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Abstract The current design practice of the bored piles
socketed in rock often ignores the end-bearing resistance
and relies only on the side shaft resistance. This is due to
the accumulation of soft soils as a result of improper
cleaning of the slurry suspension at the bottom of the pile
construction. This design practice significantly increases
the length and cost of the pile foundation. The current
study presents the bidirectional load test results on the
large-diameter bored piles socketed in weak rocks at the
Cua Dai bridge project, Quang Ngai province, Vietnam.
The soil profile consists of medium loose to very dense
silty sand underlain by the weathered granite rock. The test
results and analyses showed that the ultimate shaft resis-
tance and the maximum end-bearing resistance of the
granite rock layer are much smaller than those estimated
from the unconfined compressive strength of intact rock.
The low shaft resistances are attributed to the presence of
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the slurry filter cake at the interface between the pile shaft
and surrounding rock, while the low toe resistances are due
to the presence of the soft soils below the pile toe. The
importance of the allowable pile toe settlement and the
presence of soft soils below pile toe have been addressed to
consider the inclusion of end-bearing resistances in design.

Keywords Bidirectional load test - Shaft resistance -
Toe resistance - Weak rocks

Introduction

Pile foundation is generally used to bear the vertical loads
using skin frictional resistance and end-bearing resistance
[1-10]. Many previous studies have discussed the design of
the bored piles socketed in rock [4, 11-13]. The current
design practice of the bored piles socketed in rock often
ignores the end-bearing resistance and relies only on the
side shaft resistance. This is due to the accumulation of soft
soils as a result of improper cleaning of the slurry sus-
pension at the bottom of the pile construction and also due
to the discontinuities in the weathered rocks below the pile
toe [14, 15]. This design practice significantly increases the
length and cost of pile foundation [16, 17].

To ensure the end-bearing resistance in design, it is
necessary to clean the slurry suspension and soft soils
accumulated at the bottom of the pile toe to an accept-
able level. The thickness of the accumulated soft soil layers
must be less than the difference between the allowable
settlement of the pile and the elastic shortening of the pile
under the design load condition. Including the end-bearing
resistance in design, without ensuring this requirement,
might result in an excessive settlement of the designed
piles and cause damage to the pile-supported structures
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[18-21]. This paper presents the bidirectional load test
results on the bored piles socketed into the weathered rock
layers up to a depth of about 2.5 to 5.0 times the pile
diameters and discusses the feasibility of using end-bearing
resistances in the pile-supported foundation design for the
Cua Dai bridge project, Quang Ngai province, Vietnam.
The Cua Dai bridge is a cable-stayed bridge over the Tra
Khuc River in Quang Ngai province, Vietnam. It has an
overall length of about 2500 m and accommodates four
traffic lanes and two pedestrian footways with a 30-m high
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navigation clearance for shipping vessels, as shown in
Fig. 1. This bridge has four central 120-m spans, two 75-m
end spans, supported by 50-m high towers, and thirty-three
approach 50-m spans. The foundation of the main bridge
pylons and approach structures is placed on the bored piles
with diameters of about 1.5 and 1.2 m, respectively. The
designed pile depths range from 24.0 to 27.0 m below the
river bottom level. The design loads of the 1.2-m and 1.5-
m-diameter piles are about 4 and 6 MN, respectively. Basic
information of Cua Dai bridge is presented in Fig. la-c.
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Fig. 1 Basic information of Cua Dai bridge: a location of the bridge in Vietnam, b design of Cua Dai bridge, and ¢ Cua Dai bridge under

construction

@ Springer



Indian Geotech J (August 2022) 52(4):753-764

755

To assist the pile-supported foundation design of main
bridge pylons and approach structures, a bidirectional load
test program was performed on four boring piles of 1.2 m
and 1.5 m diameters. The soil profile of the project site
consists of medium dense to dense silty sand up to a depth
of 18 m underlain by the highly weathered granite rock.
The depths of the embedded test piles ranged from 24.0 to
27.0 m below the existing river bottom grades. They are
socketed into highly weathered granite rock layers up to a
depth of about 2.5 to 5.0 times pile diameters. The
hydraulic jacks were attached to the steel cages at about
0.5 m above the toe levels of the test piles. To measure the
shaft resistances during loading, the 1.2-m and 1.5-m-di-
ameter test piles were equipped with three and four strain
gauge (SQ) levels, respectively, above the bidirectional cell
levels. The bidirectional loading tests were performed after
placing concrete for 28 days.

