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Granite residual soil is widely distributed in south China and is treated as a special soil. Its design parameters in rotary drilling
bored piles are a matter of debate due to lack of in-situ pile load tests. Back-analysis of test piles is a reliable means of studying the
geotechnical capacity of granite residual soil for pile design. In this study, a series of in situ tests was conducted comprising six full-
scale instrumented test piles in gravelly granite residual soil in Shenzhen to consider the effects of different construction methods.
,e six piles were constructed with three different rotary drilling methods. Two commonly used designmethods were investigated
in the back-analysis: the SPTand effective stress methods.,e results of the loading tests and strain gauges were used to obtain the
back-analyzed parameters of the ultimate shaft resistance and ultimate base resistance for gravelly granite residual soil with these
two design methods.

1. Introduction

Granite residual soil is a soil-like decomposed granite with
weathering grades of VI, V, and IV. Classical “granite re-
sidual soil” is grade VI weathered granite and is distributed
extensively in the tropical and subtropical areas of the world
[1–3]. It is most widely distributed in southeast China, es-
pecially Guangdong Province, Fujian Province, and Hong
Kong Special Administrative Region (HKSAR). ,ese re-
gions have a high economic output and large number of
construction projects. ,e typical thickness of granite re-
sidual soil layer in these regions is 20–35m and might be
even up to 70m in some areas [4–6]. High-rise buildings
generally use pile foundations to support their loads. ,us,
studying the characteristics of granite residual soil is very
important for pile design.

Granite residual soil is generally classified as silty sand or
sandy silt depending on the particle size distribution and

according to the American Society for Testing and Materials
(ASTM) and British Standards Institution (BSI) [7]. In
China, it is generally considered to be clay according to
GB50007 [8] and GB50021 [9]. Granite residual soil can also
be divided into clayey soil, sandy clayey soil, and gravelly
clayey soil according to the design code of Guangdong
Province [10]; these correspond to gravel particles larger
than 2mm in diameter making up 0%, 0%–20%, and >20%,
respectively, of the content.

Previous studies have shown that granite residual soil is
characterized by structural collapse induced by water in-
undation, and strength deterioration after disturbance
[7, 11, 12]. Because its engineering characteristics are quite
different from those of ordinary silt, clay, or sand, granite
residual soil is treated as a special soil in China.

Bored piles are widely used in tall buildings all over the
world because of the high load-bearing capacity and little
noise pollution during construction. Since the 1980s,
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a number of studies have been carried out in South China
that focused on bored piles in granite residual soil and
weathered granite formations. However, no method has yet
been developed for calculating the bearing capacity of bored
piles in granite residual soil.

According to the Chinese national standard (JGJ-94 [13])
and local regulations of Guangdong Province (DBJ-15-31
[10]) and Fujian Province (DBJ-13-07 [14]), the bearing ca-
pacity of bored piles in granite residual soil can be estimated
with the liquidity index IL because it is treated as a kind of clay.
,e Shenzhen local standard (SJG01-2010) independently
proposed a method for calculating the pile bearing capacity in
granite residual soil by considering IL [15]. In SJG01, the
parameters of gravelly, sandy, and clayey granite residual soil
were proposed, respectively, and higher resistance was pro-
posed for higher content of gravel particles.

,e effective stress and standard penetration test (SPT)
methods are the most commonly used methods for pile
design in the other country [16, 17] and are commonly used
for pile design in granite residual soil in Hong Kong and
Singapore [6, 18–21]. ,ese two methods consider the
vertical effective stress and SPT blow count N, respectively,
in semiempirical formulas for the pile shaft and base
resistances.

In the effective stress method, the average vertical ef-
fective stress is the main calculation parameter [19, 20]. ,e
coefficient β is introduced to represent the relationship
between the pile shaft resistance (or base resistance) and
vertical effective stress. β is a comprehensive coefficient that
is affected by multiple factors, such as the soil density on the
pile side, internal friction angle of the pile-soil interface,
construction process, and pile material [22–24]. Ng et al. [19]
proposed typical β values for bored piles in granite saprolite
constructed with different methods: the 95% confidence
range of β is 0.2–0.4 for piles constructed by
grabbing/reverse circulation drilling (RCD) underwater
with/without temporary casing, 0.4–0.8 for piles postgrouted
after construction by grabbing underwater with temporary
casing, and 0.1–0.2 for piles constructed by RCD under
bentonite. Fellenius et al. [20] proposed β � 1.0 for the shaft
resistance and β � 16 for the base resistance to consider the
residual load.

