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Abstract:    This paper involves a series of destructive full-scale load tests on long bored piles instrumented with strain gauges 
along the shafts, including two compression and two tension loading tests. The load-displacement response, axial force, skin 
friction, and the thresholds of the slip displacement for fully mobilizing the skin resistances in different soils are discussed. 
Moreover, the theoretical solution for estimating the pile tip settlement under compression was adopted to analyze the test results. 
It was found that the measured skin frictions for the piles under compression were about 6% to 42% higher than the estimated 
values of the cone penetration tests (CPTs), whereas the measured skin frictions in the uplift cases were about 16% to 50% smaller 
than the estimated values. In addition, the average limited skin frictions for the tension piles were about 0.36 to 0.78 times the 
average ultimate skin frictions for the piles under compression. It also can be indicated that the skin friction along the pile depth 
approached the limited state, and decreased from a peak value with increasing loads. 
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1  Introduction 
 

Cast-in-situ bored piles, generally varying from 
0.6 to 1.5 m in diameter, have been used worldwide as 
the foundations of heavy-load structures, because of 
the relatively low cost and ease of length adjustment 
during pile installation. The purpose of the piles is to 
transmit a foundation load to a solid ground, and to 
resist vertical, lateral, and uplift loads. In the past 
several decades, many studies have dealt with the 
analysis of the behaviors of vertically loaded piles, 
and much effort has been made to develop theoretical 
methods for the analysis of the behavior of a single 
pile and a pile group (Randolph and Worth, 1979; 

Kraft et al., 1981; Guo and Randolph, 1999; Xiao et 
al., 2002; Zhu and Chang, 2002; Ai and Han, 2009; 
Said et al., 2009). Meanwhile, prediction of the uplift 
capacity of a pile is one of the most interesting areas 
of research in pile foundation designs. Some studies 
on the behavior of the piles under uplift loads have 
been conducted (Das 1983; Shanker et al., 2007; Lai 
and Jin, 2010), which were very helpful in predicting 
the uplift capacity of a pile.  

The previous works show that the behaviors of 
the piles under tension and compression are different 
because of the differences of the two pile types in load 
transfer mechanism and skin friction distribution. 
However, few studies have been concerned with the 
details of the differences in the behaviors between the 
tension piles and the compression piles. Furthermore, 
it should be noted that the above-mentioned studies 
normally use model pile tests or numerical ap-
proaches to analyze the behavior of the piles under 
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tension or compression, and very limited data are 
available for the destructive field tests of the com-
pression and tension piles. Therefore, there is a need 
to analyze the behavior of tension piles compared 
with that of compression piles. 

The overall objectives of the full-scale field tests 
are: (1) to understand the load-displacement response 
of the pile under tension and compression; (2) to 
clarify the load transfer mechanism of the pile sub-
jected to vertical and uplift loads; (3) to identify the 
relationship of or differences between load and skin 
friction distributions for the pile under tension and 
compression; and (4) to compare the skin frictions.  

 
 

2  Site conditions and pile description 
 
The field tests were conducted in Hangzhou, 

China. The detailed soil profiles and properties are 
presented in Table 1. The ground water table 
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

elevation in this site varied between 0.7 and 1.2 m 
below the ground surface. 

In order to better understand the differences in 
the tension and compression pile responses, four 
bored piles with identical diameter and approximate 
length were tested. Parameters of the piles under 
tension and compression are summarized in Table 2. 

 
 

3  Experimental 
 

The setups employed for tension and compres-
sion testing of piles are shown in Fig. 1. 

A slow maintained-load method was adopted for 
the tests. The load was applied by the reaction of jacks 
at the pile top, and was increased step by step. The 
magnitude of load at each step was selected as 
1/8−1/12 of the maximum design load for the test, and 
the magnitude of the first load step was double that of 
the subsequent load steps. At each load step, the 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Soil profiles and properties 
Soil 
No. Soil layer w 