This study presents the results and analysis of the bidi-
rectional loading tests on four bored piles socketed in the
highly weathered granite rock layers at the project site of
the Cua Dai Bridge, Quang Ngai province, Vietnam. The
importance of the allowable pile toe settlement and the
presence of soft soils below the pile toe will be addressed
to evaluate the feasibility of using end-bearing resistance in
pile design.

Soil Characterization

The geological characteristics of the project site obtained
from four boreholes (BH1 to BH4) at the four test pile
locations (TP1 to TP4), respectively, are shown in Fig. 2.

As shown in Fig. 2, the first soil layer is well-graded
sand with 81.5% of soil grains retained on sieve No. 40
(425 pm). Uniformity coefficient (Cu) and coefficient of
gradation (Cc) are 9 and 1.38, respectively. The second soil
layer is silty sand with 38% of soil grains retained on sieve
No. 40 (425 pm), and 47% of soil grains retained on sieve
No. 200 (75 pm), while Cu and Cc values are 9 and 1.05,
respectively. The soil types were classified based on ASTM
D2487-06, 2017 [22]. Particle-size distribution of soil
layers numbered 1 and 2 is presented in Fig. 3.

The rock layers below the silty sand layers are divided
into three sublayers (layers 3 to 5) based on rock quality
classification. Total core recovery (TCR) and rock quality
designation (RQD) are the parameters used to classify and
evaluate the rock quality at this project site. The TCR and
ROD measurements of rock layer 3 are about 35 and 0%,
respectively. This rock layer is highly weathered and is
classified as a very poor-quality rock with a thickness of
about 3.0 m. Underlying this highly weathered rock layer
(layer 3) is the fair-quality rock layer (layer 4) with TCR
and RQOD ranging from 58 to 70% and from 50 to 57%,

respectively. The 10-m-thick layer 4 is underlain by good-
quality granite bedrock (layer 5) with TCR and RQD
measurements ranging from 90 to 98% and 80 to 93%,
respectively. The unconfined compressive strengths (UCS)
of these intact rocks in layers 4 and 5 are about 30 and
35 MPa, respectively. The mechanical and physical engi-
neering properties of the studied soils are shown in Table 1.

Pile Construction and Testing Program

The test piles (TP1 to TP4) were constructed by first
inserting casings to about 2 m depth below the existing
grades. Then, the shafts were drilled to 24-26 m depths
using a bucket drill with bentonite slurry. The drilling
equipment was equipped with an artificial diamond-cut
edge to penetrate, hard rocks, into the designed depths of
the test piles. The bored piles TP1 and TP4 were con-
structed with a diameter of 1.2 m, while the piles TP2 and
TP3 were constructed with a diameter of 1.5 m. As indi-
cated in Fig. 4, the test pile toes were socketed into the
fair-quality rock layer of about 2.5 to 5.0 times the pile
diameters. In addition, the strain gauges were also attached
to each test pile at different levels (SG 1 to SG4) to mea-
sure the shaft resistances. They were symmetrically
installed along the length of the pile at depths of 7 m,
11 m, and 16 m for pile TP1; 5 m, 9 m, 14 m, and 18 m
for pile TP2, 8 m, 12 m, 17 m, and 21 m for pile TP3;
5.5 m, 15.5 m, and 17.5 m for pile TP4. The Geokon 4200
(3000 pe) model strain gauges each having a length of
152 mm were used and connected to the observing device
Geokon 403 through 4-core cable lines conveying data
pertaining to the temperature readings and movements of
each pile. The testing piles were cured for 21 days, and
then data were collected every 5 min while applying loads.

