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Abstract: Estimation of ultimate bearing capacity (UBC) of pre-stressed high-strength concrete (PHC)
pipe pile is critical for optimizing pile design and construction. In this study, a standard penetration
test (SPT), static cone penetration test (CPT) and static load test (SLT) were carried out to assess,
determine and compare the UBC of the PHC pipe pile embedded in saturated sandy layers at different
depths. The UBC was calculated with three methods including the JGJ94-2008 method, Meyerhof
method and Schmertmann method based on in-situ blow count (N) of SPT (SPT-N) which was
higher than the values recommended in survey report regardless of pile length. The average UBC
values calculated with cone-tip resistance and sleeve friction from CPTs was also higher than the
value recommended in the survey report. Moreover, the actual UBC values directly obtained by
load-displacement curves from SLTs were in line with the calculated values based on in-situ SPTs and
CPTs, but approximately twice as high as the values recommended in the survey report regardless of
pile length. For the SPT method, the application of bentonite mud in saturated sand layers is critical
for the assessment of pile capacity in the survey phase, CPTs can provide reliable results regardless of
soil characteristics and groundwater if the soil layer can be penetrated, and SLTs are necessary to
accurately determine the UBC in complex stratum.

Keywords: PHC pipe pile; ultimate bearing capacity; saturated sandy layer; in-situ tests

1. Introduction

Pile foundations as structural elements are widely applied to back up superstructures, such as
high-rise buildings, large highway bridges, harbors, wind power plants and oil extraction facilities,
by safely transferring the load from the shallow soft surface layers onto the deep firmer layer
underground for the superstructure’s stability [1–4]. Determination of the ultimate bearing capacity
(UBC) of designed piles is necessary and significant because that governs the safe geotechnical
engineering design of pile foundations. Nevertheless, it is always a complex problem to create
pile foundations under loading and precisely predict a pile’s load-bearing capacity for geotechnical
design engineers [5]. As a result, numerous methods including experimental methods, numerical
methods, and analytical methods, have been proposed to estimate pile behavior and pile load-bearing
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capacity [5–10]. Nevertheless, it is well established that the level of accuracy and consistency of the
estimated bearing capacity is of prime importance for those methods; for example, the difference
of estimated bearing capacity between the Meyerhof method and semi-empirical method [11].
Furthermore, the constructability, strength, and serviceability criteria of pile foundations must be
considered in the design process. The reliable load-bearing capacity of the pile must be available for
serviceability as well [5]. Therefore, the accurate evaluation of pile bearing capacity is still far from
accomplished due to the complexity of the problems.

The theoretical solutions employing the bearing capacity to calculate the pile shaft and tip
resistance involve setbacks caused by considerable uncertainty factors, such as installation method,
stress history and soil compressibility [12]. The experimental solutions like the standard penetration test
(SPT), static cone penetration test (CPT), and static load test (SLT), correlating in-situ tests results with
pile bearing capacity are commonly used in evaluating load-bearing capacity of a single pile although
they also involve shortcomings induced by both operator and test procedure. For SPT, it remains
one of the most popular in-situ testing procedures, which is frequently used to estimate foundation
design parameters [13]. However, it has substantially inherent variablility which cannot reflect soil
compressibility, and is affected by many factors like the operator, drilling, hammer efficiency and blow
rate etc. [12,14]. According to the specification, the blow count (N) of SPT (SPT-N), the number of
blows to drive a sampler 300 mm in the ground, varies significantly due to the various experimental
conditions and operating conditions in the preliminary investigation of the project site [15], and the
SPT-N is often widely applied in predicting bearing capacity and assessing the quantificational risk of
soil liquefaction [15–17]. For CPT, it is considered as one of the most useful field techniques for the soil
characterizations because CPT is a robust, simple, fast, reliable, and economic test providing continuous
soundings of subsurface soil and does not need extensive coring [1,18]. Generally, CPT is considered a
model pile due to the resemblance between the cone penetrometer and pile, which consequently has
extensive applications for geotechnical engineering [19]. Cone-tip resistance and sleeve friction are
measured and recorded simultaneously when the tip penetrates the soil layer [2]. After acquisition
of the cone penetration data, there are two approaches to apply CPT records for both drilled and
driven piles’ design [2,19]. One is a direct approach in which the measured cone-tip resistance and
sleeve friction are directly used for calculating pile bearing capacity [20–27], while the other is an
indirect approach in which the measured CPT data are applied first to estimate the soil parameters,
and then the estimated data are used to obtain the end bearing capacity as well as the unit skin
friction [28,29]. Moreover, a CPTu-based enhanced unicorn method for pile capacity has been proposed,
which estimated axial pile capacity for a wide variety of pile types installed in different assortments of
geomaterials [30]. The development of a direct experimental SPT and CPT method is shown in Table 1.