(%) 
Es1-2 

(MPa)
c 

(kPa)
φ 

(°) 
fsu 

(kPa) 
qsu 

(kPa) 
qbu 

(kPa)
0-1 Plain fill 26.90 10.8 13.7 30.2 100   
0-2 Pond mud 43.30 2.8      
1-1 Clayey silt 28.30 10.8 14.8 28.70 240 28  
1-2 Sandy silt 27.99 11.8 12.6 30.10 280 44  
1-3 Sandy silt 27.10 11.3 11.0 30.30 250 36  
2-1 Sandy silt 26.80 11.8 13.5 29.20 300 46  
2-2 Sandy silt 25.50 10.9 11.1 30.40 260 38  
3-1 Silty sand mixed silt 24.80 11.3 9.6 30.40 320 50  
3-2 Clayey silt 29.38 8.4 15.9 24.30 220 30  
3-3 Silt clay 41.38 3.4 17.2 9.20 170 20  
4-1 Silty clay 27.30 6.5 60.3 15.20 360 54  
4-2 Silty clay 23.65 7.0 54.9 15.77 420 62  
4-3 Silty clay 27.70 5.5   320 54  
5-1 Silty clay mixed sand 22.50 7.1 31.4 22.50 480 68  
5-2 Fine sand 20.58 8.6 15.3 27.74 440 70  
6-1 Gravel     800 80 4000
6-1′ Fine sand 24.90 9.5 4.5 31.50 360 60  
6-2 Gravel     1100 110 5000
6-3 Gravel     1060 120 5400
10-2 Highly-weathered sandstone  

mixed gravel     900 140  

10-3 Mid-weathered sandstone mixed gravel     2000 200 7000
w is the natural water content; c and φ are the cohesion and internal friction angles of soil, respectively, which are derived from con-
solidated undrained (CU) triaxial tests; Es1-2 is the compression modulus; fsu is the ultimate value of strata bearing capacity; and qsu and 
qbu are the ultimate values of skin friction and tip resistance, respectively, estimated from the cone penetration tests (CPTs) 
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settlement at the pile head was recorded after the load 
had been applied and maintained for 5, 15, 30, 45, and 
60 min. Thereafter, the settlement was recorded every 
30 min. Each load increment was maintained after 
loading until two consecutive displacements within 
each hour were less than 0.1 mm. The unloading test 
was performed by reducing the load in decrements 
that were twice the loading increments. These re-
quirements were based on the typical criteria rec-
ommended by the Chinese Technical Code for Testing 
of Building Foundation Piles (JGJ 106-2003). For the 
destructive tests of these four piles, the load tests were 
not stopped until failure.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 

To capture the mechanism of load transfer, 24 
vibrating wire rebar strain gauges were attached to the 
steel rebar cage at 8 locations of each pile. Based on 
the locations of strain gauges, each pile was divided 
into 8 parts from the pile top to the pile end, as shown 
in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The settlement at the pile head was derived from 
the dial gauges located at the pile top. The test 
method for the pile tip settlement is summarized as 
follows: (1) a 66 mm diameter pipe was attached to 
the steel reinforcement cage; (2) a 33 mm diameter 
pipe was placed inside the 66 mm diameter pipe 
before the loading test was conducted; and (3) the 
settlement at the pile tip was measured with the dial 
gauges located on the 33 mm diameter pipe during 
the loading test. 

 
 

(a)

(b)

Fig. 1  Tension (a) and compressive load test (b) setups
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Fig. 2  Distributions of soil and locations of strain gauges 
(unit: m) 
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Table 2  Parameters of piles under tension and compression  

Reinforcing bar Pile 
No. Loading type L (m) d (m) T (d) Ec 

(GPa) αf Diameter (mm) Number 
TS1 Tension 40.2 0.8 68 31.5 1.17 25 30a, 15b 
TS2 Tension 40.0 0.8 70 31.5 1.19 25 30a, 15b 
TS3 Compression 39.1 0.8 65 33.5 1.19 16 12a, 6b 
TS4 Compression 39.2 0.8 66 33.5 1.16 16 12a, 6b 

a Number of reinforcing bars attached at 20 m above the pile head; b Number of reinforcing bars attached at 20 m below the pile head. L: 
pile length; d: pile diameter; T: time after pile installation; Ec: elastic modulus of concrete; αf: ratio of actual to theoretical concrete 
volume 
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4  Results and discussion 

