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Abstract. In this study, the load carrying behavior of piled rafts installed in inclined bearing rock layer was investigated for
rock-mounted and -socketed conditions. It was found that settlements induced for an inclined bearing rock layer are larger than
for a horizontal layer condition. The load capacity of piled rafts for the rock-mounted condition decreased as rock-layer
inclination angle (0) increased, while vice versa for the rock-socketed condition. The load capacities of raft and piles both
decreased with increasing 6 for the rock-mounted condition. When bearing rock layer was inclined, loads carried by uphill-side
piles were greater than those by downhill-side piles. The values of differential settlements of rock-mounted and -socketed
conditions were not significantly different whereas slightly higher for the rock-socketed condition. The values of load sharing
ratio (ap) and its variation with settlement were not markedly changed by the inclination of bedrock. Tt was shown that a, for
piled rafts installed in rock layer was not affected by 6 whereas actual loads carried by raft and piles may vary depending on the
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pile installation and rock-layer inclination conditions.
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1. Introduction

Piles are installed often extending to a bedrock layer to
support large axial loads from high-rise buildings, bridges
and other types of large-scale infrastructures (Horvath and
Chae 1989, Leong and Randolph 1994, Zhang and Xu
2009; Al-Omari et al. 2016; Khanmohammadi and
Fakharian 2018). The types of rock-supported piles can be
divided into the cases socketed into or mounted directly on
the bedrock layer. Piles of rock-supported condition piles
are designed introducing a simplified layering configuration
of bearing rock strata, assumed located at certain depth,
whereas actual layering condition may be inclined or
irregular. For both rock-socketed and -mounted piles in an
inclined rock layer, the pile bases of group piles are
unevenly located at different depths or with different rock-
socket lengths. Such condition would result in asymmetric
load distribution within the pile group with changes in the
load response and load carrying behavior, which requires
further clarification for more enhanced and accurate design.

Many researchers have investigated the load carrying
behavior of rock-socketed piles (Reese et al. 1969, Horvath
et al. 1980, Leong and Randolph 1994, Zhang and Xu
2009). Horvath et al. (1980) conducted load tests using
rock-socketed piles and proposed a design correlation
between the rock-socket resistance and uniaxial strength of
rock mass. Leong and Randolph (1994) showed that the
shaft resistance of soil zone above rock mass layer
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decreases with increasing rock-socket length. According to
Zhang and Xu (2009), as the pile length within soil layer
increases, the portion of total load transmitted to the rock-
socket zone decreases and load transmitted to the pile base
increases with time. Oweis and Hwang (2010) quantified
factors for load transferred to rock-socketed micropiles, as
affected by rock quality.

The effect of inclined bearing rock layer on the load
carrying behavior of foundations has been addressed by
several authors. Han and Jiang (2011) suggested the
modified bearing capacity factors for shallow foundations
resting on an inclined bedrock. For group piles, Xing et al.
(2014) conducted centrifuge tests to investigate the load
carrying behavior of group piles socketed in the inclined
bedrock layer. It was found that the load distribution within
pile group was not uniform and piles with longer rock-
socket length shared more load than those of shorter rock-
socket length. Xing et al. (2014) also investigated piled
rafts of Hezhang Bridge, which was installed on an inclined
bedrock layer by approximately 44° and reported that load
tended to concentrate on the deeper rock-socketed piles,
which was different from those of typical pile groups in
soils where the central piles carry more load than
surrounding piles. Note that the majority of these previous
investigations were targeted on either footings or group
piles.

When piles were combined with raft as a piled raft, the
load carrying behavior becomes more complicated, due to
the pile-raft interactions and the load sharing behavior. In
this study, the load carrying behavior of piled rafts installed
in an inclined bearing rock layer is investigated focusing on
the compared effects and load responses of rock-socked and
rock-mounted piles, which was not addressed before. For
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this purpose, the finite element (FE) analyses were
performed considering various configurations of bearing
rock-layer inclination and rock-supported conditions. The
load response, load sharing behavior and differential
settlement are analyzed and compared for the rock-mounted
and -socketed cases with rock layer inclination.