Table 1. Direct experimental methods for predicting the pile ultimate bearing capacity (UBC).

Method Soil Type Pile Installation Type References

Direct-SPT Sand Drilled [31]

Direct-CPT Sand-Clay
Driven [21–23,26]
Drilled [29]

Drilled or driven [11,12,20,27]
Direct-CPTu Sand-Clay Driven [28]

Loading statically on the pile until its failure is the most direct and reliable method in determining
the load-bearing capacity of a single pile so far, although the major limitation of conducting SLT is
that it is much more expensive and time-consuming [4]. Apart from that, high-strain dynamic testing
of piles (HSDT) [32] based on one-dimensional wave propagation and provided by a pile driving
analyzer (PDA), is an innovative method in predicting the bearing capacity of bored piles, and the
bearing capacity has been proved to be in close agreement with that of SLT [33]. It is worth noting that
a reasonable safety factor value is of the essence for those in-situ tests to obtain a solid foundation [34].
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Considering the high cost of in-situ tests, artificial intelligence (AI) combining mathematics,
algorithm, and creativity, has been introduced to establish AI-based predictive models of bearing
capacity of piles in the last decade [4,35–39]. With the CPT results, two artificial neural networks
(ANNs) and a nonlinear multiple regression model for predicting pile resistance were set up to predict
pile resistance [2]. It has been proved that the application of artificial intelligence and predictive models
are practical, feasible, and they can be regarded as fast tools in solving engineering problems [40].
Apart from that, a new on-site camera method based on node displacement with the biological
mechanism of phagocytosis to correlate continuous images was developed to calculate the settlement
of piles [41].

Apart from the in-situ test, numerical simulation methods have also been applied to study the
bearing capacity. Chen et al. used a discrete element model (DEM) to assess the pile-sand interactions
at the micro-scale [9]. Cai et al. used the finite element model (FEM) to calculate bearing capacity at
the tip of the pile for different slope angles [10]. Józefiak et al. also adopted the FEM to obtain the pile
bearing capacity and pile settlement of the soil–pile system [42]. For a broad group pile foundation,
the field load test combined with numerical analysis are usually applied to estimate the ultimate
performances of the pile foundation [43].

The pile properties are also of considerable significance to better evaluate the bearing capacity of
the pile foundation. A new type of offshore oil and gas platform mixed pile was explored with the
laboratory test program and the FEM, and the results show that the novel offshore foundation type is
suitable for a wide range of sand conditions [44]. The impact of sand piles on improving the bearing
capacity of soil foundations as well as controlling the settlement is studied by partially replacing
sand piles with constraints [45]. Moreover, there are still many factors affecting the bearing capacity
of the pile foundations, such as external sulfate attack, effective radius, and the elastic modulus of
a pile. The ultimate bearing capacity (UBC) and failure characteristics of the pile are related to the
shape of the pile cap and the strength of the pile body [46]. The degree of soil-plugging should be
considered when the bearing capacity of the open-ended pile is studied [47]. The plugging effect of
open-ended piles is highly influenced by the pile driving condition, soil condition, and pile geometry
conditions [48]. Much work has focused on the prediction method and influence factors of pile bearing
capacity; however, it remains challenging to accurately estimate the ultimate bearing capacity (UBC) of
a single pile, especially in consideration of complex geological conditions in practice.

