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Abstract With advancements in drilling techniques and improved coring tools, deep 
foundations socketed into granitic rock have been widely used to support the heavy 
loads imposed by the high-rise buildings and bridges. To optimize the pile design, 
designers are often required to estimate the pile’s bearing capacity and subsequently 
validate the design parameters with pile load tests. Most of the time, the pile’s bearing 
capacity is calculated based on empirical models suggested by various researchers 
around the world. However, these equations may not be suitable, as the data used to 
derive them were based on the pile load tests carried out at various location, likely with 
different construction methodologies. This paper aims to develop an empirical model 
to estimate the pile shaft resistance in granitic rock based on uniaxial compressive 
strength (UCS) by using data from twelve pile load test results performed in Southeast 
Asia and three pile load test results carried out in East Asia. Thirteen of the piles 
tested by using bi-directional static load test (BDSLT) method and remaining tested 
by conventional top-down static load test method (SLT). Comparison between the 
actual test data and estimated capacity by using existing empirical models is also 
presented. This paper also further demonstrates the maximum displacement of pile 
shaft segment in rock upon reaching failure. For pile shaft resistance not reaching 
its ultimate value, a suitable method is applied to predict the ultimate shaft resistance 
values. End bearing capacity obtained from the pile tests is also presented herein as 
reference. 

Keywords Pile bearing capacity · Bi-directional static load test · Granitic rock ·
Uniaxial compressive strength · Sustainable construction

Y. P. Oh · M. A. M. Ismail (B) 
School of Civil Engineering, Universiti Sains Malaysia Engineering Campus, Nibong Tebal, 
14300 Seberang Perai Selatan, Penang, Malaysia 
e-mail: ceashraf@usm.my 

Y. P. Oh 
e-mail: jason@arges.com.sg 

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024 
N. Sabtu (ed.), Proceedings of AWAM International Conference on Civil Engineering 
2022 - Volume 3, Lecture Notes in Civil Engineering 386, 
https://doi.org/10.1007/978-981-99-6026-2_5 

53

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-6026-2_5&domain=pdf
http://orcid.org/0000-0003-1379-528X
http://orcid.org/0000-0003-0541-0693
mailto:ceashraf@usm.my
mailto:jason@arges.com.sg
https://doi.org/10.1007/978-981-99-6026-2_5


54 Y. P. Oh and M. A. M. Ismail

1 Introduction 

A deep foundation’s bearing capacity is mainly composed of two components, 
namely the shaft friction and the end bearing. The capacity of these two compo-
nents is affected by several factors such as type of geological formation, construction 
practices, and pile material. For pile socketed into rock, factors such as interface 
roughness and uniaxial compressive strength (UCS) affect the pile bearing capacity. 

Since 1970s, researchers have proposed empirical models to estimate the pile 
shaft resistance from the uniaxial compressive strength (qu) of rock. These empirical 
models were established based on pile load test data conducted at various location 
around the world with different construction methodologies. Hence, it is important 
to have locally established empirical models for pile designers to estimate the rock 
shaft resistance with a good degree of confidence. Two types of rocks commonly 
encountered are igneous rocks and sedimentary rocks. The weathering classification 
is specified in Annex B of BS EN ISO 14689 Approach 2. 

Pile shaft friction capacity develops through shearing of the bond between 
concrete and the rock or sliding friction or combination of both. Nam and Vipu-
lanandan [1] conducted a study on the excavation roughness produced by different 
type of drilling tools. Seidel and Collingwood [2] also suggested socket roughness 
factor for prediction of rock socket shaft resistance. However, it is still not common 
to quantify the surface roughness as the instrument required for this work is not 
commercially available. 

Most of the pile socketed into rock are constructed by using bored piling machine 
with its dedicated rock coring tools such as rock auger, core barrel with bullet teeth, 
and core barrel with roller bits. The bullet teeth or roller bit is fixed on the core 
barrel with certain angle typically between 1 to 7°, which is adjusted based on the 
hardness of the rock during trial bore on site. Another method of rock coring is by 
using reverse circulation drilling (RCD), where the drilled material is returned to the 
surface by flushing the medium inside the drill pipes. Case 13–15 in this study was 
constructed by using reverse circulation drilling method in East Asia. While the rest 
was constructed by using normal bored piling machine with core barrel-roller bit in 
Southeast Asia. Corel barrel with roller bit and rock core sample is shown in Fig. 1.

