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Abstract
Piles are used as the foundation of choice in various engineering projects including multi-story buildings, bridges and offshore 
structures. This paper analyzes the axial capacity of bored cast-in-place rock socketed piles from eight full-scale load tests in 
Dubai. Two of the tested piles are instrumented providing data about the load transfer along the pile shaft and load carried 
by tip resistance. An extensive subsurface investigations program is performed at the project site to properly characterize the 
properties of the different ground layers. Using the pile load tests results, the ultimate pile capacities are computed using both 
Chin and Decourt methods. The analysis of the instrumented load tests shows that no load is transferred to the pile tip. Thus, 
only side shaft resistance is mobilized during loading. The shaft side resistance is computed for all the load tests using the load–
displacement measurements. The back-calculated capacities are compared with values obtained using a plethora of empirical 
correlations to identify the most suitable for use in Dubai limestone. The empirically computed shaft capacities exhibit a large 
degree of variability. A site-specific correlation is deduced using the available data.
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Introduction

Piles are used to support many mid-rise and high-rise buildings 
in Dubai, United Arab Emirates. The reasons for using piles 
include high structural loads and the presence of unsuitable 
surface soils (e.g., low bearing capacity, highly compressible, 
susceptible to liquefaction). The use of socketed piles is appro-
priate for sites with shallow loose sand underlain by rock. In 
such conditions, substantial side shaft resistance is developed 
even at small pile displacements [1, 2]. Loads are transferred 
to the bearing rock layer through two mechanisms: side and tip 
resistances. The load distribution between both mechanisms 
depends on the relative stiffness of the pile and rock in addition 
to the properties of the pile–rock interface [3]. There are sev-
eral correlations to determine the pile resistance in rock [e.g., 
4–12. These correlations are empirically based exhibiting large 
variability in predicting pile capacities. The variability is attrib-
uted to the different factors affecting the capacity which include 
the method of construction, regional rock mass properties and 

pile–rock interface properties. Some correlations are developed 
for certain geological formations using specific construction 
techniques which may be inapplicable to other regions [13]. 
Thus, it is important to conduct full-scale load tests to confirm 
the pile capacity. In this paper, the load–displacement response 
curves of eight full-scale load tests performed in Dubai are ana-
lyzed to define the most suitable method to compute the pile 
capacity socketed in Dubai limestone. Two of these piles are 
instrumented to determine the load transfer along the pile shaft 
and load carried by the pile tip.

Subsurface ground conditions

A proper pile design requires reliable characterization of the 
subsurface ground conditions. An extensive subsurface site 
investigations program comprised of 33 boreholes drilled 
to depths varying between 25-m and 50-m is performed at 
the project location. In the sand layers, Standard Penetration 
tests are conducted at various depths in all boreholes to assess 
the in situ sand relative density. Disturbed soil samples are 
obtained from different depths to perform index tests which 
include grain size distribution and specific gravity. Core speci-
mens are extracted from the rock layers for laboratory tests 
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to define its strength and deformation properties. The Core 
Recovery (CR) and Rock Quality Designation (RQD) are cal-
culated from field logs to identify the rock mass properties.

