests that the axial force of the pile body
becomes smaller when the strength of the bedrock is greater.

4. Theoretical Equation for the Side Friction of a
Rock-Socketed Pile

4.1. Pile Side Friction. During the pouring process of a rock-
socketed pile, the cement slurry at the interface is cemented
with the rock wall. When the pile-rock relative displacement
does not occur or the relative displacement is less, there are
different degrees of cementation strength on the contact
surface [29]. Further study by Jonhston et al. showed that
when shearing occurs along the interface, there are two kinds
of shear mechanisms: sliding shear expansion and sliding
shear [9]. In the process of the impact hole-forming method,
the wall of the hole becomes a rough surface, which enhances
the friction of the pile-rock interface. In the initial stage of
loading, as shown in Figure 7, no or less relative displace-
ment occurs between the pile and rock, and the contact
interface is in the bonding stage. When the axial force of the
pile exceeds the cementation strength of the pile-rock in-
terface, the pile body will slide along the rough surface of the
wall of the hole and cause the pile hole to expand radially,
which is the sliding shear expansion mechanism. According
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FIGURE 6: Bearing characteristics of a rock-socketed pile for different bedrock strengths. (a) Load-settlement curve. (b) Shaft friction
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FIGURE 7: Sliding shear behavior of a rock-socketed pile. (a) Before sliding. (b) After sliding.
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to the cavity expansion theory, the normal stress increment
will be produced in the process of pile sliding expansion,
which, in turn, will increase the shear stress. With an in-
crease in the applied load, the relative displacement and
shear stress further increase. When the shear stress exceeds
the shear strength of the bulge of the wall, the bulge will be
sheared and a new sliding surface will be formed. The pile
then slides along the newly formed interface, which is the
shear slip mechanism.

As the stress of the pile body decreases gradually
along the depth of the pile, the relative displacement of
the pile and rock decreases with an increase in rock-
socketed depth. Therefore, the unit side friction grad-
ually decreases along the depth of the socketed part.
Furthermore, the governing failure mechanism of the
rock-socketed part can be changed from shear slip to
sliding shear expansion to cementation failure with an
increase in socket depth. According to the unit side
friction distribution curve in Section 3, when the rock-
socketed depth is small, the pile body settlement is large.
Accordingly, the rock wall bulge is quickly cut off, and
the pile-rock shear behavior only includes shear slip and
cementation failure.

According to the Coulomb friction law, the friction Q, of
the pile-rock interface varies linearly with the lateral pres-
sure P as follows:

Q,=C+uP, (4)

where C represents the cohesion force of the pile-rock in-
terface and yp represents the friction coeflicient. Therefore,
determination of interface friction needs three factors,
namely, cohesion force, friction coefficient of the interface,
and lateral pressure. For a cast-in-place pile, the cohesion
force between the pile and rock is governed mainly by two
aspects: first, adhesion between the pile and the rock during
concrete pouring and, second, mechanical occlusion
mechanism. After a hole is formed, the wall of the hole is
usually rough. When the pile slides relative to the rock, the
pile hole will expand. The expansion of the pile hole results
in an increase in the normal stress of the interface. The side
friction of the socket is mainly caused by the lateral pressure
and the expansive stress of the surrounding rock. For the
convenience of theoretical derivation, the following as-
sumptions are made:

(1) The pile-rock interface is a regular zigzag undulating
surface with an undulating angle of 6

(2) The surrounding rock fails prior to the pile failure,
and the failure surface is parallel to the displacement
direction of the pile

Based on the abovementioned assumptions, the pile-
rock shearing process is divided into three stages, and the
three-stage functions are used to describe the shear stress
and displacement relationship of the pile-rock interface.

4.1.1. Bond Damage. He used a two-stage linear function to
describe the shear stress and shear displacement relationship
on the interface between rock and pile concrete [30]. The

linear function of the first stage can better reflect the shear
characteristics of the pile-rock cross section in the cemen-
tation failure stage. Therefore, in this paper, the linear
function of the first stage is used to characterize the ce-
mentation failure. The corresponding stress-slip relationship
can be written as follows:
7(2) = K;As, (0<As<w). (5)
The relative displacement of pile-rock at different
socketed depths is

z
as=si-gz [ Q@ (6)
where 7 represents the shear stress and K; represents the
bond stiffness. The relative displacement of pile-rock at
depth z is As, and s4 is the settlement of the pile top. E
represents the elastic modulus of the pile, and A represents
the area of the pile top. The ultimate bond strength (C;) of
the rock-socketed section can be obtained by a direct shear
test of the interface between concrete and rock. Then, the
maximum relative displacement of pile and rock at the time
of cementation failure is

w=— (7)