4.1  Load-displacement responses of piles 

The load-displacement curve is a useful tool to 
establish the ultimate bearing capacity of a single pile 
under tension or compression. The ultimate bearing 
capacity of a single pile may be defined as the load 
when the pile is plunged, or displacement at the pile 
head increased rapidly under sustained load, as sug-
gested by Prakash and Sharma (1990). Punching fail-
ure typically involves settlements that far exceed the 
acceptable range for design. If the plunging point is 
not clear, another definition of the ultimate load is 
needed. The load-displacement responses at the pile 
head and pile tip of the four piles under tension and 
compression are shown in Fig. 3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 shows that each load-displacement curve 
has a distinct plunging point, and the ultimate bearing 
capacity of the pile is taken to be the load that occurs 
at the onset of the plunging point. The ultimate 
bearing capacity is also equal to the load prior to 
reaching the destructive (maximum) load; i.e., when 
the applied load of the pile TS1 increases from 3200 
to 3600 kN, there is a significant increase in dis-
placement at the pile head or pile tip. Punching failure 
is thereby very likely to occur at the pile tip under a 
load of 3600 kN. The ultimate bearing capacity of 
TS1 under tension is assumed to be 3200 kN, and its 
corresponding displacements at the pile head and tip 
are 20.4 and 7.4 mm, respectively. Following the 
above-mentioned criterion, the ultimate bearing ca-
pacities of other three piles can be obtained. The 
proposed ultimate bearing capacity and the dis-
placement at the corresponding capacity for each pile 
are summarized in Table 3. 

Based on the load-displacement responses of the 
pile, the behavior is found to be different for the piles 
tested in tension and compression under the destruc-
tive load. There are large displacements at the pile 
head and pile tip in the uplift cases, resulting in pull-
ing up of the whole pile, whereas a punching failure 
occurs at the pile tip for the piles under compression. 

The results in Table 3 show that the ultimate 
bearing capacities of the piles under tension are about 
30% of those under compression. The lower bearing 
capacity of the pile under tension may result from 
being without tip resistance and the lower skin fric-
tions being mobilized at the limited displacements. 

4.2  Axial forces in piles 

Based on the measured vibration frequency of 
the strain gauge at a certain depth, the calculation 
method of the average axial force at that depth can be 
summarized as follows.  

 
 
 
 
 
 
 
 
 
 

Table 3  Ultimate bearing capacities of piles under tension and compression and their corresponding displacements
Pile 
No. Loading type Pmax 

(kN) 
Smaxt 
(mm) 

Smaxb
(mm)

Pu 
(kN) 

Sut 
(mm)

Sub 
(mm) Failure mode 

TS1 Tension 3600 84.0 30.4 3200 20.4 7.4 Pulling up of whole pile  
TS2 Tension 4000 92.4 58.5 3600 36.5 20.6 Pulling up of whole pile 
TS3 Compression 11 000 60.6 40.3 10 000 32.7 19.2 Punching failure at the pile tip 
TS4 Compression 12 000 57.2 26.9 11 000 30.6 13.7 Punching failure at the pile tip

Pmax is the maximum applied load at the pile head; and Smaxt and Smaxb are displacements at the pile head and pile tip under the maximum 
applied load. Pu is the ultimate bearing capacity of the pile; and Sut and Sub are displacements at the pile head and pile tip under Pu 

Fig. 3  Load-displacement responses at the pile head (a) and 
pile tip (b) under tension and compression 
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The axial force of the strain gauge located at pile 
section i is evaluated by 

 
2 2

sg 0( ) ,i iP K F F B= − +                (1) 

 
where K is the calibration coefficient of the strain 
gauge, Fi is the vibration frequency of the strain 
gauge located at pile section i, F0 is the initial vibra-
tion frequency of the strain gauge before the test is 
carried out, and B is the zero offset value of the strain 
gauge. 

The strain of the reinforcing steel bar located at 
pile section i can be expressed as 

 
sg rb rb ,i iP E Aε =                           (2) 

 
where Arb is the reinforcing steel bar area, and Erb is 
the elastic modulus of the reinforcing steel bar. 

Because the steel rebar can be considered fully 
bonded with concrete, the strain in the steel rebar is 
assumed to be equal to that in the concrete. The axial 
force at pile section i is expressed by 

 

c c ,i iP E Aε= ⋅ ⋅                          (3) 
 
where Ac is the concrete area and Ec is the elastic 
modulus of the concrete.  

The axial force in the piles under tension and 
compression are shown in Fig. 4.  