A representative borehole log at the project site is shown 
in Fig. 1. The subsurface ground profile is comprised of a top 
layer of fill with thicknesses varying between 0.3-m and 1.5-m 
with an average depth of 1-m. The fill layer is quite heterogene-
ous described as grayish brown silty fine to medium sand with 
gravel and pieces of asphalt. No SPT-N values were recorded 
within this layer. This stratum is underlain by a cohesionless 
calcareous sand layer with thicknesses ranging between 3.1-m 
up to 6.45-m, which can be divided into 2 layers. An upper one 
characterized with SPT-N values which typically vary between 
0 and 20 but not exceeding 30. The thickness of this layer var-
ies between 4-m and 5-m. The SPT-N values increase in the 
lower sand layer reaching 50 close to the soil–rock interface. A 
SPT-N value of zero indicates that the weight of the rods and 
hammer results in the sampler to drop through the whole test 
section (30-cm) which is characteristic of very loose sand. The 
measured SPT-N values are presented in Fig. 2-a. Similar sub-
surface ground conditions are encountered in other locations in 
Dubai [e.g., 14, 15]. The large variability of the degree of com-
pactness of the sand layer is typical of these marine deposits in Fig. 1   Representative Borehole Log
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Fig. 2   a Measured SPT-N values versus depth b RQD versus depth
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Dubai as reported by Poulos [16]. Very weak to weak limestone 
is encountered under the cohesionless sand layer. A total of 728 
RQD measurements are computed within the rock stratum as 
shown in Fig. 2-b. Approximately 92% of the RQD are higher 
than 50%, and thus, the rock mass is classified as fair to excel-
lent with an average RQD of 77% [17]. Unconfined compres-
sive strength tests are performed on the extracted rock speci-
mens as presented in Figs. 3-a. The values of the unconfined 
compressive strength vary between 0.54 MPa and 11.64 MPa 
with an average of 3.37-MPa. Thus, the tested rock specimens 
are classified as very weak to weak according to the National 
Engineering Handbook [18]. Poulos and Davids [14] report 
similar properties for both intact and rock mass properties in 
Dubai. Figure 3-b shows the calcium carbonate contents for the 
sand and rock samples which range between 17 and 65% with a 
mean value of 49.2%. According to ARGEMA [19], rocks with 
carbonate contents higher than 30% are described as carbonate.

Pile load tests

Full-scale load tests are conducted on bored piles in accord-
ance with the maintained load test method of ASTM D1143 / 
D1143 M-20 [20]. The load tests are performed on six 1.2-m 
diameter piles and two 1-m diameter piles. The lengths of 
the piles range between 17-m and 25-m below ground sur-
face with rock socket lengths that vary between 11.5-m and 
19.8-m. Table 1 summarizes the basic data for the tested 
piles. The pile head movement is monitored at four points by 
4 displacement dial gauges which are mounted on independ-
ent reference beams. The dial gauges have a range of 0 to 
50-mm with an accuracy of 0.025-mm. Figure 4 shows the 
load–displacement response of all the tested piles. The maxi-
mum applied loads range between 10.52-MN and 30.76-MN.

The pile ultimate capacity is reached with the onset of 
failure associated with the stress reaching a constant value 
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Fig. 3   a Unconfined Compressive Strength versus depth b Calcium Carbonate Content versus depth
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or peaking. Examining the load test data, none of the test 
piles reach failure. Several techniques have been developed 
to provide a consistent framework to evaluate the failure 
load [21–26]. Akguner and Kirkit [2] found that mathemati-
cally based graphical methods [e.g., 23, 26] are suitable for 
interpreting load tests of socketed piles because of small pile 
displacements. Elhakim [27] demonstrates that the methods 
proposed by Brinch Hansen [21]; De Beer [22] and Amar 
et al. [25] are not suited for load tests with limited dis-
placements, while the methods suggested by Chin [23] and 
Decourt [26] are more suited for such cases. Accordingly, 

the ultimate loads for all the load tests are evaluated using 
both Chin and Decourt methods.

The simple hyperbola is one of the simplest formulae to 
represent the non-linear load–displacement response and 
only requires two constants. Accordingly, it has been used 
to evaluate the capacity of piles. Chin [23] plots the pile 
head displacement on the X-axis versus the pile displace-
ment divided by the applied load on the Y-axis. Using these 
transformed axes, the data are represented by a straight line 
with the ultimate pile capacity as the reciprocal of the slope 
of this line, as presented in Fig. 5. Decourt [26] proposes 

Table 1   Basic data for tested 
piles

Pile number Diameter d (m) Total length 
Lt (m)

Socket length 
Ls (m)