The purpose of this paper is to analyze the ultimate bearing capacity (UBC) of PHC piles embedded
in saturated sandy layers. Three in-situ tests, including SPT, CPT, SLT, and the corresponding calculation
methods of the ultimate bearing capacity of a single pile with data from various tests, are described to
demonstrate the differences between in-situ results and values recommended in the survey report.
The mechanism for these differences is also explored.

2. Ground Conditions

The in-situ tests were carried out in Nanchang Aerospace Industry Town, in the Jiangxi province
of China, with multiple thick sandy layers and abundant groundwater. The plant before treatment was
flat terrain, including paddy fields, ponds, roads, and creeks. Figure 1 shows the schematic diagram of
the area and the soil profiles. As shown in Figure 1, a soft substratum ( 5O) lies between coarse sand ( 4O)
and medium sand ( 6O & 7O). To obtain a secure and stable foundation, the PHC pipe pile foundation
was penetrated through the soft substratum ( 5O) to the bearing stratum of medium sand ( 6O& 7O) based
on the geological exploration. However, it was difficult to penetrate the PHC pipe piles with a length
of approximately 21 m down to the bearing layer ( 6O & 7O) because of the existence of dense coarse
sand ( 4O) with a variable thickness of 5~8 m. It is necessary to conduct in-situ tests to find the bearing
capacity characteristics of a single PHC pipe pile embedded in the bearing layer at different depths,
which provides a reliable basis for subsequent optimization of the design and construction of PHC
pipe piles. As shown in Figure 1, the typical area between A-A’ and B-B’ was selected as the in-situ
test area. In this study, the primary purposes were to obtain the vertical UBC of a single pile when
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the bearing stratums are coarse sand ( 4O) and medium sand ( 6O & 7O), respectively, and to acquire the
ultimate skin friction of single PHC pipe piles embedded in medium sand ( 6O & 7O).
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Figure 1. Schematic diagram of plant area and geological cross-section with the exploratory boreholes.

3. Design of In-Situ Test

3.1. SPT

The SPT method was conducted according to the testing specifications [49] to evaluate the
bearing capacity during the engineering survey phase. Figure 2a shows the schematic of the standard
penetrator. Nine drilling holes, including SPT-1#, SPT-2#, SPT-3#, SPT-4#, SPT-5#, SPT-6 #, SPT-7#,
SPT-8#, and SPT-9# were selected in the area between A-A’ and B-B’ in Figure 1. During the in-situ
SPT, the pit was dug around the drilling hole, and 300 mesh bentonite powder was poured into the pit
to make bentonite mud, which is different from the SPT performed in survey phase. The mud was
hydrated for 24 h, its average specific gravity was 1.272 g/cm3, and the viscosity was 15.86 s, as shown
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in Figure 2b. A protective cylinder with an outer diameter of 127 mm and a length of 3 m was installed
at the top of drilling holes to prevent the hole from collapsing. During the SPT test, the standard
penetrator was impacted into the tested layer for 15 cm and then impacted into the layer every 10 cm
for a total of 30 cm, as shown in Figure 2a. The depth of the tested layer and groundwater, as well as
the SPT blow count (SPT-N) of each 10 cm footage, were recorded accordingly three times. Figure 2c
shows the SPT in situ.
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Figure 2. (a) Schematic of penetrator; (b) Bentonite mud preparation; (c) standard penetration test
(SPT) testing.

There are mainly three methods adopted for calculation of UBC of a single pile based on SPT-N:
(1) The JGJ94-2008 method [50]. The ultimate axial pile capacity (Quk) consists of the end bearing

capacity of the pile (Qpk) and the shaft friction capacity (Qsk). The Qpk is calculated as the product of
the pile end area (Ap) and unit end bearing (qpk). The Qsk is calculated as the product of the outer pile
shaft area (As), and the unit skin friction (qsk). The general formula of ultimate axial pile capacity is
given as follows:

Quk = Qsk + Qpk = u
n∑

i=1

qsikli + qpkAp (1)

where u is pile perimeter (m); qsik is the average unit skin friction (kPa) of soil layer i; li is the pile
length (m) interfacing with layer i; n is the number of soil layers along the pile shaft.