Polymer and bentonite are the two types of stabilizing fluids widely used for the 
pile excavation. As the bentonite filter cake reduced the shear strength of the pile 
soil interface over time, most of the piles constructed in recent years are utilizing 
polymer as the support fluid as it does not have a detrimental effect on the interface 
shear resistance [3]. Cleaning of the pile toe by de-sanding method or air-lift method 
is crucial step to ensure the performance of the pile especially the pile is heavily relied 
on end bearing, particularly for large diameter pile. Inspection of the toe cleanliness 
shall also be carried out, be it using conventional “sounding” or “dipping” method or 
quantitative method like sediment probe with depth encoder to record the sediment 
thickness prior to the concreting works.
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Fig. 1 Core barrel-roller bit and rock core sample by using core barrel-roller bit

2 Pile Test Method 

Several test methods are available to test the pile socketed into granitic rock. Over 
85% of the test pile results presented in this paper are tested with bi-directional static 
load test (BDSLT) or better known as “Osterberg Cell test (O-cell)” and two cases 
tested by conventional top-down static load test (SLT). One of the benefits of BDSLT 
is the sacrificial jack-like device can be pre-installed on the reinforcement cage and 
positioned near to the tip of the pile. As the jack expands, the end bearing provides 
reaction for the side shear and vice versa [4]. This method enables engineer to test 
the pile in full scale, loaded the pile in compression from the bottom until one of the 
two components (shaft friction or end bearing) reaches its ultimate capacity or until 
the maximum capacity of the jack installed in the pile. One of the benefits for pile 
tested with BDSLT method is the sacrificial jacks can be positioned within the rock 
socket or near to the toe of the excavation and test the rock socket capacity directly. 

All the test piles are instrumented with telltale extensometers to measure the pile 
compression and pile displacement. Load distribution along the pile is estimated 
by attaching the vibrating wire strain gauges in pairs onto the reinforcement cages 
(Refer to Table 1 for the test pile summary).
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Table 1 Test pile summary 

Test ID Diameter (mm) Length (m) Socket Length (m) Test Method 

Case 1 1100 39.09 2.10 BDSLT 

Case 2 1100 35.29 2.30 BDSLT 

Case 3 800 32.47 4.52 BDSLT 

Case 4 1200 41.12 3.05 BDSLT 

Case 5 800 22.70 1.60 SLT 

Case 6 800 45.00 1.70 BDSLT 

Case 7 1000 32.30 5.00 BDSLT 

Case 8 1500 28.90 2.50 SLT 

Case 9 1000 23.86 3.80 BDSLT 

Case 10 1200 49.86 4.80 BDSLT 

Case 11 1000 21.00 3.30 BDSLT 

Case 12 1000 17.56 3.50 BDSLT 

Case 13 2350 51.58 14.58 BDSLT 

Case 14 2350 58.35 23.35 BDSLT 

Case 15 2350 54.20 14.80 BDSLT 

3 Pile Test Result 

3.1 Shaft Resistance Capacity 

To establish a more reliable empirical relations, the ultimate value of the shaft friction 
shall be adopted. Test pile program shall be designed with additional test capacity to 
fully mobilize the pile. Figure 2 shows the top section of bi-directional static load test 
(BDSLT) fully mobilized. Maximum displacement of rock segment at failure for four 
cases in this study shown in the Fig. 3 below is approximately at 10–15 mm. Ayithi 
and Ryan [5] reported that average additional capacity beyond 10 mm displacement 
is less than 5% of the total capacity. This finding agrees well with data presented in 
this paper. Hence, shear displacement of 10 mm can be considered as upper bound 
for maximum shaft resistance.

Chin [6] suggested a hyperbolic curve fitting method (Fig. 4) to estimate the ulti-
mate capacity of the shaft resistance based on actual test data. This method usually 
fits well with actual test data, where plot of the settlement versus ratio of settle-
ment and resistance gives a linear relationship. Therefore, for the cases where pile 
displacement is less than 10 mm, ultimate value is obtained through Chin’s method.