Maximum load 
(MN)

Maximum set-
tlement (mm)

P1 1.0 17 11.5 15.28 3.49
P2 1.2 25 19.8 30.76 8.28
P3 1.2 18.95 15.12 15.86 2.74
P4 1.2 18.68 14.12 14.70 2.30
P5 1.0 16.68 12.12 10.52 2.53
P6 1.2 21.08 18.12 16.12 2.54
P7 1.2 21.83 19.12 21.57 3.43
P8 1.2 22.88 19.12 21.58 3.07

Fig. 4   Full-scale load–displace-
ment response of tested piles



Innovative Infrastructure Solutions (2022) 7:257	

1 3

Page 5 of 14  257

plotting the secant modulus (Ks = Q/s) versus the applied 
load (Q) to evaluate the ultimate pile capacity (Qult) which is 
equivalent to zero secant modulus (Ks = 0). Similar to Chin’s 
technique, a straight line is fitted to the data and the ultimate 
pile capacity is determined by extrapolating the data to reach 
a zero-secant modulus (intercept with the X-axis), as illus-
trated in Fig. 6. Table 2 summarizes the maximum applied 
load compared with both Chin and Decourt ultimate loads. 
It is clear that the applied loads are quite smaller than either 
Chin or Decourt ultimate capacities. This confirms that none 
of the piles was loaded to its ultimate capacity. For com-
parison, the maximum applied loads are plotted versus the 
interpreted ultimate capacities obtained from both Chin and 
Decourt methods as shown in Fig. 7a and b, respectively. As 
presented, Chin’s ultimate capacity is 69% higher than the 
maximum applied load. Similarly, Decourt’s ultimate capac-
ity is 80% higher than the maximum applied load. Figure 7c 
shows the relation between Chin and Decourt ultimate loads 
indicating that the ultimate capacity using Decourt’s tech-
nique is on average 6% higher than Chin’s method.

Instrumented pile load test results

Piles P1 and P2 are instrumented to examine the load trans-
fer along pile shaft. Four strain gauges are welded to the 
pile reinforcing steel. Vibrating wire strain gauges are made 
of two end blocks connected with a tensioned steel wire. 
As the medium which includes the strain gauge is strained, 
relative movement develops between the end blocks. The 
gauges are connected to a readout unit which records the pile 

Fig. 5   Schematic Diagram 
of Chin Transformed Axes 
to Determine the Pile Axial 
Capacity
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Fig. 6   Schematic Diagram of Decourt’s Method to Determine the 
Pile Axial Capacity

Table 2   Summary of maximum applied loads and interpreted ulti-
mate capacities

Pile number Maximum load 
(MN)

Chin ultimate 
load (MN)

Decourt 
ultimate load 
(MN)

P1 15.28 25.0 27.3
P2 30.76 45.9 49.0
P3 15.86 33.3 33.0
P4 14.70 33.3 29.5
P5 10.52 25.0 29.0
P6 16.12 28.57 32.0
P7 21.57 33.3 34.2
P8 21.58 33.3 39.9
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shaft deformations. This results in a change in the resonant 
frequency of the wire. For pile P1, the strain gauges are 
placed 1-m, 5.5-m (approximate soil/rock interface), 10-m 
and 16-m (1-m above pile toe level) below the pile cut-off 
level. Similarly, for pile P2, the strain gauges are placed 1-m, 
5.2-m (approximate soil/rock interface), 10.5-m, 17.5-m and 
24-m (1-m above pile toe level) below the pile cut-off level.