Fig. 4 shows that the axial force decreases with 
depth because of skin resistance, but increases with 
increasing applied loads. For the piles under com-
pression (TS3 and TS4), base load gradually develops 
with increasing loads at the pile head, whereas the 
measured tip resistance in uplift cases (TS1 and TS2) 
is near zero during the whole loading cycle. It should 
be noted that the dashed curve plotted in Fig. 4 rep-
resents the distribution of axial force under the de-
structive load (3600, 4000, 11 000, and 12 000 kN for 
the piles TS1, TS2, TS3, and TS4, respectively). 
Under the destructive load, the applied load at the pile 
head cannot remain stable, and decreases because of 
the degradation of skin friction; i.e., the applied loads 
at the pile head maintain at 3300, 3300, 8000, and 
9500 kN for the piles TS1, TS2, TS3, and TS4,  
respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3  Skin friction along piles 

Skin friction along each pile under tension or 
compression can be calculated by dividing the differ-
ence of two consecutive axial forces by the pile shaft 
area between the two strain gauges. Therefore, the skin 
 

Fig. 4  Axial forces of test piles under different loads 
(a) TS1; (b) TS2; (c) TS3; (d) TS4 

45
40
35
30
25
20
15
10
5
0

4.03.53.02.52.01.51.00.5

 
D

ep
th

 (m
)

Axial force (×103, kN)

 

 800 kN
 1200 kN
 1600 kN
 2000 kN
 2400 kN
 2800 kN
 3200 kN
 3300 kN

0

(a) 

45
40
35
30
25
20
15
10
5
0

 
D

ep
th

 (m
)  800 kN

 1200 kN
 1600 kN
 2000 kN
 2400 kN
 2800 kN
 3200 kN
 3600 kN
 3300 kN

 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

(b) 

45
40
35
30
25
20
15
10
5
0

12.010.08.06.0

 8000 kN
 9000 kN
 10000 kN
 8000 kN

 
D

ep
th

 (m
)  2000 kN

 3000 kN
 4000 kN
 5000 kN
 6000 kN
 7000 kN

 
0 2.0 4.0

(c) 

45
40
35
30
25
20
15
10
5
0

 
D

ep
th

 (m
)

 

 2000 kN
 3000 kN
 4000 kN
 5000 kN
 6000 kN
 7000 kN
 8000 kN
 9000 kN
 10000 kN
 11000 kN
  9500 kN

0 2.0 4.0 6.0 8.0 10.0 12.0

(d) 



Zhang et al. / J Zhejiang Univ Sci A (Appl Phys & Eng)   2011 12(4):291-300 
 

296 

friction is an average value corresponding to the dis-
tance between the locations of two strain gauges. 

As shown in Fig. 5, the skin friction is gradually 
mobilized from the pile head to the pile tip, and in-
creases with increasing applied loads before the 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

skin friction is fully mobilized. However, when the 
skin friction is fully developed, the skin friction sof-
tening occurs accompanied with a reduction in skin 
friction. Under the destructive load, the skin frictions 
decrease to some degree, except for those of the pile 
TS1 at 25 to 40.2 m depth, due to the relative slip 
between the pile and soils, as shown of the dashed 
lines in Fig. 5. This is the main cause of the decrease 
in the applied loads.  

The measured average skin friction of each soil 
layer under the ultimate bearing capacity is compared 
in Table 4 with the values estimated from the cone 
penetration tests (CPTs) and the values suggested by 
the Chinese Technical Code for Building Pile Foun-
dations (JGJ 94-2008).  

The comparisons show that the measured skin 
frictions for the piles under compression are about 6% 
to 42% higher than the values estimated from the 
CPTs, whereas the measured values of the uplift cases 
are about 16% to 50% smaller than the estimated 
values. In addition, the average limited skin frictions 
for the tension piles are about 0.36 to 0.78 times the 
average ultimate skin frictions of the piles under 
compression. It is noted that the average skin frictions 
of the compression piles are much larger than those of 
the piles under tension, resulting in higher capacities 
of the compression piles. That is, the skin frictions in 
the uplift cases have more limited effects than those in 
the compression piles, especially for the shaft fric-
tions near the pile tip. 

Average skin friction for each pile is determined 
as being the difference between the load on the pile 
head and the load on the pile tip divided by the total 
surface area. The variation in average skin friction 
with displacement at the pile tip for the four piles is 
shown in Fig. 6. 