,e SPT method is another most commonly used to
estimate the pile bearing capacity. For bored piles in granite
residual soil, the Geotechnical Engineering Office (GOE) [6]
suggested the shaft resistance τs � 0.8–1.4N for pile/soil
settlement of about 1% the pile diameter and the base re-
sistance is 6–13N for a settlement of 1% the pile diameter. Ng
et al. [19] proposed the following ratios of τs/N: 0.6–1.3 for
piles constructed underwater, 0.6–4.1 for postgrouted piles,
and 0.0–1.3 for piles constructed under bentonite. Chang
and Broms [21] reported the ratio of τs/N to range from 0.7
to 4 and suggested τs � 2N for the design of bored piles
constructed in residual soil in Singapore.

Although some studies have focused on the bearing
capacity of bored piles in granite residual soil foundations,
there still need some further studies. For example, although
the Chinese specifications recommend forms of the IL
method [10, 13, 15], and the calculation parameters for

gravelly, sandy, and clayey granite residual soil were pro-
posed, respectively, no parameter has been proposed for the
SPTand effective stress methods. GEO, Ng et al., and Chang
and Broms suggested coefficients for the SPT and effective
stress methods; however, granite residual soil was not fur-
ther classified in their studies, and these coefficients still need
to be validated for Shenzhen. Moreover, the construction
method has a great effect on the bearing capacity of piles.
Brown [25], Chang and Zhu [26], and Ng et al. [19] pre-
sented construction factors for the shaft resistance, but the
construction factor for the base resistance still needs further
investigation.

Rotary drilling has been applied to the excavation of
bored piles (drilled shafts) for decades and is widely used in
China. It is generally performed with borehole support
methods such as casing advanced ahead, bentonite slurry,
and water. ,e characteristics of granite residual soil in
bored piles constructed by rotary drilling are still needs
further investigation.

Although some studies have focused on the bearing
capacity of bored piles in granite residual soil foundations,
further studies are still needed. ,e Chinese specifications
recommend forms of the IL method [10, 13, 15]; however, IL
value of granite residual soil is difficult to measure accu-
rately. ,erefore, Chinese engineering practicing needs ef-
fective stress and SPT methods such as alternative design
methods and supplements to IL method in bored pile design
in granite residual soil area. In addition, granite residual soil
was further classified as gravelly, sandy, and clayey granite
residual soil in Chinese engineering practice, and gravelly
granite residual soil has a higher bearing capacity [15]. ,e
parameters of the SPTand effective stress methods should be
further investigated, especially for gravelly granite residual
soil that has a higher gravel content. Moreover, the con-
struction method has a great effect on the bearing capacity of
piles [19, 25, 26]. ,e construction factor for the different
rotary drilling method in gravelly granite residual soil also
needs further investigation.

In this study, a series of experiments was conducted to
study the pile shaft resistance and pile base resistance of rotary
drilling bored piles in gravelly granite residual soil (which can
be classified as silty sand according to ASTM D2487 [27]),
including six surveyed boreholes with SPT and borehole
samples. A series of laboratory tests was carried out to build
six full-size test piles. ,ree of the piles were constructed with
a slurry retaining wall, three were constructed with casing
advanced ahead, and all test piles were embedded with steel
bar stress gauges. Six test piles were subjected to the static
loaded test.,e results were used to back-analyze the ultimate
shaft and base resistances of these piles, and the parameters of
granite residual soil with the SPTand effective stress methods
were examined. ,en, the influence of the construction
method on the vertical bearing capacity of bored piles in
granite residual soil was considered.

2. Materials and Methods

2.1. Test Layout. ,e test site was located in Shenzhen In-
stitute for Drug Control in Keji Middle 1st Road, Nanshan
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District, Shenzhen, China, as shown in Figure 1. Six bored
piles were constructed in the center of each test pile, and the
SPTmethod was performed on six boreholes. Figure 2 shows
the plan-view layout of the piles and boreholes.