2. Load carrying behavior of piles installed on rock
2.1 Load carrying capacity

The load carrying capacity of rock-supported piles has
been investigated mainly based on empirical approach and
numerical analysis (Leong and Randolph 1994, Carrubba
1997, Han and Jiang 2011). The majority of the methods
proposed for predicting the load carrying capacity of rock-
supported piles introduced the unconfined compressive
strength of rock mass as key design variable. The general
formulation of the base resistance for piles bearing on a
bedrock layer is given by

qb:f'qu (D

where ¢, = pile base resistance; f' = correlation coefficient;
and g, = unconfined compressive strength of rock mass.
Rowe and Armitage (1987) presented that ¢, is
approximately proportional to o. with the coefficient equal
to 2.7. Zhang and Einstein (1998), on the other hand,
indicated that ¢, increases non-linearly with o, suggesting
the following correlation for drilled shafts in rock

q, =4.839,°* )

While the majority of the proposed correlations have
introduced the unconfined compressive strength of intact
rock, AASHTO (1989) considered the effect of rock mass
defects such as joints and discontinuities as well as the
weathering condition of bearing rock layer given as the
following design equation

qb = Nms : qu (3)

where N,; = model parameter to consider the rock quality
including the shape of rock, joints, and degree of
weathering. According to the AASHTO (1989), the effect of
rock mass quality on N, is greater than that of the type of
rock. It was presented that the value of N,s for good rock
mass quality is 250 times larger than for poor quality rock
(AASHTO 1989).

For the skin friction of rock-socketed piles, NAVFAC
(1982) suggested the following correlation

q,=(6~7.9)(f, )% )

where gs= skin frictional resistance and f, = smaller value
of unconfined compressive strength of rock and axial
compressive strength of concrete. According to Xing et al.
(2014), there is an optimum rock-socket length, 2.0 times
pile diameter, beyond which settlement and base resistance
of pile do not change significantly. A more generalized
relationship based on the unconfined compression strength

of rock can be given as follows

g =a-q,’ (5)

where qu = unconfined compression strength of rock and a
and b = correlation parameters. Various values of a and b
were proposed (Rosenberg and Journeaux 1976, Horvath
and Kenney 1979, Meigh and Wolski 1979, Rowe and
Armitage 1978, Zhang and Einstein 1998). Most of these
works indicated that the values of a and b are in the ranges
0f 0.2 to 0.45 and 0.5 to 0.6, respectively.

2.2 Load transfer behavior

For piles socketed into rock, significant portions of
applied load are transferred to the rock—pile interface within
the rock-socket zone (Carter and Kulhawy 1988, Crapps
and Schmertmann 2002, Seol et al. 2009). As the frictional
resistance of piles is mobilized earlier at smaller settlement,
imposed load is first supported by the frictional resistance
while the base resistance tends to be mobilized later
subsequently and gradually as settlement further increases.
According to Carter and Kulhawy (1988), loads carried by
pile base are about 10% to 20% of total load for rock-
socketed piles. Crapps and Schmertmann (2002) reported
higher portion of load carried by pile base, about 30%.

The values of limit settlement, required for the full
mobilization of shaft resistance for rock-socketed piles,
have been investigated by several authors. Horvath (1982)
presented that the shaft resistance is fully mobilized at the
settlement of 5.0 mm for large rock-socketed piles.
Basarkar and Dewaikar (2006) indicated that the limit
settlement is in the range of 5 to 10 mm. Slippage along the
shaft takes place once the threshold value of limit
settlement exceeds, thereby the pile base begins to carry
load further imposed on the pile. According to Zhang and
Xu (2009), even if settlement of rock-socketed piles is
limited in the 5-15 mm range, a significant portion of total
load applied to pile is transmitted to and supported by the
rock-socketed pile base and the percentage of total load
supported by the rock-socketed pile base increases over
time. Note that all studies mentioned herein assumed piles
bearing in flat, horizontal rock layer whereas the condition
of an inclined bearing rock layer has not been specifically
taken into account. The combined foundation type, such as
piled rafts, is another issue to be addressed, as the effect of
inclined rock-layer configuration may become further
changed.