The pile load–unload displacement results for piles P1 
and P2 are presented in Fig. 8. The highest applied loads 
are 15.28-MN and 30.76-MN for piles P1 and P2, respec-
tively. For pile P1, the highest and residual recorded pile 
head movements are 3.49-mm and 0.36-mm, respectively. 
Similarly, for pile P2, the maximum and residual pile head 
movements are 8.28-mm and 1.36-mm, respectively. Fig-
ure 9a and b shows the load transfer and the percentage of 
the applied load versus depth for pile P1. The percentage of 
the applied load transferred to a depth of 16-m (1 m above 
the pile tip) varies between 0% and 8.6% corresponding to 
25% and 100% of the maximum applied load. Similarly, 
Fig. 10a and b shows the load transfer curves and percent-
age of applied load versus depth for pile P2, respectively. 
The load transferred to a depth of 24-m (1-m above pile 
tip) ranges between 0 and 11.5% for 25% and 100% of the 
maximum applied load, respectively. Table 3 summarizes 
the main results from the pile load tests on piles P1 and P2.

The variation of the pile shaft resistance with depth is 
presented in Figs. 11-a and 11-b for 25%, 50%, 62.5%, 75%, 
87.5% and 100% of the maximum applied loads, respec-
tively. The average side resistance is computed based on the 
strain gauge measurements. The shaft resistance in the top 
sand layer increases with depth down to the rock stratum. 
Table 4 summarizes the average side resistance versus depth 
for piles P1 and P2.

Figure 12a shows the mobilized side resistance versus 
pseudo-strain (pile head movement to pile diameter) at 
depths of 5.5-m, 10-m and 16-m for pile P1. For the shaft in 
the sand layer, the resistance increases with the increase in 
pile head movement reaching a peak strength of 166.8-kPa 
at a pseudo-strain of 0.11%. Loading the pile beyond the 
peak load, strain softening is observed with the shaft side 
resistance reaching 148.1-kPa corresponding to a pseudo-
strain of 0.35%. On the other hand, the shaft side resist-
ance in the rock layer does not reach a peak value up to the 
maximum recorded strain of 0.35%. Similarly, the mobilized 
side resistance for pile P2 is plotted versus pseudo-strain 
in Fig. 12b at depths of 5.2-m, 10.5-m, 17.5-m and 24-m. 
For the shaft resistance in the sand layer, the ultimate shaft 
side resistance of 249-kPa is achieved at a pseudo-strain of 
0.34% with a reduction in resistance with further loading. 
The recorded shaft resistances in the rock layer do not reach 
failure up the maximum pseudo-strain of 0.69%. Based on 

(a)

(b)

(c)

Fig. 7   a Maximum Applied load versus Chin ultimate load; b Maximum 
Applied load versus Decourt ultimate load; c Chin versus Decourt Ulti-
mate Loads
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Fig. 8   Load-unload displace-
ment response curves for piles 
P1 and P2

(b)(a)

Fig. 9   a Load transfer versus depth; b Percentage of applied load transfer versus depth for pile P1
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the rock side resistance, no load is transferred to the pile 
tip with all the load being carried by shaft resistance. As 
illustrated from the measured data, the shaft resistance in the 
rock layer is much higher compared to sand with the ratio of 
the rock to sand shaft resistances of 4.9 and 10.7 at 50% and 

100% of the maximum applied load for pile P1, respectively. 
Similarly, the ratios of the rock to sand side resistances are 
3.7 and 10.7 for pile P2. Thus, the contribution of the sand 
layer to pile capacity is insignificant, especially for higher 
loads. Accordingly, the sand shaft resistance is ignored in 
the analysis of the capacities of the pile rock sockets.

Rock socket side resistance

The ultimate side resistance of the rock socket is computed 
as the summation of the shear resistance over the socket sur-
face. For a circular pile, the pile socket capacity is calculated 
according to the below equation.