After drilling completely, the boreholes were cleaned
before placing the steel cages. Then, the reinforcing steel
cages were lowered into the boreholes with the hydraulic
jacks attached to each test pile at about 0.5 m above the
designed pile toe levels, shown in Fig. 5. Before placing
concrete, the boreholes were re-cleaned to remove the soft
soils caused by the installation of the steel cages and the
pile test instruments. Three hydraulic jacks were used for
each test pile. For the 1.2- and 1.5-m-diameter test piles,
the loading capacities of each jack used were about 3 and 5
MN, respectively.

To measure upward and downward displacements of
pile segments during loading, the 8-mm-diameter telltale
rods placed inside the 21-mm-diameter steel tubes were
attached to the steel plates at the top and bottom of the
hydraulic jacks. In addition, the 1.2- and 1.5-m-diameter
test piles were instrumented with vibrating wire strain
gauges installed above the jack levels to measure the shaft
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Fig. 2 Soil properties of four bored holes (BH-1 to BH-4) at four test pile locations
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Fig. 3 Particle-size distribution of soil layers numbered 1 and 2

resistance, respectively, as indicated in Fig. 4. The rein-
forcement used for the 1.2- and 1.5-m-diameter test piles
consisted of twenty-five bars of 25 mm diameter and

twenty-six bars of 32 mm diameter, respectively. Tubes of
56 and 114mm diameters were also installed for ultrasonic
integrity testing and coring testing to check the concrete
uniformity and the accumulation of soft soils at the test pile
toe during the pile construction, respectively.

The static loading tests were performed after placing
concrete for about 28 days (Fig. 5d). The loading proce-
dures were performed by one cycle with twenty equal load
increments of 325 and 450 kN until reaching the maximum
test loads of 6.5 and 9.0 MN corresponding to 1.2- and 1.5-
m-diameter piles, respectively. The unloading was per-
formed by ten equal load decrements for all test piles. The
load-holding time periods for each successful load incre-
ment and decrement were about 10 and 5 min, respec-
tively. The average compressive strength of 28-day cured
concrete cylinders for the test piles was about 30.4 MPa.

Table 1 Physical and mechanical parameters of the studied soil and rock

Layer Name

Thickness (m) 7y (kN/m®) W (%) W, (%) Wp (%) LI

¢ (kN/m?) @ (Degree) E, (MPa) N3

1 Well-graded sand 10-17.4 19.20 216 - - - 0 31.1 125.7 8-50
2 Silty sand (BH-4) 13.7 18.64 246 305 224 0.27 0.19 28.1 84.8 10-20
3 Highly weathered rock 1.9-2.2 23.75 ROD = 0% TCR =35 (%) N3p > 50

4 Fair-quality rock 8.5-10.9 24.18 ROD = (50-57)% TCR = (58-70)% UCS = 30 (MPa)
5 Good-quality granite bedrock Below layer 4 24.67 ROD = (80-93)% TCR = (90-98)% UCS = 35 (MPa)

y unit weight, W water content; W, liquid limit; Wp plastic limit; L/ liquidity index; ¢ cohesion; ¢ friction angle; E,, elastic modulus; N3, SPT
counts; ROD rock quality designation; TCR total core recovery; UCS unconfined compressive strength
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Fig. 4 Pictographic
representation of the installed
piles and strain gauge levels
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Fig. 5 Construction sequence: a hydraulic jacks, b installation of strain gauges, ¢ lowering the steel cage to the drill hole, and d static loading

tests
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Test Results and Analysis
Load Versus Displacement

The measured loads and movements of the four test piles
are shown in Figs. 6, 7, 8. The maximum values of the
measured loads and movements of the test piles are sum-
marized in Table 2. Under a maximum test load of 6.5 MN
for the 1.2-m-diameter piles, TP1 and TP4 (Figs. 6, 7), the
maximum downward and upward movements measured at
the jack levels were about 7.2 to 7.8 mm and 4.9 to
5.7 mm, respectively. The maximum upward pile head
movements were about 1.3 and 0.8 mm for the test piles
TP1 and TP4, respectively.