3. Numerical analysis of piled rafts with inclined rock
layer

3.1 Finite element modeling

To investigate the load response and load sharing
behavior of piled rafts bearing in inclined rock layer, the 3D
finite element (FE) analyses were conducted using the
commercial FE software PLAXIS 3D FOUNDATION
(2008). It should be noted that a piled raft with end-bearing
piles installed in a rock layer would show a similar load
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Table 1 Basic properties of soil and rock adopted in FE
analyses

D

Material ((yk) e y(kN/m’) EMPa) ¢ (°) R Model
0

Sand 50 0.63  16.1 37 35 7  Mohr

Coulomb

Rock - - 27 40000 40 084  Mobr

Coulomb

response and load capacity to those of group piles installed
in a rock layer due to high end-bearing resistance mobilized
from the rock layer. Piled raft foundation was however

considered in this study to address a more generalized,
actual construction condition as the pile cap of group piles
is often installed in contact condition with soils.

The piled-raft model prepared for the FE analyses was
composed of a square-shaped raft with the width (B) of 15
m and nine piles of 3x3 configuration with the pile spacing
of 3 m, corresponding to 5 times the pile diameter (B;)
equal to 0.6 m. The pile length (L;) was variable as it
depended on the type of pile installation in rock, the
position of pile within piled raft and the inclination angle of
bearing rock layer. Raft and piles were both assumed as a
linear elastic material with the elastic modulus and
Poisson’s ratio equal to 30 GPa and 0.15, respectively.

Fig. 1 shows the detailed configuration of piled rafts and
bearing rock layer considered in the FE analyses for rock-
mounted [Fig. 1(a)] and rock-socketed [Fig. 1(b)] cases.
The inclination angles of bearing rock layer were 0°, 10°,
20°, and 30°. Rock-mounted piles were assumed as directly
resting on the bearing rock layer. The lengths of individual
piles for such case were then different depending on the
inclination angle of bearing rock layer as indicated in Fig.
1(a). For rock-socketed case piles in Fig. 1(b), the lengths
of all pile components were the same while the socket
lengths of each pile were different depending on the
position of pile and inclination angle. The total pile length,
the summation of individual pile lengths for piled rafts,
were set all the same, equal to 270 m corresponding to the
average pile length of 30 m.

Fig. 2 shows the FE model prepared in this study to
simulate piled rafts installed in an inclined bearing rock
layer. The boundary effects on piled raft can be minimized
when whole model is taken with the width of 6 times the
raft width, 30 times the pile diameter and the depth of 2
times the pile length (Eid and Shehada 2015, Sinha and
Hanna 2017). The width and height of the FE model were
150 and 100 m, respectively, 10 times wider than the raft
width and 3.3 times longer than the pile length. The lateral
boundaries of the FE model were constrained laterally,
allowing only downward movement of soil layers. The
bottom boundary was set as a fixed condition. Between
piles and soil, the interface condition was introduced, where
the interface strength was specified using the strength
reduction factor Riner defined as follows
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Cl = Rintercsoil (6)

tan ¢| = Rinter tan ¢soi| <tan ¢soi| (7)

where ¢; and cyi = cohesive strength of interface and soil;
Riner = strength reduction factor; ¢ = interface friction
angle; and ¢y = internal friction angle of soil. For sandy
soils, the interface friction angle is in general in the range of
0.5 to 0.8¢ whereas the interface friction angle within the
rock-socketed zone indicates higher values (Hanna and
Nguyen 2002, Chaudhary 2007). The values of Rjner for the
FE analyses in this study were assumed as equal to 0.7 and
0.84 for soil and rock layers, respectively.

3.2 Soil parameters

The soil in the FE analyses was assumed as a medium
sand with the relative density of Dr = 50%, void ratio of
0.63 and the unit weight of 16.1 kN/m®. The Mohr—
Coulomb model was adopted to describe the mechanical
behavior of soil with the internal friction angle of 35°. To
consider the stress-dependent variation of elastic modulus
with depth, the correlation proposed by Hardin and Black
(1966) was introduced, given by the following relationship

e —& " N,
GO:CQ(L—%O)PA(I o) (8)

where Gy = initial shear modulus; C,, e; and ny = correlation
parameters; eo = initial void ratio; P4 = reference pressure =
100 kPa; and 6'm = mean effective stress. The values of Cg,
e, and ng for the assumed sand were 612, 2.17 and 0.44,
respectively (Salgado ef al. 2000). The depth variation of
soil stiffness was then taken into account through the values
of ¢’'m that increase with depth indicating higher confining
stress. The Poisson’s ratio was equal to 0.3.