(a) (b)

Fig. 10   a Load transfer versus depth b Percentage of applied load transfer versus depth for pile P2

Table 3   Summary of load test results for piles P1 and P2

P1 P2

Maximum applied load (MN) 15.28 30.76
Maximum head movement (mm) 3.49 8.28
Residual head movement (mm) 0.36 1.36
% Load at 1-m above Pile Tip (25% of the maximum 

applied load)
0 0

% Load at 1-m above Pile Tip (100% of the maximum 
applied load)

8.6 11.5
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where Qs = socket shaft resistance, fsu = shear side resist-
ance along the pile–rock interface, d = pile diameter and 
Ls = rock socket length. Accordingly, it is important to 

(1)Qs = f
su
�dLs

properly determine the shear side resistance (fsu) to compute 
the pile axial capacity. The pile side resistance is influenced 
by multiple factors which include rock strength, rock mass 
properties (e.g., RQD), shear strength between the rock and 
concrete interface, method of construction as it affects shaft 
roughness [28]. Due to the complexity of accounting for all 
these factors, most design methods are based on rock uni-
axial strength [12, 29]. A plethora of correlations has been 
developed to evaluate shear side resistance in rocks [4–12, 
31–33]. Table 5 summarizes some of the correlations used 
to calculate the pile side resistance. These correlations take 
the following general format:

where σc is the rock unconfined compressive strength, and 
α and n are empirical fitting parameters. As illustrated in 
Table 5, the value of n ranges between 0.5 and 1. The value 

(2)f
su
= ��

n
c

(a) (b)

Fig. 11   a Shaft Resistance versus depth for a pile P1 and b pile P2

Table 4   Variation of stress in rock vs. depth for piles P1 and P2 at the 
maximum applied loads

Pile P1 Pile P2

Depth (m) Side Resistance 
(kPa)

Depth (m) Side 
Resistance 
(kPa)

5.5–10 1535 5.2–10.5 847
10–16 1579 10.5–17.5 1288

17.5–24 1472
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of α varies between 0.2 and 2. These factors are based on 
load tests either on full scale or model piles. Some of the 
correlations are based on tests performed in specific rock 
formations or on broader databases which include results 
from piles socketed in different rock types. Asem [30] pre-
sents a thorough review of some of the commonly used 
correlations for evaluating the rock socket side resistance. 

Noting the large variability in the values of α, it is important 
to compare their suitability for application to specific rock 
formations.

As illustrated earlier, none of the tested piles are loaded 
to failure. Thus, the ultimate side resistance is computed for 
each case using both Chin and Decourt methods. Figures 13-
a, 13-b and 13-c shows the maximum measured stresses as 

Fig. 12   Shaft side resistance 
versus pseudo-strain for a pile 
P1 and b pile P2

(a)

(b)
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well as Chin and Decourt resistances for the tested piles, 
respectively. The maximum measured resistance is 55% 
and 52% of Chin and Decourt ultimate loads, respectively. 
Both Chin and Decourt ultimate resistances are close with 
Decourt higher by 6% on average.

The back-calculated side resistance values are com-
pared with those calculated using the empirical correlations 
as shown in Fig. 14. The ratios of the average maximum 
measured resistance to the different empirical methods vary 
between 0.27 (relative to Fleming et al. [9]) and 0.54 (rela-
tive to Kulhawy and Prakoso [8]; AASHTO [11]; Brown 
et al. [12]). On average, the maximum measured resistance 
is 0.44 of the mean resistance from the different techniques. 
The ratio of Chin ultimate resistance to the empirically cal-
culated values ranges from 0.97 (relative to Kulhawy and 
Prakoso [8]; AASHTO [11]; Brown et al. [12]) and 0.49 
(Fleming et al. [9]). The average Chin ultimate resistance 
is 0.79 compared to the mean of the empirically evaluated 
values. Similarly, the ratio of Decourt’s ultimate resistance 
is 1.03 relative to the resistance obtained using Kulhawy 
and Prakoso [8]; AASHTO [11]; and Brown et al. [12] and 

0.52 relative to Fleming et al. [9]. The correlation proposed 
by Kulhawy and Prakoso [8] and adopted by both AASHTO 
[11]; Brown et al. [12] provides the closest prediction of the 
socket side resistance obtained using either Chin or Decourt 
techniques. On the other hand, Fleming et al. [9] overesti-
mate the side resistance by approximately 100% compared 
to either Chin or Decourt techniques. Based on the current 
study, Eq. (3) is recommended for use to compute the shaft 
resistance of piles socketed in Dubai limestone:

where α = 0.97 to 1.03 with an average of 1.0.