,e top 3m was back-filled soil, followed by the granite
weathering profile and granite bedrock. ,e back-filled layer
was filled for more than 10 years and partially with broken
bricks and concrete blocks. For the back-analysis, the soil-
like granite weathering profiles, which were granite residual
soil at the macroscale, were treated as one unit. ,e
groundwater level was at a depth of 7.5–9.5m and was
located at a depth between 7.6 and 7.8m during the axial
load tests of the testing piles.

2.2. Materials

2.2.1. Granite Residual Soil. Figure 3 shows the grain size
distribution of the granite residual soil. ,e average content
was 5.5% fine gravel, 23.3% coarse sand, 15.1% medium
sand, 12.8% fine sand, and 43.7% silt and clay.

Table 1 shows the Atterberg limit test result of the granite
residual soil. ,e Atterberg limit was obtained with the fall
cone test. Test samples were made from original soil samples
passed through a 0.5 mm sieve. For the granite residual soil,
the plastic limit wP was 21.5%–35.1% with an average value
of 29.0% and the liquid limit wL was 36.3%–61.9% with an
average value of 52.8%.

According to ASTMD2487 [27], the granite residual soil
in this study can be classified as silty sand of ML to MH
based on its grain size distribution and Atterberg limit. In
Chinese engineering practice, however, granite residual soil
is generally treated as a kind of special clayey soil because its
engineering properties are quite different from those of
sedimentary clay and sedimentary sand [4, 12]. Table 2
presents the classification of granite residual soil (DBJ15-
31 [10] and SJG01 [15]). ,e residual soil in this research can
be classified as gravelly clay.

2.2.2. Undrained Shear Strength of Granite Residual Soil.
Because granite residual soil is generally treated as clay in
China, its undrained shear strength (Su) is determined with
the quick direct shear box test and SPT. Figure 4 shows the
results of the quick direct shear box test. ,e cohesion (c)
was 9.5–35.3 kPa with an average value of 22.4 kPa, while the
internal friction angle (φ) was 21.8°–35.3° with an average
value of 28.0°.

Triaxial consolidated undrained (CU) tests were carried
out in a prior geological investigation. For granite residual
soil, the effective cohesion (c′) was taken as 13.7 kPa and the
effective internal friction angle (φ′) was taken as 30.8°.

2.3. Experimental Setup

2.3.1. Bored Pile Construction and Instrumentation.
Rotary drilling is a kind of excavation method for large-
diameter bored piles. ,e borehole diameter is usually
0.6–4.0m. ,is method has been widely used in China in
recent years because of its high efficiency and low pollution.

,e rotary drilling machine can equip different kinds of
drilling tools. In this study, a double-bottomed rotary
drilling bucket was equipped; it is commonly used to ex-
cavate soil and decomposed rock. Pile excavation was
conducted with the rotary drilling bucket. Excavated ma-
terials were loaded into the drilling bucket directly at the
same time and then poured onto the ground.

Depending on the geological conditions, rotary drilling
bored piles use different support methods to ensure that the
borehole walls are safe and stable during excavation. ,e dry
construction method without support is commonly used in
hard soil or weathered rock above the groundwater level, but
this method was not used in this study. When piles are bored
in soft soil or the water level is relatively high, the borehole
should be excavated with support by casing ahead, water, or
drilling fluid. ,e drilling fluid can be a polymer or mineral
(bentonite) fluid [25]. Unlike the traditional positive cir-
culation and reverse circulation methods, the drilling fluid
used in rotary drilling is relatively static because the fluid is
not needed to transport excavated materials.

Six full-scale test piles were divided into two series based on
two typical rotary drilling construction methods. Series 1
contained test piles TP-1 to TP-3 that were constructed by
rotary drillingwith drilling fluid (RDF).,e drilling fluid of TP-
1 and TP-2 was bentonite slurry and that of TP-3 was water.
Series 2 contained test piles TP-4 to TP-6, and rotary drilling
was conducted with casing advanced ahead (RDC). Figure 2
shows the test pile site. Figures 5(a)–(c) show the sketch of the
six test piles, and Figure 5(d) shows the section of the test piles.