As can be observed from Figs. 6 and 7, the upward and
downward load—displacement curves of the pile TP1 are
relatively linear, while those of the pile TP4 are signifi-
cantly steeper. The slope difference of load—displacement
curves is attributed to the differences in the rock-socketed
pile depths and the soil conditions of these two test piles.
As indicated in Fig. 4, the pile TP1 was socketed into the
fair-quality rock layer (layer 4) about 5.4 m deep, while the
pile TP4 was placed into the very poor-quality rock (layer
3) about 2.3 m deep. The downward load—displacement
curve of the pile TP4 has become significantly steeper due
to the placement of the pile toe into the weaker rock.

The steeper upward load—displacement curve of pile
TP4 is attributed to the presence of the medium dense
sandy silt layer (layer 2a) and the loose silty sand layer
above the jack installation level. These layers had low
SPT-N values ranging from 8 to 20 blows, while the soil
profile of pile TP1 above the jack level consists of medium
dense silty sands with relatively high SPT-N values ranging
from 22 to 30 blows. In addition, the shaft segment of pile
TP4 socketed in the rock was about 3 times less than that of
pile TP1 as the test pile TP4 was not installed in the fair-
quality rock layer (layer 4) as was the case for test pile
TP1. This can be seen clearly from the upward and
downward load—displacement curves of the test piles TP2

Upward

Upward of
pile head
4

7.5
Load (MN)

9

Downward

Displacement (mm)

Fig. 6 Load—displacement curves of pile TP-1
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Fig. 7 Load-displacement curves of pile TP-4
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Fig. 8 Load-displacement curves of testing pile TP-2

and TP3 shown in Figs. 8 and 9, respectively. The upward
and downward load—displacement curves of these test piles
are the same as that of the test pile TP1 due to the similar
soil conditions and approximate pile installation depths.

Moreover, it should be noted that the slope of the
downward load—displacement curve of the pile TP4 chan-
ged dramatically after a load increment of 3.9 MN and this
reflects that the shaft resistance of 0.5 m pile segment
below the jack level was mobilized completely. The dis-
placement recorded at the loading level of 3.9 MN was
about 1.5 mm. In general, the downward load—displace-
ment curves of both test piles exhibited strain hardening
and showed no change in the ultimate bearing capacities of
the pile toe resistances.

Figures 8 and 9 show the upward and downward load—
displacement curves of the 1.5-m-diameter piles TP2 and
TP3, respectively. The maximum test loads for these two
piles were about 9.0 MN. For this maximum test load, the
maximum downward and upward movements recorded at
the jack levels were about 4.8 to 6.8 mm and 3.1 to
3.6 mm, respectively. The maximum pile head movements
were about 1.4 and 1.1 mm for the test piles TP2 and TP3,
respectively. The displacement values of the upper and
bottom parts of the loading box and that of the four piles’
top are presented in Table 2.
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Table 2 Summary of the displacement of testing piles

Testing Max. load
pile (MN)

Max. upward displacement
(mm)

Max. downward displacement
(mm)

Max. upward pile head displacement
(mm)

TP-1 6.5 5.75 7.23
TP-2 9.0 3.64 6.42
TP-3 9.0 3.10 4.80
TP-4 6.5 4.98 7.76

1.31
1.39
1.15
0.86

Upward of
pile head

Displacement (mm)

Load (MN)

Fig. 9 Load-displacement curves of testing pile TP-3

As mentioned earlier, these two test piles were installed
in soil conditions the same as the test pile TP1 with
approximately the same pile installation depths. Therefore,
the downward and upward load—-displacement curves of
these piles have relatively gentle slopes similar to those of
the pile TP1. For the maximum displacement values and
slopes of the downward load—-movement curves (Figs. 8
and 9), it can be observed that the soil condition below the
pile toe TP3 was better than that of the pile TP2. Improper
cleaning of soft soils accumulated at the pile toe TP2
during pile construction might have contributed to this
behavior.