The rock mass rating (RMR) system was adopted to
estimate input properties of bearing rock using the
following correlations (Bieniawski 1978, Serafim and
Periera 1983)

E, =2RMR—100 ©9)

m

E —10RVR-10)/40 (10)

where En, = elastic modulus of rock mass in the unit of GPa,
and RMR = rock mass rating = dimensionless value from 0
to 100. Egs. (9)-(10) were proposed by Bieniawski (1978)
and Serafim and Periera (1983) for RMR greater and
smaller than 50, respectively. The value of RMR for the
bearing rock layer considered in the FE analyses was 74, a
representative value for soft rocks (Bieniawski 1973). Other
detailed input parameters adopted in the FE analyses are
given in Table 1. As strength and stiffness were target
properties to distinguish soil and rock, the Mohr-Coulomb
model was adopted in this study to model both soil and rock
using different values of stiffness and strength were used as
main input variables.

3.3 Validation of analysis

To check the validity of the FE analyses prepared and

performed in this study, a case example was selected from
the literature and adopted to compare measured and
estimated load responses of piled rafts. Park and Lee (2015)
conducted the centrifuge load test using a model piled raft
installed in sand. The model piled raft had a 9-m square raft
and 16 piles of 4x4 configuration with the diameter (B,),
length (L,) and spacing (Sp) of 0.6, 15 and 2.4 m,
respectively. This pile spacing corresponds 4B,. The test
soil was silica sand with the maximum and minimum unit
weights (Yd,max, Ydmin), coefficient of uniformity (C.), mean
grain diameter (Dso), critical-state and peak friction angles
(¢'erit and ¢'p) of 16.12 kN/m?, 12.19 kN/m?, 1.96, 0.21 mm,
33°, and 43°, respectively. The values of elastic modulus
with depth were obtained using Eq. (8). Other modeling
procedure for the FE analysis was the same as described in
the previous section.

The load-settlement curves obtained from the FE
analysis and measured from the centrifuge test were plotted
in Fig. 3. The FE result showed more or less overestimated
load response, which became more pronounced as
settlement increased. Nonetheless, the compared results in
Fig. 3 between the measured and calculated load responses
indicated reasonably close agreement.

A piled raft installed in sand was adopted in this
validation because cases of instrumented field load tests
using full- and large-scaled piled rafts installed in rock was
hardly reported. By introducing and comparing results from
actual load test using a piled raft in sand, it was intended
that the minimum level of required validity for the FE
simulation of piled raft was to be ensured.

4. Compared load responses of rock-supported piled
rafts

4.1 Load-settlement curves

The load-settlement curves of piled rafts with the rock-
mounted and -socketed conditions obtained from the FE
analyses are shown in Fig. 4 for different rock-layer
inclination angles (). For piled rafts mounted on rock layer
in Fig. 4(a), the load carrying capacity decreased as 0
increased. Within the initial settlement range up to
approximately 1 mm, the load responses were all similar
without noticeably significant effect of rock layer
inclination. Beyond this initial settlement range, the load-
settlement behavior of piled rafts became different
depending on the value of 6. The load carrying capacity for
the inclined rock-layer case was smaller than for the flat,
horizontal rock-layer case with 6 = 0° that bounded the
upper range of load-settlement curves. The smaller load
carrying capacity for higher 0 is due to the unsymmetrical
pile length configuration as settlement and deformation of
longer piles become larger, dominating the overall load
carrying capacity.

For piled rafts socketed into rock layer in Fig. 4(b), the
load carrying capacity increased as 0 increased, which was
different from the rock-mounted case in Fig. 4(a). As
compared to the rock-mounted case, less changes in the
load-settlement curve were observed with increases in 6.
The load responses were stiffer for higher 6, which
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Fig. 4 Load settlement curves of piled rafts (a) mounted
and (b) socketed into rock for different 6

indicated longer socket length and higher mobilized
frictional resistance within the rock socket zone. Note that
less changes in the load-settlement curve with 6 for rock-
socketed piled rafts is consistent with the existence of limit
socket resistance, which indicates that the socket resistance
does not increase proportionally to rock-socket length (Seo
etal. 2013, Xing et al. 2014).