All six test piles were constructed with a nominal di-
ameter of 1.0m. TP-1 and TP-4 had the same length of 8m,
TP-2 and TP-5 had the same length of 18 m, and TP-3 and
TP-6 had the same depth of 23m.

All piles were constructed with underwater concrete
having a design compressive strength of 30MPa. ,e
reinforcing steel was composed of twenty 28mm longitu-
dinal bars extending to the full length and 8mm hoops at
a spacing of 0.2m. In the upper 2m, the hooping was 8mm
with a spacing of 0.1m spacing. For each test pile, a rein-
forced concrete cap with an area of 1.5m× 1.5m and
thickness of 0.35m was placed about 1 month after the piles
were constructed.

In order to test the internal force of the pile during the test,
all six test piles were instrumented with vibrating-wire strain
gauges (VWSGs) and earth pressure cell (EPCs). ,e VWSGs
were welded onto the steel cage of the test piles at several levels
of spacing of 2-3m in the vertical direction. At each level, four
VWSGs were set. For TP-1 and TP-4, four levels of VWSGs
were set; for TP-2 and TP-5, eight levels of VWSGs were set;
and for TP-3 and TP-6, 10 levels of VWSGs were set. For each
test pile, four EPCs were set, and the EPC was attached to the
bottom of the steel bar to which a VWSG was welded. ,e
distance between the EPC and lower-level VWSG was 0.5m.
,e VWSGs and EPCs were checked before and after in-
stallation, after concreting, and before load testing.

2.3.2. Loading Test Procedures. In various test procedures
used for pile load testing, the load-movement relationship
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produced by the slow maintained loading test (SMLT)
method is the most similar to that which occurs during the
construction process. In this study, all axial loading tests
were carried out in accordance with the SMLT method
(GB50007-2011 [8]). Note that the SMLT procedures of
GB50007-2011 and ASTMD 1143/D 1143M-07 [28] di�er in
the criterion for applying the next load level. For GB50007-
2011, the next load level cannot be applied until the rate of
axial movement does not exceed 0.01mm/h. For ASTM D
1143/D 1143M-07, the rate is 0.25mm (0.01 in)/h for
a maximum of 2 h.

In this study, the axial load was applied by using a re-
action system consisting of four parts, as shown in Figure 6:
the kentledge, load transmission beam, hydraulic jacks, and

automatic control system. �e kentledge comprised stacked
reinforced concrete blocks and was placed on the load
transmission beam. Hydraulic jacks were placed under the
load transmission beam used to apply load to the pile head.

�e pile head settlement was tested with four linear variable
di�erential transformers (LVDTs) that were placed symmet-
rically at the pile head. �e applied load was tested with
electronic pressure sensors in series on the hydraulic pump and
con�rmed with embedded strain gauges close to the jack.

Loading tests were carried out automatically with the RS-
JYC automatic control system produced by Wuhan Rocksea
based on the data of the LVDTs and electronic pressure
sensors.

In order to make the tested piles reach a very large pile
head settlement to determine the ultimate bearing capacity
of the tested piles, the maximum load was set to about three
times the design working load.

3. Results and Discussion

3.1. Load-Settlement Response. Table 3 summarizes the
loading test results. All of the test piles demonstrated very

Figure 1: Location map of the experimental site.
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Table 1: �e Atterberg limit test result of granite residual soil.

Depth Plastic limit, wP(%) Liquid limit, wL(%)
3∼6.5m 28.2∼35.1 55.3∼61.9
6.5∼10m 26.6∼31.6 48.8∼60.1
10∼13m 26.8∼29.9 47.0∼57.4
13∼17m 26.3∼33.2 46.5∼60.3
17∼22m 21.5∼26.8 36.3∼49.2
Total 21.5∼35.1 36.3∼61.9
Mean value 29.0 52.8

Table 2: Classi�cation of granite residual soil in China.