Fig. 6 indicates that the tip displacement-average 
skin friction curve has a distinct turning point at the 
onset of the destructive load. This is different from the 
relationship between the tip displacement and the 
average skin friction in the non-destructive test 
(Zhang et al., 2009; 2010). The average skin friction 
is gradually mobilized with the development of the tip 
displacement before the destructive load. The average 
skin friction under compression is about 1.3 times 
higher than that under tension. It is likely that larger 
displacement at the pile tip is required to fully mobi-
lize the skin friction for the piles under compression. 

Fig. 5  Distribution of skin friction along piles under dif-
ferent loads 
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4.4  Mobilized base load of piles under compression 

The mobilized base load can be approximately 
estimated from the strain measured by the strain 
gauge near the tip of each pile. It is easy to understand 
that the measured tip resistance in two tension piles 
(TS1 and TS2) is near zero during the whole loading 
cycle. However, the mobilized base loads of the two 
piles (TS3 and TS4) under compression increase with 
increasing applied loads (Fig. 7).  

Fig. 7 shows that the base load is gradually mo-
bilized when the applied load is larger than 4000 kN, 
and more load is transferred to the pile tip with in-
creasing applied loads. The ratio of mobilized base 
load to applied load increases from 10.0 % to 39.0 %. 
Unlike the traditional applied load versus base load 
curve in the non-destructive test (Han and Ye, 2006; 
Zhang et al., 2010), the mobilized base load decreases 
because of the punching failure at the pile tip under 
the destructive load, as shown in Fig. 7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The settlement at the pile tip can be estimated 
through the solution of a rigid punch acting on an 
elastic half space, as suggested by Randolph and 
Wroth (1978):  
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where Sb is the settlement at the pile tip, Pb is the 
mobilized base load, Gb and υb represent the shear 
modulus and Poisson’s ratio of the tip soil (0.3 for 
gravel in this study), respectively, and rb is the radius 
of the pile tip (0.4 m is used in this calculation).  

The relationship between base load and tip dis-
placement can be approximately modeled using a se-
cant shear modulus of the tip soil (Han and Ye, 2006): 
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Fig. 6  Average skin friction versus tip displacement under 
different loads 

Fig. 7  Mobilized base load versus applied load 
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Table 4  Skin friction of each soil layer under the capacity load of piles 
qsu3 (kPa) R1 Pile No. qsu1 (kPa) qsu2 (kPa) 

TS1 TS2 TS3 TS4 TS1 and TS2 TS3 and TS4 
R2 

1-2 24–42 44 29.4 34.2 46.7 46.3 0.723 1.057 0.684 
2-1 24–42 46 – 35.9 48.6 49.1 0.780 1.062 0.735 
2-2 24–42 38 27.1 29.8 – – 0.749 – – 
3-1 22–46 50 33.2 36.8 54.3 59.1 0.700 1.134 0.617 
3-3 20–28 20 15.7 18.1 22.1 24.8 0.845 1.173 0.721 
4-1 68–84 54 – – 61.9 62.2 – 1.149 – 
4-2 68–84 62 45.1 55.1 71.3 74.6 0.808 1.177 0.687 
5-2 64–86 70 39.3 52.1 93.3 94.9 0.653 1.344 0.486 
6-1 116–130 80 39.6 – – – 0.495 – – 
6-2 135–150   110 51.0 63.2 152.5 158.7 0.519 1.415 0.367 

qsu1: skin friction values suggested by the Chinese Technical Code for Building Pile Foundations (JGJ 94-2008); qsu2: skin friction values 
obtained from the cone penetration tests (CPTs); qsu3: measured values of skin friction ; R1: average ratio of qsu3 to qsu2; R2: ratio of the skin 
friction of the tension pile to that of the compression pile 
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where Gbi is the initial shear modulus of the tip soil 
(1420 and 1540 MPa for TS3 and TS4, respectively), 
Rf is the failure ratio (0.80 and 0.85 for TS3 and TS4, 
respectively), and Pbmax is the maximum base load 
(3246 and 4294 kN for TS3 and TS4, respectively). 