Summary and conclusions

The results of eight full-scale pile load tests socketed in 
weak rock are analyzed. Two of the piles are instrumented 
to model the load transfer with depth along the pile shaft. 
The subsurface ground is comprised of a fill layer under-
lain with sand which extends to an average depth of 5.5-m 

(3)f
su
= ��

0.5

c

Table 5   Correlations between 
pile socket side resistance and 
rock unconfined strength

* According to Brown et al. [12], roughened socket resistance is to be considered only when artificial rough-
ening is applied by the use of grooving tools or other techniques to increase the pile side resistance

Shaft resistance Reference

fsu

pa
= 1.1

(

�c

pa

)0.56

 Where pa = atmospheric pressure
Rosenberg and Journeaux [31]

fsu

pa
= �

√

�c

pa  Where pa = atmospheric pressure and α = 0.2 to 0.3
Horvath and Kenny [4]

fsu

pa
= 0.45

√

�c

pa  for regular clean socket*
Rowe and Armitage [5]

fsu

pa
= 1.3

√

�c

pa  Where pa = atmospheric pressure
Fleming et al. [7]

fsu = ���c Where α = f (σc) and β = f (RQD) Egyptian Ministry of Housing [32]
fsu

pa
=

√

�c

pa  Where pa = atmospheric pressure
Kulhawy and Prakoso [8]

fsu

pa
= 2

√

�c

pa  Where pa = atmospheric pressure
Fleming et al. [9]

fsu = 0.3 σc Stark et al. [10]
fsu

pa
=

√

�c

pa  Where pa = atmospheric pressure
AASHTO [11]

fsu

pa
=

√

�c

pa  Where pa = atmospheric pressure
Brown et al. [12]

fsu = e−1.29�0.83

c
 Where fsu and σc are in MPa Asem and Gardoni [33]
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underlain by very weak to weak limestone with an average 
RQD of 77%. The pile diameters are 1-m and 1.2-m with 
socket lengths ranging between 11.5-m and 19.8-m. Based 
on the analysis of the pile load test results, it is shown that 
none of the piles reached failure. Chin [23] and Decourt [26] 
techniques are used to evaluate the ultimate pile capacities 
providing close results. Therefore, it is concluded that either 
methods can be used to calculate a reasonable evaluation of 
capacity. Based on the instrumented pile load test data, it is 
shown that the pile side resistance in the upper sand layer 
peaks at a pseudo-strain ranging between 0.11% and 0.34%, 
while the ultimate side resistance in the rock layer is not 
reached up to the maximum recorded strains of 0.35% and 
0.69%. Furthermore, the resistance within the sand layer is 
quite small compared to that of rock so it may be neglected. 
It is also noted that no load is transferred to the pile tip up 
to the maximum measured pile pseudo-strains which range 
between 0.35 and 0.69%. A comparison is made between 
the measured pile side resistance and those obtained from 
empirical correlations based on the rock unconfined com-
pressive strength. The equation proposed by Fleming et al. 
[9] overestimates the pile resistance by approximately a 
factor of 1.9. Both Chin and Decourt ultimate resistances 
compare well with the method proposed by Kulhawy and 
Prakoso [8] and adopted by AASHTO [11] and Brown et al. 
[12]. A correlation between the shaft side resistance and the 
rock unconfined compressive strength is proposed for piles 
socketed in Dubai limestone.

(a)

(b)

(c)

Fig. 13   a Maximum measured side resistance; b Chin ultimate side 
resistance; and c Decourt ultimate side resistance
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