Soil name Content with d≥ 2mm
Gravelly clay More than 20% of the full weight
Sandy clay Less than 20% of the full weight
Clay None
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large settlements of more than 50mm at the end of the
loading test. �e test piles can be classi�ed into three groups
according to the pile length for comparison. Figure 7
compares the measured load-settlement responses at the
pile head for each group. �e piles constructed with casing
advanced ahead (RDC) showed a higher ultimate resistance
than piles constructed with drilling ¤uid (RDF). For all three
groups, the load-settlement behaviors were rather similar up
to the 100% design load with very little settlement (1.1–
3.2mm). �e di�erences became obvious at higher loads.
�is might be due to the microstructural properties of
granite residual soil and the material characteristics of the
bored piles. Granite residual soil subjected to shaft resistance
is under shear, and granite residual soil subjected to base
resistance is under compress. In this case, pile shaft re-
sistance generally reaches the maximum value at a small pile
head settlement, while pile base resistance generally reaches
the maximum value at a higher settlement value. Moreover,
pile shaft resistance mobilized ahead of pile base resistance,
as the principle of load transfer of bored piles discussed by
Zhang [29]. �us, both pile head settlement and the de-
viation of each group are small at lower loads. With the
applied loads increasing, settlement becomes larger, and the
deviation becomes more signi�cant due to the di�erence in
the maximum value of the pile side resistance and the
sti�ness of the pile base resistance. �ese results agree with
those of Lam et al. for the piles constructed with bentonite
and polymer [30].

�ere are many methods for interpreting the failure load
of a pile loading test [15]. In the literature, the critical failure
load is taken as the load at a pile head settlement of 40mm,
as stipulated by Chinese GB50007-2011. In this test, the
largest settlement at a 200% design working load was
23.5mm for all test piles. �is is much smaller than the

critical failure settlement, which means that the design loads
were conservative.

�e strain gauge results were analyzed to study the
suitable design parameters of rotary drilling piles in granite
residual soil in more detail, as discussed below.

3.2. Interpretation of the Strain Gauge Results. For each
measurement section, the average value of four strain gauges
was considered.�e load of the ith measurement section (Pi)
is calculated as follows:

Pi � EcAc + EsAs( )εi, (1)

where Ec is Young’s modulus of concrete (3.0×104MPa), Ac
is the section area of concrete, Es is Young’s modulus of the
steel bar (2.0×105MPa), As is the section area of the steel
bar, and εi is the average strain of the ith section.

�e strain gauge results were used for the back-analysis
of the pile shaft and base resistances, as discussed below.

3.2.1. Back-Analyzed Pile Shaft Resistance. Table 4 sum-
marizes the back-analyzed unit shaft resistance and the
parameters used for the analysis. Figure 8 shows the
typical back-analyzed resistance-relative movement
curves of the granite residual soil from two tested piles
(TP-3 and TP-6). �e unit shaft resistances increased
rapidly with the relative displacement.�e shaft resistance
reached its maximum value when the displacement was
approximately 10–20mm. As the displacement was fur-
ther increased, the shaft resistance remained unchanged
or slightly decreased. In other words, the unit shaft re-
sistance was generally fully mobilized at a relative dis-
placement of 10–20mm, which is equal to 1%-2% of the
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Figure 6: Schematic of the loading test reaction system.
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pile diameter. For TP-6, as the displacement was further
increased, the shaft resistance generally slightly increased.
�e shaft resistance of TP-3 conformed to the strain-

softening model, while that of TP-6 conformed to the
strain-hardening model. �is made the curve exhibited by
TP-3 generally ¤atter than that of TP-6, which implicated
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Figure 7: Load-settlement curves for all test piles.

Table 3: Loading test results.

Diameter
(m)

Length
(m)

Design working load
(kN)

Critical failure load
(kN)

Max. Applied load
(kN)

Max. Settlement
(mm)

TP-1(RDF) 1 8 900 2464 3200 80.66
TP-2(RDF) 1 18 2000 4649 5600 73.61
TP-3(RDF) 1 23 2800 7196 9000 79.52
TP-4
(RDC) 1 8 900 3608 4000 51.55

TP-5
(RDC) 1 18 2000 5096 6300 72.35

TP-6
(RDC) 1 23 2800 8605 10000 64.26

Notes: 1.�e design working load is based on a geotechnical investigation report and GB50007-2011. 2.�e critical failure load is based on Chinese GB50007-
2011, which stipulates that the critical failure load should correspond to a pile head settlement equal to 40mm.
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that the bored pile constructed underwater might destroy
the structure of the residual soil.