Mobilized unit shaft resistance of moderately weathered granitic rock is presented 
in Table 2. The ultimate values for case 4 and case 10 are estimated based on Chin’s 
method with the maximum displacement limited to 10 mm.
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Fig. 2 Top section fully mobilized (Case 9) 
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Fig. 3 Unit shaft friction versus segment movement
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y = 0.0009x + 0.0005 
R² = 0.999 
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Fig. 4 Hyperbolic curve fit–Chin’s method–Case 11

Table 2 Mobilized unit shaft resistance 

Test ID UCS Unit shaft resistance Displacement (mm) Ultimate value 

Case 1 46.4 839 > 10 839 

Case 2 90.7 823 > 10 823 

Case 3 93.8 712 > 10 712 

Case 4 16.1 1255 4.8 1587 

Case 5 88.0 1068 > 10 934 

Case 6 35.5 653 > 10 653 

Case 7 112.9 990 > 10 990 

Case 8 129.7 932 > 10 932 

Case 9 69.3 925 > 10 925 

Case 10 95.9 1091 7.2 1176 

Case 11 35.6 1105 > 10 1105 

Case 12 131.2 1230 > 10 1230 

Case 13 34.8 1685 > 10 1685 

Case 14 15.7 1484 > 10 1484 

Case 15 18.5 1799 > 10 1799 

3.2 End Bearing Capacity 

The test pile unit end bearing capacity and its respective toe displacement show no 
clear correlation (see Table 3 and Fig. 5). As discussed by Fellenius [7], the end 
bearing resistance does not exhibit an ultimate value. Larger displacement could be 
due to the combination of the pile material strength and cleanliness of the pile base.
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Table 3 Mobilized unit end 
bearing Test ID UCS Unit end bearing Displacement (mm) 

Case 1 46.4 13,519 4.1 

Case 2 90.7 13,030 5.9 

Case 3 93.8 13,455 2.8 

Case 4 16.1 13,692 18.6 

Case 5 88.0 12,214 18.0 

Case 6 35.5 8814 17.0 

Case 7 112.9 10,501 41.5 

Case 8 129.7 8217 37.2 

Case 9 69.3 12,244 25.7 

Case 10 95.9 12,141 18.0 

Case 11 35.6 11,502 2.0 

Case 12 131.2 10,828 3.8 

Case 13 34.8 20,477 30.5 

Case 14 15.7 16,877 108.4 

Case 15 18.5 25,556 80.4 
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Fig. 5 Mobilized unit end bearing 

4 Review on Empirical Models for Shaft Resistance 

Several empirical models were proposed to estimate the rock shaft resistance based 
on the uniaxial compressive strength (UCS) value. All these models were based on 
Eq. 1.
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fs 
Pa 

= B
(
qu 
Pa

)n 

(1) 

where fs is shaft resistance, qu is uniaxial compressive strength, Pa is atmospheric 
pressure (101.325 kPa), and B and n is the empirical factor derived from load test 
data. Summary of the selected empirical models is stipulated in Table 4. 

Fifteen pile test data result was compared with the empirical models suggested 
by various researchers. It is clearly seen that the empirical models predicted shaft 
resistance is deviated away from the actual test data from test pile drilled with core 
barrel-roller bit. Three of the test pile result with its rock socket cored by using 
reverse circulation drilling method (RCD) is higher than empirical models suggested 
by Horvath and Zhang (see Fig. 6). 

Based on the actual test data collected, an empirical model is proposed to suit the 
local soil condition as well as the construction practices (see Fig. 7). The assessment

Table 4 Summary of selected empirical models 

Empirical model B n Remarks 

Rosenberg and Journeaux [8] 1.09 0.52 Based on 6 data points 

Horvath and Kenney [9] 0.65 0.5 Diameter > 400 mm 

Rowe and Armitage [10] 1.42 0.5 Test did not reach failure 

Zhang and Einstein [11] 0.63 0.5 Smooth socket 

Kulhaway et al. [12] 1 0.5 Lower bound, B = 0.63 
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Fig. 6 Comparison of empirical models with actual test data 
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Fig. 7 Suggested empirical model based on actual test data 

suggested the following: 

fs 
Pa 

= 3.65
(
qu 
Pa

)0.14 

(2) 

Due to limited data for test pile with rock socket drilled by using reverse circulation 
drilling method, the three test piles data point are not included in the assessment. 
However, it shall be noted that the shaft resistance capacity is much higher than pile 
constructed with core barrel-roller bit (see Fig. 7). 

5 Summary and Conclusions 

A total of fifteen pile load test data was compiled, and a comparison was made against 
the empirical models. The data show that the existing available empirical models are 
not suitable for estimating the rock shaft friction in Southeast Asia region. Actual 
pile test data show that there is no significant increase in pile shaft resistance with 
the increase in UCS value. Hence, an empirical model is proposed specifically to 
estimate the pile shaft resistance in granitic rock socket and cored by core barrel 
with roller bits. 

Bored pile socketed into rock can be constructed with different types of drilling 
tools and stabilizing fluids. The empirical equation shall be used with caution, and 
the adopted design parameters for construction shall be proven by full-scale pile load 
test.
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