The theoretical tip displacement-base load 
curves of the piles TS3 and TS4 are shown in Fig. 8. 
Before failure of the compression piles is reached, the 
theoretical tip displacement-base load curves com-
pare well with the measured ones when Rf is 0.80. In 
the non-destructive test (Zhang et al., 2009; 2010), 
the load-displacement relationship developed at the 
pile base followed the hardening model. Actually, 
under the destructive load, the tip displacement-  
mobilized base load follows a softening model. This 
finding is useful for revising the evaluation of the 
bearing capacity of pile and establishing a reasonable 
load-displacement relationship at the pile tip in nu-
merical analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

4.5  Relative displacement between piles and soils 

The relative displacement between soil i and pile 
is expressed by 

 

( )u t 1
1

,
2

i
j

i j j
j

L
Sδ ε ε +

=

= − +∑                    (6) 

 
where St is the pile head settlement, εj is the strain of 
the reinforcing steel bar (the concrete) located at sec-
tion j, and Lj is the length of the pile length placed in 
soil layer j.  

The relationship between the skin friction and 
pile-soil relative displacement at different depths is 
shown in Fig. 9. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 shows that the skin friction has a good 
correlation with the pile-soil relative displacement 
and decreases from a peak value with increasing 
loads. The shaft resistance degradation investigated in 

Fig. 9  Unit skin friction versus pile-soil relative displace- 
ment: (a) TS1; (b) TS2; (c) TS3; (d) TS4 
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the non-destructive tests only existed at a shallow 
depth, and the skin friction of deeper soil was not 
fully developed due to less relative displacement 
between piles and deeper soil (Zhang et al., 2009; 
2010). Unlike the results of the non-destructive tests, 
the softening is accompanied by a reduction in skin 
friction and observed to be along the pile depth. That 
is, the skin friction along the pile depth approaches to 
the limited state, and decreases from a peak value 
with increasing loads. 

Fig. 9 also indicates the thresholds of the slip 
displacement for fully mobilizing the shaft resistances 
in different soils. The relative displacements between 
pile and soils corresponding to the limited skin fric-
tions are summarized in Table 5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The thresholds of the slip displacement for fully 
mobilizing the shaft resistances in the uplift cases are 
smaller than those in the piles under compression. 
Generally, the thresholds of the relative pile-soil dis-
placement for fully mobilizing skin frictions of the 
tension piles in the sandy silt, silty sand mixed silt, silt 
clay, silty clay, fine sand, and gravel are about 6, 20, 
16, 15, 14, and 13 mm, respectively, whereas the skin 
frictions of the pile under compression are close to the 
limit values when the pile-soil relative displacements 
in the sandy silt, silty sand mixed silt, silt clay, silty 
clay, fine sand, and gravel are about 7, 24, 22, 19, 17, 
and 16 mm, respectively. This is an explanation for 
the lower limited skin friction in the piles under ten-
sion, which is useful for estimating the ultimate shaft 
resistance in numerical analysis. 

 

5  Conclusions 
 
In this paper, four destructive full-scale pile 

loading tests were conducted to investigate the field 
performance of the long bored piles under tension and 
compression. The observations have provided some 
key findings summarized below. 

1. The measured skin frictions for the piles under 
compression are about 6% to 42% higher than the 
values estimated from CPTs, whereas the measured 
values of the uplift cases are about 16% to 50% 
smaller than the estimated values from CPTs. More-
over, the average limiting skin frictions of the tension 
piles are about 0.36 to 0.78 times the average ultimate 
skin frictions of the piles under compression. 

2. The ratio of mobilized base load to applied 
load increases from 10.0% to 39.0 %. Unlike the 
applied load-mobilized base load curve in the non- 
destructive test, the mobilized base load decreases 
because of the punching failure at the pile tip under 
the destructive load.  

3. Before failure of the compression pile is 
reached, the theoretical tip displacement-mobilized 
base load curves compare well with the measured 
ones when Rf is 0.80. Actually, in the destructive test, 
the tip displacement-base load follows a softening 
model. This finding is useful for revising the evalua-
tion of the bearing capacity of pile and establishing a 
reasonable load-displacement relationship at the pile 
tip in numerical analysis. 

4. The ultimate pile-soil relative displacements 
for completely mobilizing the shaft resistance in the 
uplift cases are found to be smaller than those in the 
piles under compression, and the thresholds of slip 
displacement for fully mobilizing the skin frictions in 
different soils are summarized in this paper. These 
findings are useful in the analysis of the pile load- 
settlement response.  
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