�e ultimate unit shaft resistances of TP-6 were generally
higher than TP-3 at the same depth, which implies that
construction underwater had a more negative e�ect on the
soil shear strength near the pile shaft than piles constructed
with casing advanced ahead. �is phenomenon also
appeared for TP-1 and TP-2 (constructed with bentonite
slurry) compared with TP-4 and TP-5. �e negative e�ects

of bentonite slurry and water have also been demonstrated
by Ng et al. [19] and Lam et al. [30]. �us, in addition to the
parameters of the residual soil itself, the construction
method also has some e�ect on the pile shaft resistance and
should be considered in pile design.

3.2.2. Back-Analyzed Pile Base Resistance. Figure 9 shows
the curves of the unit base resistance-pile head settlement for

Table 4: Summary of back-analyzed factors for the shaft resistance.

Depth Average SPT-N Undrained shear strength (Su) Measured ultimate unit skin friction (qsu) qsu/N β Soilblows/30 mm kPa kPa
TP-1
(RD+S)

3–5m 12 — 51.95 4.33 0.77 GRS
5–7.5m 16 52.22 52.12 3.26 0.50 GRS

TP-2
(RD+S)

7.5–13m 23 75.26 74.46 3.24 0.51 GRS
13–17.5m 32 — 58.05 1.81 0.29 GRS
17.5–18m 54 125.13 87.61 1.62 0.39 GRS

TP-3
(RD+S)

5–10m 34 64.99 112.80 3.32 0.88 GRS
10–13m 22 79.13 52.32 2.38 0.28 GRS
13–16m 23.5 — 82.60 3.51 0.38 GRS
16–18m 25 — 37.06 1.48 0.15 GRS
18–20.5m 60 150.67 118.47 1.97 0.45 GRS
20.5–22.5m 73 — 65.53 0.90 0.23 GRS

TP-4
(RD+C) 5–7.5m 20 65.97 98.70 4.94 0.95 GRS

TP-5
(RD+C)

5–13m 25.7 70.14 78.52 3.06 0.67 GRS
13–17.5m 31.5 90.26 72.26 2.29 0.41 GRS

TP-6
(RD+C)

3–7.5m 24 56.04 96.70 4.03 1.07 GRS
7.5–10m 27 72.80 110.21 4.08 0.76 GRS
10–13m 31 94.42 85.49 2.76 0.50 GRS
13–16m 26 104.84 60.98 2.35 0.30 GRS
16–18m 38 134.39 106.88 2.81 0.47 GRS
18–20.5m 41 — 154.84 3.78 0.62 GRS
20.5–22.5m 57 161.61 166.26 2.92 0.61 GRS

GRS: granite residual soil.
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Figure 8: Unit shaft resistance versus the relative movement.
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all tested piles. ,e curve of TP-1 shows an obvious turning
point at a pile head settlement of 12mm, which implies
a thin “soft cake” of about 10mm at the pile toe.

TP-4 and TP-6 (constructed with casing advanced
ahead) showed a slightly higher unit base resistance than TP-
1 and TP-3 (constructed with bentonite slurry and un-
derwater, respectively) under similar conditions. TP-5
(constructed with casing advanced ahead) had a smaller
base resistance than TP-2 (constructed with bentonite
slurry) because of an intentionally set soft toe for studying its
effect on the shaft resistance near the pile base.

In this test, the maximum mobilized base resistances
(qb,max) of the six tested piles corresponded to different pile
head settlements. For the purpose of discussion, the critical
failure base resistance (qb,crit) and ultimate unit base resistance
(qbu) were used. In order to correspond to the critical failure
load used in the previous paragraph, the base resistance at
a pile head settlement of 40 mm was used for qb,crit. ,e
ultimate base resistances were estimated with Chin’s method
[31]. Table 5 presents the values of qb,max, qb,crit, and qbu.