4.1.2. Sliding Shear Expansion. When the friction force of
the pile side exceeds the bond strength, sliding shear ex-
pansion will occur. Assuming that the rock is in the elastic
deformation stage under the action of expansion, the con-
stitutive physical equation of the elastic stage can be used.
Accordingly, the normal stress increment corresponding to
the radial expansion of the hole wall under the axisymmetric
condition is, thus, calculated as follows:
Er
or = (1+ v)rAr’ ®)
where E, represents the elastic modulus of rock; v represents
Poisson’s ratio; and r represents the diameter of pile hole.
The term E,/[(1 + v)r] in eq. (8) can be substituted by K,
which is the normal stiffness of surrounding rock. As shown
in Figure 8, the undulating angle of the pile-rock interface is
assumed as 6. Hence, the radial expansion is calculated as
follows:

Ar = Astan 0. 9)

Moreover, according to equation (7), the expansion
stress of rock is calculated as follows:

0, =KAstanf, (w<As<s). (10)

The normal stress of the pile-rock interface is the cu-
mulative value of the initial stress and the expansive stress of
the surrounding rock. It should be noted that when cal-
culating the normal stress, the initial stress should also be
considered. The initial stress is
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FIGURE 8: Process of slippage shear. (a) Sliding shear expansion. (b) Shear slip.

0,0 = Kyyz. (11)

Therefore, the normal stress of the pile-rock interface, 0,
is expressed by the following equation:

0,=0,+0,. (12)

Patton studied the shear strength of rock discontinuities
with regular rough undulation and no filler and proposed an
expression for the shear strength of rock discontinuities with
small normal stress as follows [31]:

7=0,tan (¢, +0), (13)

where ¢}, is the basic friction angle of the structural plane.
When the normal stress increases gradually and the shear
strength of the structural plane reaches the ultimate shear
strength, then

T, =c+0,tan g, (14)

where C and ¢ represent the cohesion and friction angle of
rock, respectively.

According to equations (11)~(13), when the relative
displacement of the pile-rock interface at a depth z is As, the
shear stress is calculated by the following equation:

7(2) = (0,9 + KAstan O)tan (¢, + 0), (w<As<sy).

(15)

During the loading process, the shear stress generated by
the sliding movement of the pile exceeds the shear strength
of the rock bulge and the rock bulge will be sheared. In this
condition, equation (13) and equation (14) become identical,
and the critical normal stress condition of the shearing
convex body can be obtained as follows:

_ C
tan (g, + 0) —tan ¢

(16)

0

Similarly, equation (12) = equation (16) define the stress
boundary between the elastic zone and the plastic failure
zone.

o = C
" tan(g, +0) - tang

=0, + Ks, tan 6. (17)

Thus, we have
. ¢ 0w
" Ktanf(tan (g, + 0) —tang) Ktan@

(18)

From equation (18), the limiting displacement in the
sliding shear expansion stage can be obtained. It can be seen
from the equation that the initial stress has a certain in-
fluence on the ultimate displacement. Under certain con-
ditions of surrounding rock stiffness and dilatancy angle, the
initial stress contributes to reduce the ultimate shear
displacement.

4.1.3. Shear Slipping. When the relative sliding of pile and
rock reaches s, the convex part of rock is destroyed and the
hole wall is no more expanding. As shown in Figure 7(b), a
new pile-rock friction surface is formed, and the pile con-
tinues to slide along the new sliding surface until it becomes
stable. The friction angle of the interface is the residual
friction angle ¢,. The normal stress of the pile side can be

obtained as follows:
0,= 0, +Ksytan, (As>sp). (19)

The shear stress at different depths is, thus, calculated as
follows:
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FiGure 9: Computation diagram of the skin friction of a pile.

7(2) = (0, + KSp tan O)tan(g,), (AS>S). (20)
Based on the abovementioned analysis, a complete ex-

pression of pile side friction of the socketed pile-rock in-
terface can be obtained as follows:

7(z)=K,As, (0<As<w),

7(z) = (0, + KAstanO)tan (¢, + 0), (w<As<s,),

7(z) = (0,9 + Ksy tan O)tan (¢, ), (As>sy).
(21)

Hence, the complete functional expression of the stress
constitutive model of a socketed pile-rock interface was
obtained. It can reflect the influence of the pile diameter,
rock elastic modulus, and rock wall roughness on the pile
side friction. Therefore, equation (21) can better represent
the load transfer behavior of the rock-socketed section.

4.2. Calculation of the Single Pile Bearing Capacity. As shown
in Figure 9, assuming that the rock-socketed pile conforms
to the shear characteristics of a complete structural surface,
the loading characteristics of the pile-rock interface along
the rock-socketed depth can be divided into (a) a shear slip
zone having the depth of failure zone as I, and its shear
displacement as A s> sg; (b) a sliding shear expansion zone
having the depth of failure zone as I, to [; and its shear
displacement as w; <A and s<sp and (c) a cementation
zone having the depth range as [; to [ and its shear defor-
mation as 0 <A s<w,;. When the rock-socketed section is
short, the pile produces a large displacement and the rock
wall bulge is quickly sheared. Therefore, when the rock-
socketed depth is shallow, the shear behavior of the pile-rock
interface is dominated by the shear slip behavior and ce-
mentation behavior. We suppose that the load acting on the