(2) The Meyerhof method [51]. Meyerhof put forward empirical correlations between the SPT-N
and the bearing capacity of piles as follows:

Quk = Apqp + ulqs (2)

qpk = 40N
L
D
≤ 400N (3)

qsk = 2Ñ (4)

where Quk is ultimate axial capacity (kPa); Ap is the cross-sectional area of the pile tip (m2); qpk is
ultimate stress (kPa); u is pile perimeter (m); l is pile length (m); qsk is average unit skin resistance



Appl. Sci. 2020, 10, 6269 6 of 17

(kPa); L and D are pile length and pile diameter (m), respectively; N is average SPT-N value almost
10D above and 4D below pile tip; Ñ is average SPT (N) value.

(3) The Schmertmann method [52]. Schmertmann used the N value to determine the ultimate end
bearing capacity and ultimate shaft friction capacity, as shown in Table 2.

Table 2. Schmertmann method.

Soil Type qc/N
Friction Ratio

(%)

Ultimate End
Bearing Capacity

(kPa)

Ultimate Shaft
Friction Capacity

(kPa)

Clean sand with various densities 0.3745 0.60 342.4 N 2.03 N
Mixed sand with clay and silt 0.2140 2.00 171.2 N 4.28 N

Plastic clay 0.1070 5.00 74.9 N 5.35 N
Shell-containing sand and soft

argillaceous limestone 0.4280 0.25 385.2 N 1.07 N

3.2. CPT

Figure 3a shows the schematic of the static CPT, consisting of a double bridge probe at the lower
end of a high-strength and stainless steel pipe segments in succession. The double bridge probe
comprised a cone tip, which was 10 cm2 in basal area (35.7 mm in diameter) with an apex angle of 60◦,
as presented in Figure 3b. The 10 CPT test points within 2 m and corresponding to SPT test points
(CPT-1#, CPT-2#, CPT-3#, CPT-4#, CPT-5#, CPT-6#, CPT-7#, CPT-8#, CPT-9#, CPT-10#), were selected,
respectively. Four ground anchors with a length of 1.5 m and a diameter of 35 cm of the anchor blade
were penetrated into the ground. Two trucks provided counterforce for the CPT method, as shown
in Figure 3c. The double bridge probe and the metal pipes were pushed down into 1 m below the
ground and then raised 10 cm to observe the zero position movement. After that, the data were cleared,
and the probe was pressed back to the original position to begin the formal penetration at a constant
speed of 2 cm/s. Some soundings could not be penetrated to the long pile tip because of the dense
over-consolidated sand of the coarse sand layers ( 4O). Therefore, a drill machine was used to penetrate
through the coarse sand layer ( 4O) until the long probe toe could reach to the medium sand ( 6O & 7O),
and then the CPT could be conducted in the soil layers below. As penetration was ongoing, cone-tip
resistance (qc in MPa per unit area at the cone tip) and sleeve friction ( fs in kPa per unit area of the
sleeve) were measured and recorded. The friction ratio (R f ) could be obtained as follows [53]:

R f = fs/qc × 100% (5)

The formula for determining the UBC of a single PHC pipe pile based on the CPT results of the
double bridge probe is as follows [50]:

Quk = Qsk + Qpk = u
∑

li · βi · fsi + α · qc ·Ap (6)

βi = 5.05( fsi)
−0.45 (7)

where fsi is average unit skin friction of a double bridge probe induced by soil layer i; βi is the correction
coefficient of skin friction induced by sandy soil layer i; α is correction coefficient of pile tip resistance
(for saturated sand, α = 0.5); qc is cone-tip resistance.
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3.3. SLT

Three types of PHC piles were driven into different bearing soil layers, including coarse sand ( 4O)
and medium sand ( 6O & 7O). The distribution of the investigated PHC types is illustrated in Figure 1,
and the characteristics of the PHC piles are presented in Table 3. The D-type pile with a length of
12.5 m was embedded in coarse sand ( 4O). Both C-type and K-type PHC piles were penetrated into
medium sand ( 6O & 7O). The soil below the K-type PHC pile tip was hollowed out with a drill to obtain
pure shaft friction capacity, as shown in Figure 4(Aa). The test pile installation process is presented in
Figure 4(Ab,Ac). Before SLTs, the pipe heads were pre-treated to protect the pile head from damage in
the SLT. For C-type and D-type PHC pile pipes, the pile heads were cut, and new reinforced concrete
pile heads with a diameter of 600 mm were fabricated, as shown in Figure 4B. For K-type PHC pile
pipes, the pile heads were strengthened by the bind with hoops because the counterforce could only be
provided by skin friction, as shown in Figure 4C.