From the load-settlement curves in Fig. 4, the load
carrying capacities of piled rafts for the inclined rock-layer
condition were obtained and compared with those for the
horizontal rock-layer condition of 6 = 0°. For this purpose,
the load-capacity ratio &, was defined and adopted into the
comparison, given as the following relationship

— Qpr,i
Sor Q

(11)

where &, = load capacity ratio of inclined to horizontal
rock-layer conditions; Qi and Qpr = load capacities of piled
rafts for inclined and horizontal rock-layer conditions. The
load capacity in this comparison was specified at the
settlement of 4 mm, considering the rock-supported
condition (Ng ef al. 2001). As the failure condition is hardly
achieved or observed from a rock-embedded condition, the
settlement-based criterion was adopted to define the load
capacity of piled raft foundations in this study. Fig. 5 shows
the values of &, for the rock-mounted and rock-socketed
piled rafts. For the rock-mounted case, the values of &
decreased as 0 increased. The largest reduction in the load
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capacity of 48 % was observed for 8 = 30°. For the rock-
socketed case, & increased up to 17% with increasing 6.
These results indicate that the inclined rock-layer condition
can affect positively or negatively the load carrying
behavior of piled rafts depending of the installation method.

4.2 Decomposed load responses

The decomposed load-settlement curves of raft and pile
components for piled rafts were obtained from the FE
analyses and plotted in Fig. 6 for the rock-mounted [Fig.
6(a)] and rock-socketed [Fig. 6(b)] conditions with different
0s. The load-settlement curves of piles were also
decomposed into end-bearing and friction components as
plotted in Fig. 6(c). The end-bearing capacities for all cases
were much higher than the frictional shaft capacities. As

shown in Fig. 6(a) for the rock-mounted condition, the load
carrying capacities of raft and piles both decreased with
increasing 6. However, the decomposed load-settlement
curves of piles showed more changes with 6 than those of
raft. This confirms that piles control the load capacity of
piled rafts mounted on inclined rock layers whereas the load
response of raft indicates minor effect.

The decomposed load-settlement curves of raft and piles
for the rock-socketed condition in Fig. 6(b) showed less
variation with 6 than for the rock-mounted condition. While
the rock-socket length of piles increased with 6, the lengths
of individual piles were all equal, different from the rock-
mounted cases. This in turn represents that the load carrying
capacities of rock-socketed piles may not be significantly
different, if the pile lengths of individual piles are equal.

Based on the decomposed load-settlement curves in Fig.
4, the values of loads carried by raft and piles are obtained
and compared in Fig. 7 for the rock-mounted and -socketed
cases with 6. For the rock-mounted piled rafts, loads carried
by raft and piles both decreased as 6 increased. For the
rock-socketed piled rafts, however, loads carried by raft and
piles increases with increasing 6, due to increases in the
rock socket length.

5. Effects of inclined bearing rock layer

5.1 Load distribution on piles

The distribution of loads imposed on individual piles of
piled raft were obtained and compared for the rock-mounted
and -socketed cases with the inclined rock layer in Fig. 8.
Two sections of A-A’ and B-B’ for piles along the edge and
middle rows were considered and adopted into the
comparison in Figs. 8(a) and 8(b), respectively. The results
for 6 = 0° were also obtained and included in Fig. 8 for
comparison. The values of total load considered for each
case in Fig. 8 were all the same as equal to 100 MN.

As shown in Fig. 8, loads carried by center pile were
smallest. For 6 = 0°, the symmetrical load distribution was
observed with the values of loads equal to 0.9, 7.7 and 14.1
MN for the center, edge and corner piles, respectively. For
the inclined condition, the load distributions were not
noticeably different from those of the horizontal case of 6 =
0°. Nonetheless, when the bearing rock layer was inclined,
loads carried by the uphill-side piles were greater than those
carried by the downhill-side piles for both rock-mounted
and -socketed cases. While these results were obtained from
the FE analyses, similar results can be found from the field
test case of Roh et al. (2019) where the similar
unsymmetrical load distribution of piled raft in an inclined
rock layer was reported. It was also observed that the loads
imposed on the uphill-side piles for the rock-socketed case
were slightly larger than for the rock-mounted case, which
can be attributed to the mobilized rock-socket resistance.
The loads imposed on the downhill-side piles were however
similar as no socketed condition was involved for both
cases. These results confirm that the resistance mobilized
along the rock-socket zone is the main component that
contributes to the higher load capacity of rock-socketed
piled rafts than of rock-mounted case for the inclined rock
layer condition.
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5.2 Differential settlement