3.3. Back-Analyzed Pile Design Parameters. In the design
process, the ultimate pile bearing capacity (Qu) is generally
estimated as follows:

Qu � Qsu + Qbu � μ


qsuili + qbuAb, (2)

where Qsu is the total ultimate shaft resistance, Qbu is the
total ultimate base resistance, μ is the pile perimeter, qsui is
the ultimate unit shaft resistance of the ith layer of soil, li is
the pile length in the ith layer of soil, qbu is the ultimate unit
base resistance of the pile, and Ab is the area of the pile base.

,e design bearing capacity (working load) is the ulti-
mate load divided by the global safety factorK, which is set to
K � 2 in China.

In different design methods, qsui and qbu are estimated
with different parameters. Because of the lack of calculation
parameters for bored piles in granite residual soils by rotary
drilling in China, the back-analyzed design parameters of the
SPT and effective stress methods were examined.

3.3.1. Back-Analyzed Design Parameters of the SPT Method.
Figure 10 shows the relationship between the average un-
corrected SPT-N values and measured ultimate unit shaft
resistance (qsu) and critical failure unit base resistance (qb,
crit). ,e scatter of the qsu results was large, but the data
indicated that qsu increases with N. ,e same phenomenon
was also demonstrated by Ng et al. [19] and Chang and
Broms [21]. ,e range of the ratio qsu/N for all piles in
granite residual soil was 0.9–4.9. Piles constructed with
casing advanced ahead had a higher ratio of qsu/N (2.3–4.9)
than piles constructed with bentonite slurry (1.6–4.3). Piles
constructed underwater had the lowest ratio (0.9–3.5). ,ese
values are fairly higher than non-post-grouted bored piles in
granite saprolite that were constructed by grabbing or RCD
in Hong Kong [6, 19].,emeasured relationships at this site
are close to the well-known relationship fs � 2N that was
proposed by Meyerhof for driven piles in sand and has been

suggested for bored piles in residual soils in Singapore
[21, 32]. ,ere are four potential reasons for this: (i) the
granite residual soil at this site had a higher sand content; (ii)
there were some differences in the details of the construction
methods (e.g., the bentonite slurry and water in the borehole
are relatively static during excavation, which produces less
erosion of the borehole wall); (iii) there were some differ-
ences in the soil shear characteristic parameters; and (iv) the
underground water conditions were different.

Figure 10(b) shows that the critical failure unit base
resistances (qb,crit) were much smaller than the estimated
ultimate unit base resistance based on Chin’s method (qbu,e)
[31]. ,e difference in values was caused by the different
critical situations: qb,crit is at a pile head settlement of 40mm,
while qbu,e is at a relatively large settlement.

,e relationship between qb,crit andN can be divided into
two parts according to the groundwater conditions near the
pile base. Piles with a pile base above the groundwater level
(GWL) clearly had a larger slope than piles with a pile base
below the GWL. ,is phenomenon may be caused by the
granite residual soil softening and disintegrating underwater
[4, 12].

At this site, for pile bases above the GWL, qb,crit � 35N.
For pile bases below the GWL, qb,crit � 15–27N with an
average value of qb,crit � 21.5N. ,e average value of all six
tested piles was qb,crit � 26N. ,ese values are close to qb �

30–45N, which has been suggested for bored piles in residual
soil in Singapore [21]. ,e back-analyzed value of the es-
timated ultimate base resistance (qbu,e) was quite large with
an average of qbu,e � 92N.

For design purposes, the ultimate unit shaft resistance
(qsu) for bored piles constructed by rotary drilling in gravelly
granite residual soil (i.e., silty sand according to ASTM
D2487 [27]) can be slightly smaller than the tested average
values of 3N, 2.5N, and 2N for piles constructed with casing
advanced ahead, bentonite slurry and underwater, re-
spectively. For the unit base resistance, qbu can be taken as
35N and 20N for pile bases above and below the GWL,
respectively, to consider settlement for engineering practice.