Load Distribution

The strain measurements of the vibrating wire strain gau-
ges were collected by using a datalogger during static load
tests. The average of strains measured on a cross-sectional
area was used to obtain the loads by multiplying it with the
stiffness of the pile calculated by the product of elastic
modulus and cross-sectional area. The axial force at bored
pile cross-section j (Pj) can be obtained using Eq. (1).

e teate

P; 3

(ESAS + EL‘AC) (l)
where P is the axial load (MN), € is the strain measured at
each cross-sectional area of the bored pile (1, 2, and 3
denote the name of the cross-sectional area), E; and E,. are
the elastic moduli of the steel and concrete (MPa),

respectively, and A; and A, are the cross-sectional areas of
the steel and concrete (m?), respectively.

Based on the 28-day compressive strength of pile con-
crete and the reinforcement strength, the average stiffness
estimated for the 1.2- and 1.5-m-diameter test piles was
about 30.8 and 48.4 GN, respectively. The strains measured
at the strain gauge levels were converted into loads based
on Eq. (1), and the load distributions along the pile depths
for the different loading increments are presented in
Fig. 10.

From the load distribution diagrams in Fig. 10, it can be
seen clearly that the shaft resistances from the pile head to
the gauge levels SG3 and SG4 for the 1.2- and 1.5-m-
diameter test piles, respectively, were not mobilized sig-
nificantly. As opposed to these shaft resistances, the shaft
resistances from the jack levels to the adjacent strain gauge
levels were mobilized significantly. However, due to these
pile segments placed in the weathered rock layers, the load
distributions in the pile measured at jack levels were
reduced significantly by the shaft resistances of these
weathered rock layers. Total shaft resistances of these
weathered rock layers ranged from about 73 to 84% and 63
to 72% for the 1.2- and 1.5-m-diameter test piles,
respectively.

Mobilized Shaft Resistance

The unit shaft resistance of the test pile was calculated by
dividing the difference between the axis loads measured at
the level of the jack and the adjacent strain gauge level
with the interface area of the pile segments surrounded by
soil as shown in Eq. (2).
_ P =P

TEDLj

T (2)
where 7; is the side resistance at section j (kPa), D is the
pile’s diameter (m), and L; is the length of the pile in soil
layer j (m), P; is the load measured at section j.

To evaluate the mobilization of the test pile shaft
resistances, the calculated unit shaft resistance is plotted
against the displacements measured at the jack levels,

instead of the displacements at the middle of the pile
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Fig. 10 Axial force
distributions of bored testing
piles: a Testing pile TP-1,
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segments. The unit shaft resistance-versus-displacement
curves of the four test piles are shown in Fig. 11.

From the unit shaft resistance-versus-displacement
curves, it is apparent that only the shaft resistances from
the jack installation levels to the adjacent strain gauge
levels located at SG3 and SG4 for the 1.2- and 1.5-m-
diameter piles, respectively, were mobilized significantly
as discussed earlier. In general, once the shaft resistance
between the pile and the weak rock has been mobilized
fully, the shaft resistance-versus-displacement curve will
become a straight line, instead of undergoing strain hard-
ening or strain softening after reaching its peak strength. As
can be seen clearly from Fig. 11b, d, the shaft resistances
from the jack levels at SG3 and SG4 were mobilized
completely. Meanwhile, the shaft resistance-versus-dis-
placement curve of the test pile TP1 from the jack level at

@ Springer

(d)

SG3 (Fig. 11a) shows the strain hardening, i.e., the ulti-
mate unit shaft resistances were not reached.