Table 3. Characteristics of investigated pre-stressed high-strength concrete (PHC) piles.

PHC Type Concrete Diameter
(mm)

Thickness
(mm)

Length
(m)

Installation
Procedure

Bearing Soil
Layer

Maximum Load
(kN)

C-type C80 500 125 21 Impact driving
6O & 7O

medium sand 7000

D-type C80 500 125 12.5 Impact driving 4O coarse sand 5000

K-type C80 500 125 21 Impact driving
6O & 7O

medium sand 5000

Figure 5 shows the schematic figure of the SLT. The SLT was performed with a loading method
for individual piles step-by-step, in line with a local pile testing specification [54]. The load applied on
the pile head was increased by 10% of the design load, and the load of the first step was twice that
of the other steps. Settlement of pile head was measured and recorded at intervals of 5 min, 10 min,
15 min, 15 min, 15 min, 30 min and so on after each loading step until the settlement is smaller than
0.1 mm within two hours. The corresponding pile head settlement was monitored and recorded with
four digital dial gauges fixed to the reference beams. Most of the investigated piles in this study failed
before reaching the maximum load, and the pile capacity could be determined from load-displacement
curves obtained from SLTs.
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4. Results

4.1. Bearing Capacity Based on SPT

Figure 6 shows the soil profile and corresponding blow counts (N) of SPT (SPT-N) at different
testing points. The blow counts (N) were adopted to calculate the UBC of a single pile in this study based
on the JGJ94-2008 method [50], Meyerhof method [51] and Schmertmann method [52], respectively.
The calculated values were compared with that given in the survey report, as shown in Figure 7.
For 21 m long PHC pipe piles embedded in medium sand ( 6O & 7O), the recommended values of UBC



Appl. Sci. 2020, 10, 6269 9 of 17

in survey report are in the range of 2191~3055 kN, while the UBC values calculated with the JGJ94-2008
method, Meyerhof method, and Schmertmann method were in range of 3570~4560 kN, 3437~5268 kN,
3316~5283 kN, respectively. The corresponding ratios of calculated values to the recommended value
in the survey report are in the range of 1.30~2.10, 1.22~2.35, and 1.17~2.29, respectively. Based on
SPT-1#, SPT-2#, and SPT-3#, for short PHC pipe piles with a length of 12.5 m embedded in coarse sand
( 4O), the recommended values of UBC in the report are in the range of 1547~1568 kN, while the UBC
values calculated with the JGJ94-2008 method, Meyerhof method, and Schmertmann method, were in
the range of 2828~3087 kN, 1799~3776 kN, 3304~5009 kN, respectively. The corresponding ratios
of the calculated values to the report’s recommended value are in the range of 1.80~2.00, 1.15~2.41,
and 2.11~3.24, respectively. It is evident that all calculated values are bigger than the recommended
values with no regard to pile length, and the value recommended in the survey report is rather
conservative, which cannot truly reflect the formation characteristics on bearing capacity.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 20 
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Figure 7. (A) The ultimate bearing capacity of long PHC pipe pile (L = 21 m, D = 500 mm);
(B) The ultimate bearing capacity of short PHC pipe pile (L = 12.5 m, D = 500 mm).