Qu = QSU + Qru

n Iy N
=u zcsiqsuiLsi + uZ(J-O T (Z) dz + Jlo T, (Z) dz + Jl

pile top is Py, the settlement of pile top is sq, the thickness of
soil layer is [, and the length of rock-socketed section is /. For
the convenience of calculation, it is assumed that the lateral
resistance of the overlying soil to the pile side is Q.
According to the deformation characteristics of different
shear zones of rock-socketed piles, at a depth of Iy, the
surrounding rock mass beside the pile is the boundary
between the shear zone and the shear expansion zone, and
the displacement continuity condition is satisfied. Thus,

¢ _ 00 _ _ Pd (ls + ZO)
Ktanf(tan(g, + 0) —tang) Ktanf 9 EA,
(22)

Equation (22) can be rearranged as

_E4y

] c—0y(tan( @y +60)—tang
0=

Py |7 Ktanf[tan(g, +6)-tang]|
(23)

At the rock-socketed depth [;, which is the boundary
between the cementation zone and the dilatancy zone, the
displacement satisfies

Gy Py(l +1)

7=Sd_

(24)
K, EpAp

After rearranging equation (24), /; can be obtained as
_EpAp (SaKi = Cy)

L .
PyK,

(25)

Therefore, according to the aforementioned lateral re-
sistance distribution function, the bearing capacity of a
single rock-socketed pile can be determined as

! (26)

1

7, (2) dz).
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According to the abovementioned derivation process,
the bearing capacity of a single rock-socketed pile can be
obtained after determining the material properties, geo-
metric conditions, surrounding rock properties, construc-
tion conditions, and other factors.

5. Conclusions

This paper investigated the bearing performance of a rock-
socketed pile with sediment at the bottom of the pile. A
core pulling test and static load test were performed on
three rock-socketed piles, and numerical and theoretical
analysis were performed. The following are the main
conclusions:

(1) In a weakly cemented soil area, the rock-socketed
pile driven by using the impact hole-forming
method is associated with thick sediment at the
bottom of pile that significantly affects the load-
settlement characteristics. When there was sedi-
ment at the bottom of the pile, the settlement at the
top of the pile was gentle with an increase in load.
However, when the load increased to a certain
value, the settlement at the top of the pile dropped
rapidly. The pile in the test had reached the ulti-
mate bearing capacity well before the load reached
the design value as calculated from currently
practiced methods. Because of the presence of
sediment, the side resistance played an important
role, so only the side resistance should be con-
sidered in the design of a rock-socketed pile, or
strict quality control helps to reduce risks related
with sediment bottom of borehole before lacing of
concrete.

(2) When socketed depth and bedrock strength were
relatively low, the maximum value of side friction
was greater for the lower half of the rock-socketed
depth compared to the upper half. When the rock-
socketed depth and bedrock strength were large, the
peak value in the lower part of the rock-socketed
section was smaller than that in the upper part. For a
given pile top load, the smaller the rock-socketed
depth, the larger the settlement. This favorably
contributed to the mobilization of the side friction,
so an increased amount of side friction was observed
in the rock-socketed section.

(3) The axial force of the pile body gradually decreased
to zero from the top to the bottom. The strength of
sediment was very low, and it did not provide any
reaction force for the pile as a bearing layer. The axial
force at the pile end was zero.

(4) The complete shear mechanism of the pile-rock
interface can be divided into cementation failure,
sliding dilatancy, and shear sliding. Accordingly, its
mechanical constitutive model can be expressed by
three linear functions. A complete set of equations
for calculating the bearing capacity of rock-socketed
piles suitable for the presence of sediment in the pile
hole was proposed.
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Abbreviations

f Side resistance

S Unconfined compressive strength of rock

Qu: Ultimate bearing capacity of a rock-socketed pile

Qqu: Side resistance of the soil layer

Qbu: Side resistance of the socketed section

Qbu End resistance

Gsuit Ultimate side resistance of the soil layer

(s Degree of exertion of the soil layer’s side
resistance

(. and (,: Correction coefficient

fret Compressive strength of bedrock

uy and u,: Circumferences of a pile in soil and rock
Lg: Soil thickness

h,: Socketed depth

Ap: Area of the pile bottom

C Cohesion force of the pile-rock interface

U Friction coeflicient

P Lateral pressure

T Shear stress

K;: Bond stiffness

As: Relative displacement of pile-rock

sa Settlement of the pile top

E: Elastic modulus of the pile

A: Area of the pile top

w: Relative displacement of pile and rock when
maximum cohesive force is exerted

S0t Dilatancy limiting displacement

Cy: Pile to rock bond strength

E.: Elastic modulus of rock

v: Poisson’s ratio

r: Diameter of a pile hole

Ko: Side pressure coefficient

y: Bulk density of rock

o: Undulating angle of the pile-rock interface

Ar: Radial expansion

b Basic friction angle of the contact surface

@: Friction angle of rock.
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