As indicated in Fig. 4, the strain gauge levels were
installed in the weathered rock layers at SG4 of the test
piles TP2 and TP3. However, the strain gauge level SG4 of
the test pile TP2 was placed in the very poor-quality rock
layer, while that of the test pile TP3 was installed com-
pletely in the fair-quality rock layer. Therefore, the shaft
resistance of the test pile TP3 was considered as the side
shear resistance of the bored pile when socketed in a fair-
quality granite rock layer (layer 4), which is about 393 kPa,
as shown in Fig. 11d. Many factors are contributing to this
low side shaft resistance, such as the shaft wall roughness,
discontinuities in the rock mass, shaft geometry, and other
factors [16, 17]. Even after considering these factors, the
unit shaft resistance measured is still about 2.5 times
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Fig. 11 Relationship between the shaft resistance and the displacement of testing piles: a Testing pile TP-1, b Testing pile TP-4, ¢ Testing pile

TP-2, and d Testing pile TP-3

smaller than the minimum side shaft resistance of about
30 MPa obtained from the empirical relations for the
unconfined compressive rock strength [14, 16, 19].
Therefore, it is likely that the low unit shaft resistance of
this pile segment is due to the presence of slurry filter cake
at the interface between the pile shaft and surrounding
rock.

For the test pile TP2, there are two weathered rock
layers (layers 3 and 4) at the level of SG4 with an average
unit shaft resistance of about 241 kPa (Fig. 11c), which is
about 39% less than the shaft resistance of only layer 4.

As to the 1.2-m-diameter test piles TP1 and TP4, the
strain gauge levels were installed in the silty sand (SM) and
sandy silt (ML), respectively. Therefore, the average unit
shaft resistance-versus-displacement curves of these seg-
ments of both test piles are ignored. It was expected that
the shaft resistances of the silty sand (SM) and the sandy
silt (ML) layers would be obtained from these two test
piles. However, due to the smaller test loads, the side shear
resistances of the piles at these soil layers were not
mobilized significantly as shown in Fig. 11a, b.

Equivalent Load-Displacement Curve

For the field practitioners, it is expected that the load—
displacement curves obtained from the bidirectional load
tests will be converted into the load—displacement curves
of the conventional static load tests. To meet this require-
ment, an equivalent load—displacement curve construction
method was proposed by Osterberg [23]. It was constructed
based on three main assumptions: (1) the bored piles are
considered as rigid, (2) the upward load—displacement
behavior of the shaft resistance of bidirectional test is the
same as the downward load—displacement of conventional
static load test, and (3) the toe load—displacement behavior
of bidirectional test is same as that of the conventional
static load test.

The equivalent load—displacement curve construction
was performed by selecting several points with similar
displacement values in the upward and downward load-
displacement curves obtained from bidirectional load tests.
Among the points having the same displacement, the loads
determined from each curve would be summed and a single
point on the equivalent load—displacement curve was then
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obtained. By repeating this process for the different dis-
placement points, the equivalent load—displacement curves
of the four test piles were constructed and the elastic
shortenings of the test piles were also added into the
equivalent load—displacement curves after construction, as
shown in Fig. 12.

As indicated in Fig. 12, the displacements of the 1.2-m
and 1.5-m-diameter test piles are relatively small, only
about 2.0 mm for the design loads of about 4 and 6 MN,
respectively. The displacements estimated from the
equivalent load—displacement curves for conventional sta-
tic load tests conducted with maximum test loads of 13 and
18 MN corresponding to 1.2-m and 1.5-m-diameter test
piles, respectively, are about 10 mm for both cases. In
addition, it should be noted that the portions of the
excessively equivalent load—displacement curves of the
maximum test loads were extrapolated from a hyperbolic
function based on the pile test data.

Pile Toe Load-Displacement Curves

Figure 13a, b shows the variation in displacement and
normalized displacements for the tip resistance of the 1.2-
and 1.5-m-diameter test piles, respectively. From Fig. 13a,
it has become clear that the tip bearing capacities of the test
piles were not mobilized completely due to the small dis-
placements. In addition, the ratio of displacement to the
normalized pile diameters is less than 1%, which is not
sufficient to completely mobilize the ultimate tip bearing
capacities, as shown in Fig. 13b.