4.2. Bearing Capacity Based on CPT

As illustrated in Figure 8, the cone tip resistance, sleeve friction, and friction ratio of CPTs,
measured near the test PHC pipe piles, shows that the measured parameters profiles of the different
CPTs were in good agreement with each other in the same soil layers. The cone-tip resistance values
are mostly in the range of 0~22 MPa in coarse sand ( 4O) and medium sand ( 6O & 7O) below. The sleeve
friction values were mostly in the range of 0~220 kPa in coarse sand ( 4O) and medium sand ( 6O &
7O) below. The UBC values of a single pile were calculated for long PHC pipe piles with a length of

21 m and short PHC pipe piles with a length of 12.5 m, respectively, based on the JGJ94-2008 method,
as shown in Figure 9. The average UBC value for a single short PHC pipe pile in coarse sand was
2766 kN, while the average UBC value for a single long PHC pipe pile in medium sand was 3824 kN.
It can be seen that the calculated UBC values with the CPTs data are close to the average value of the
single pile UBC values calculated with the in-situ SPTs.
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4.3. Bearing Capacity Based on SLT

The complete load-settlement (Q-S) responses of the tested PHC pipe piles are presented in
Figure 10, and the experimental results of different piles are listed in Table 4. The maximum load of
C-type PHC pipe piles (C-1#, C-2#, C-3#) embedded in medium sand ( 6O & 7O) was 6300 kN, and the
corresponding pile head settlement was 55.54 mm. The standard value of the ultimate load was 4900 kN,
and the characteristic value was 2450 kN. D-type PHC pipe piles (D1#, D2#, D3#) embedded in coarse
sand ( 4O) and K-type PHC pipe piles (K1#, K2#, K3#) embedded in medium sand ( 6O & 7O) were loaded
to 4500 kN and 5000 kN, respectively. The corresponding maximum pile head displacements of D-type
piles and K-type piles were 68.56 mm and 60.78 mm, respectively. The standard value of the ultimate
load for D-type and K-type piles are 3500 kN and 4500 kN, respectively, and the characteristic values
were 1750 kN and 2250 kN, respectively.

Table 4. Experimental results of different piles.

Pile Type Pile Number End Load(kN) Qmax (kN) Ra (kN)

C-type
C-1# 6300 5600 2800
C-2# 5600 4900 2450
C-3# 5600 5600 2800

D-type
D-1# 4000 3500 1750
D-2# 4000 3500 1750
D-3# 4500 4000 2000

K-type
K-1# 5000 4500 2250
K-2# 5000 5000 2500
K-3# 5000 4500 2250
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5. Discussion

In-situ tests, including SPT, CPT, and SLT, were conducted to estimate the UBC of a single PHC
pipe pile embedded in the saturated sandy layer in different depths. The average values of skin
friction capacity, end-bearing capacity, and UBC obtained with these in-situ tests were comprehensively
compared with the values recommended in the survey report, as shown in Figure 11. All values of UBC
based on in-situ tests were over 1.5 times higher than the UBC value recommended in the survey report
regardless of pile length, while the tested values were similar. The UBC value recommended in the
survey report is calculated by the JGJ94-2008 method with blow count (N) of SPT (SPT) in the survey
phase. Hence, the difference between the calculated UBC and recommended UBC might be caused by
SPT-N. The SPT-N in the survey phase is compared with that in the in-situ test, as shown in Figure 12.
It can be seen that the SPT-N values in the survey report are less than 25, while most of the SPT-N values
in the in-situ test are higher than 25 at the position of 10 m below ground surface where coarse sand
and medium sand lies. The compactness of the tested soil layers based on blow counts in the survey
report varies from slight denseness to medium denseness. In contrast, the compactness of the tested
soil layers based on in-situ SPTs mainly varies from medium denseness to heavy denseness, especially
for soil layers at the position of 10 m below ground surface, which might be caused by the bentonite
mud technology. The bentonite mud technology was not adopted in the survey phase, and the drilling
wall might collapse during SPTs, leading to low blow counts (SPT-N). In contrast, the drilling wall
did not collapse during SPTs in the in-situ SPTs due to the adoption of bentonite mud technology,
reflecting the real density and strength of the tested soil layers, especially for saturated sandy layers
with cohesionless characteristics. It indicates that the bentonite mud technology is significant and
necessary for accurate estimation of the UBC of pile foundations.Appl. Sci. 2020, 10, x FOR PEER REVIEW 2 of 20 

 
Figure 11. Comparison of bearing capacity. (a) Long piles (L = 21 m); (b) short piles (L = 12.5 m). Figure 11. Comparison of bearing capacity. (a) Long piles (L = 21 m); (b) short piles (L = 12.5 m).