The horizontal profiles of induced settlement along the
cross-section of piled rafts and the values of different
settlement with load were obtained and plotted in Figs. 9(a)
and 9(b), respectively, for the inclined rock-layer condition
of 6 = 30°. The results were compared for the rock-mounted
and -socketed conditions. For all cases, the smallest
settlements were induced from the center piles whereas the
uphill-side corner piles indicated the largest settlements. As
piles were all bearing in rock layers as either mounted or
socketed, differences in settlements between the uphill- and
downbhill-side piles were not significantly large. However,
differential settlements between the center and corner piles
were quite noticeable, which increased with increasing load.
From Fig. 9(b), it is seen that the values of differential
settlement increased as load increased. The values of
differential settlement for the rock-mounted and -socketed
conditions were not significantly different for low range of
load level whereas the rock-socketed case tends to produce
slightly higher different settlement as the load level
becomes higher.

Fig. 10 shows the contour plots of displacement fields
compared for rock-mounted and -socketed piles on inclined
bearing rock layer with 8 = 30°. As compared in Fig. 10(a)
and 10(b), the uphill-side rock-socketed piles in Fig. 10(b)
show less induced settlement than for those of the rock-
mounted condition in Fig. 10(a), which explains the larger
differential settlement for the rock-socketed condition.

5.3 Load sharing ratios

Based on the load variation with 0 in Fig. 6 and the
decomposed load-settlement curves in Fig. 5, the values of
load sharing ratio (0p) were obtained for both rock-mounted
and -socketed cases. These were plotted in Fig. 11 for
different s as a function of settlement. As the load capacity

of smaller-diameter piles is mobilized earlier than that
of larger-sized raft, a,is higher initially and then decreases
non-linearly with increasing settlement, converging to a
certain value depending on the number of piles and pile
size.

From Fig. 11, it is seen that the values of o, and its
variation with settlement were similar for both rock-
mounted and -socketed cases, indicating no significant
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effect of the rock-layer inclination. As previously discussed
and shown in Fig. 6, the magnitudes of loads carried by raft
and piles were different for the rock-mounted and -socketed
conditions, and were affected by the inclination angle of
bearing rock layer. However, the ratios of increased and
decreased loads of raft and piles were similar irrespective of
the rock-supported type and bearing rock-layer inclination.
These results indicate that, if piles are contact with rock at
the base, the load sharing ratio remains virtually the same
whereas the load carrying behavior of individual foundation
component may vary depending on the installation and
rock-layer conditions.

6. Conclusions

In this study, the load carrying behavior of piled rafts
installed in an inclined bearing rock layer was investigated
based on the results from the finite element (FE) analyses,
focusing on the load carrying behaviors of rock-mounted
and rock-socked piles and the effect of rock-layer
inclination. When bearing rock-layer was inclined, the load
carrying capacity of rock-socketed piled rafts was higher
than of rock-mounted piled rafts. The load capacity of piled
rafts with the rock-mounted condition decreased as the
rock-layer inclination angle (0) increased, due to the
unsymmetrical pile length configuration. For piled rafts
with the rock-socketed condition, the load capacity
increased with increasing 6, due to longer rock-socket
length and thus higher rock-socket frictional resistance.
Less changes in the load-settlement curve were observed
with increasing 6, which was consistent with the existence
of limit socket resistance.

The load capacities of raft and piles for rock-mounted
piled rafts both decreased with increasing 0, which was
mainly caused by reductions in pile load capacity. For rock-
socketed piled rafts, less variation in pile and raft load
capacities with 6 was observed. For all cases, loads carried
by center piles were smallest. When the bearing rock layer
was inclined, loads carried by the uphill-side piles were
greater than those carried by the downhill-side piles for
both rock-mounted and rock-socketed cases. The values of
differential settlements of rock-mounted and -socketed
cases were not significantly different whereas the rock-
socketed case produced slightly higher differential
settlements.

The values of load sharing ratio (a,) were all similar for
both rock-mounted and rock—socketed cases and no
significant effect of the rock-layer inclination was observed.
While loads carried by raft and piles were different, the
ratios of the loads carried of raft and piles were similar
irrespective of rock-supported condition and rock-layer
inclination. This indicates that, if piles are installed in a
rock layer, the load-sharing ratio of piled rafts remains
virtually the same whereas the load carrying behavior of
raft and individual piles may vary depending on the pile
installation and rock-layer inclination conditions.
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