3.3.2. Back-Analysis of the Effective Stress Method. ,e ef-
fective stress method is a commonly used design method
[18, 32, 33]. In this method, the shaft resistance is calculated
as follows when the effective cohesion (c′) is assumed to be
negligible:

qs � Ksσv′ tan δs � βσv′, (3)

where Ks is the coefficient of horizontal pressure, which
depends on the relative density and state of the soil, pile
installation method, and material, length, and shape of the
pile; σv′ is the mean vertical effective stress; δs is the angle of
friction along the pile-soil interface, which can be taken as
the effective friction angle of soil near the pile shaft; and β is
the shaft friction coefficient.

Table 4 summarizes the results of the back-analyzed β
values, and Figure 11 shows the qsu–σv′ and qbu–σv′ re-
lationships. β ranged from 0.15 to 1.07 for all tested piles. It
was 0.3–1.07 with an average value of 0.64 for piles
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constructed with casing advanced ahead, 0.29–0.77 with an
average value of 0.49 for piles constructed with bentonite
slurry, and 0.15–0.88 with an average value of 0.39 for piles
constructed underwater. �e coe«cient β of qsu showed
a similar trend as the ratio qsu/N for di�erent construction
methods. An interesting result is that the average β values for
piles constructed underwater were slightly smaller than
those for piles constructed with bentonite slurry, which
completely contradicts prior research [18]. �is phenome-
non was also demonstrated for the qsu/N ratio. �e reason

may be the construction method. �e traditional RCD
method needs debris to constantly be sucked out from the
bottom of the hole, so the bentonite slurry or water needs to
be circulated continuously, which easily forms a layer of
weak cake on the wall of the hole, while RCD underwater
does not. For the rotary drilling method, excavated materials
are loaded in the drilling bucket directly and then poured
onto the ground. �e bentonite slurry or water is basically
stationary, so almost no weak cake is produced. �e main
reason is probably that granite residual soil collapses under

Table 5: Unit base resistance (kPa).

Pile TP-1 TP-2 TP-3 TP-4 TP-5 TP-6
qb,max 1268 2022 3018 1210 1736 2607
qb,crit 772 1368 1364 1052 813 1980
qbu,e 2972 3865 5536 3428 4806 6101
qb,max: the maximum measured unit base resistance; qb,crit: the interpreted critical failure resistance at a pile head settlement of 40mm; qbu,e: the estimated
ultimate unit base resistance based on Chin’s method.
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the in¤uence of water [34–36]. �e combined e�ects of the
above causes may be the reason for the discrepancies be-
tween the results of this study and those of Ng et al. [19].

�e relationship between the critical failure unit base
resistance (qb,crit) and σv′ had a similar trend as the re-
lationship between qb,crit andN.�e coe«cient β for the base
resistance was 3.7–8.0 with an average value of 5.9. If the
value of TP-5, which had a pile base that was not completely
cleaned, is ignored, the average value of β was 6.3. �e
average value of β for the estimated ultimate unit base re-
sistance (qbu,e) was 21.4.

4. Conclusion

A �eld trial comprising six full-scale instrumented bored
piles was carried out at a site in Shenzhen, China, to study
the characteristics of granite residual soil for bored pile
design. Varying rotary drilling construction techniques were
used to install the shafts in an attempt to identify the sig-
ni�cance of the installation technique on the performance
under an axial load. �e key results including the design
parameters of SPT method and e�ective stress method of
gravelly granite residual soil were investigated in this study.
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,e average back-analyzed shaft resistance design pa-
rameters of gravelly granite residual soil at this site for both
the SPTand effective stress methods were qsu � 2.9N and β �

0.52. ,ese parameters have much higher values than those
of previous studies, due to the high gravel content of the
granite residual soil. Furthermore, compared with rotary
drilling with slurry and underwater, gravelly granite residual
soil with construction by rotary drilling with casing ad-
vanced ahead indicated a higher qsu based on the result of
SPT and effect stress analysis. Besides, gravelly granite re-
sidual soil above the groundwater level indicated a higher
base resistance with 1.3 to 1.6 times of which under the
groundwater level.

Overall, this study provides a series of experimental data
on gravelly granite residual soil for rotary drilling piles,
which could be helpful for engineering design and con-
struction under similar soil conditions. Limitations and
prospects should be noted as follows. First, more data on
gravelly granite residual soil should be collected and tested to
better verify the proposed finding. Second, further studies on
sandy and clayey granite residual soils could be made in the
future.
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