Appl. Sci. 2020, 10, 6269 14 of 17
Appl. Sci. 2020, 10, x FOR PEER REVIEW 3 of 20 

 
Figure 12. Penetration depth versus the blow count (N) of the standard penetration test (SPT) (SPT-

N). 

6. Conclusions 

In this study, a group of in-situ tests including the SPT, CPT and SLT were carried out to 
investigate and evaluate the UBC of a single PHC pipe pile embedded in saturated coarse sand and 
medium sand. Based on the analysis of the test results, the main findings specific to the soil layers 
and in-situ tests for PHC piles can be summarized as follows: 

(1) For in-situ SPTs, three calculation methods, including the JGJ94-2008 method, Meyerhof method, 
and Schmertmann method, were adopted to calculate the UBC of a single PHC pipe pile based 
on in-situ SPTs. The calculated results of the three methods were similar, while the calculated 
UBC values were approximately 1.17~2.35 times and 1.15~3.24 times as much as the 
recommended values in the survey report for long piles with a length of 21 m and short piles 
with a length of 12.5 m, respectively. 

(2) The CPT with a double bridge probe was conducted to obtain the cone-tip resistance and sleeve 
friction close to SPT test points. The results were similar to the results calculated with in-situ 
SPTs, and the average value was 1.57 times and 1.81 times bigger than the value recommended 
in the survey report for long PHC pipe piles embedded in medium sand and short PHC pipe 
piles embedded in coarse sand, respectively. 

(3) The SLTs were conducted for three types of PHC pipe piles. It shows that the UBC based on SLTs 
was similar to the results acquired with SPTs and CPTs. However, it was 2.01 times and 2.24 times 
as much as the values recommended in the survey report for long and short PHC piles, 
respectively. 

Figure 12. Penetration depth versus the blow count (N) of the standard penetration test (SPT) (SPT-N).

6. Conclusions

In this study, a group of in-situ tests including the SPT, CPT and SLT were carried out to investigate
and evaluate the UBC of a single PHC pipe pile embedded in saturated coarse sand and medium sand.
Based on the analysis of the test results, the main findings specific to the soil layers and in-situ tests for
PHC piles can be summarized as follows:

(1) For in-situ SPTs, three calculation methods, including the JGJ94-2008 method, Meyerhof method,
and Schmertmann method, were adopted to calculate the UBC of a single PHC pipe pile based on
in-situ SPTs. The calculated results of the three methods were similar, while the calculated UBC
values were approximately 1.17~2.35 times and 1.15~3.24 times as much as the recommended
values in the survey report for long piles with a length of 21 m and short piles with a length of
12.5 m, respectively.

(2) The CPT with a double bridge probe was conducted to obtain the cone-tip resistance and sleeve
friction close to SPT test points. The results were similar to the results calculated with in-situ
SPTs, and the average value was 1.57 times and 1.81 times bigger than the value recommended in
the survey report for long PHC pipe piles embedded in medium sand and short PHC pipe piles
embedded in coarse sand, respectively.

(3) The SLTs were conducted for three types of PHC pipe piles. It shows that the UBC based on
SLTs was similar to the results acquired with SPTs and CPTs. However, it was 2.01 times and
2.24 times as much as the values recommended in the survey report for long and short PHC
piles, respectively.

(4) The conservative values recommended in the survey report were also calculated by the JGJ94
method based SPTs in the survey. The SPT blow counts (SPT-N) based on in-situ SPTs increased
dramatically compared to the blow-count values in the survey report, especially in saturated sand
layers at the position of 10 m below the ground. It might be caused by bentonite mud technology,
which plays a significant role in preventing the drilling wall from collapsing.
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Several evaluation methods were adopted and carried out in this study to study the UBC of a
single PHC pile embedded in saturated sand layers. The application of bentonite mud technology in
SPTs in a saturated sandy layer with cohesionless characteristics can provide more reliable parameters
for evaluation of the UBC of a pipe foundation in the survey phase. CPTs can provide reliable results
regardless of soil characteristics and groundwater as long as the soil layer could be penetrated. SLTs
are necessary to accurately determine the UBC of pile foundation in complex stratum.
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