Figure 13a also indicates that the slopes of the tip
resistance versus displacement of the test piles TP1 and
TP2 have become gentler after the load increments of about
1.5 and 5.0 MN, respectively. These slope changes explain
that the soil conditions below these pile tips are relatively
soft and it is likely that the cleaning of the boreholes was
not done well during the construction of these test piles.
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0 5 10 15 20 25 30

1.2-m Diameter

’g Bored Piles
£
i=
)
S ]
3 15 | —o=TP-1
(] ]
a = o= Extrapolation TP-1
L2
o 20 1 —0—TP-4
== Extrapolation TP-4
-25

(a)

Meanwhile, the tip resistance versus displacement of the
test pile TP4 is relatively steep at the initial load incre-
ments and then it has become gentler after the load
increment of about 3.5 MN. As explained earlier, it is
likelier that the shaft resistance of 0.5 m pile segment
below the jack level contributed to the steepness during the
initial load increments of this curve. It is important to note
that the tip resistance versus normalized displacement of
three test piles TP1, TP2, and TP4 is the same after a load
increment of about 5.0 MN (Fig. 13b). Taking everything
into consideration, only the tip resistance versus displace-
ment of the test pile TP3 is reasonable to represent the soil
conditions of the fair-quality rock layer (layer 4). The
observations from the test results of the pile tip coring also
confirmed that about 5.0 mm thickness of soft soils was
found at the pile tips TP1, TP2, and TP4, while the soil
conditions below the pile tip TP3 were the same as those
obtained from the soil investigation report. Therefore, to
estimate the excessive pile tip loads of the maximum test
loads, the test data of this pile were approximated by using
the hyperbolic function as indicated by the red curve shown
in Fig. 13a, b. This approximated tip resistance versus
displacement is useful for considering the developments of
the drag loads as well as the changes in the pile foundation
design if desired.

To include the end-bearing resistances in pile design, it
is necessary to consider the allowable settlement of the
designed piles. As stated earlier, the allowable settlement
of the pile under the design loads must be less than the sum
of the settlement of the soft soil layers accumulated below
the pile toe and the elastic shortening of the pile. The
elastic shortenings of the 1.2- and 1.5-m-diameter piles
estimated are about 3.0 mm while ignoring the effects of
the skin friction resistance. It should be noted that the
elastic shortenings of piles due to the presence of the side
shaft resistances are less than that of the free-standing
piles. For the subject case, the allowable settlement of piles

Load (MN)
0 5 10 15 20 o5 30
1.5-m Diameter
g Bored Piles
E
5 o
: o
o)
8 -15 —o—TP-2 \Q \
% = 0= Extrapolation TP-2 \ \
0 20 —O—TP-3 \ b\j
=0= Extrapolation TP-3

(b)

Fig. 12 Equivalent load—displacement curves: a 1.2-m-diameter test piles and b 1.5-m-diameter test piles
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Fig. 13 Hyperbolic functions a tip resistance versus displacement of testing piles and b tip resistance versus normalized tip displacement of

testing piles

is about 10 mm, and therefore the end-bearing resistances
determined based on the allowable pile toe settlement of
7.0 mm are about 6.0 MPa (Fig. 13a). This means that the
ultimate end-bearing resistances considered to be included
in pile design, in this case, are about 6.8 and 10.6 MN for
the 1.2- and 1.5-m-diameter piles, respectively.

Based on the unconfined compressive strength of
30 MPa and the average ROD of 64% for the rock layer 4,
the maximum end-bearing resistances estimated are about
12.9 MPa [16, 17], which is about 2.0 greater that was
measured for the allowable pile toe settlement of 7.0 mm.
It has become clear that the end-bearing resistance esti-
mated from the unconfined compressive strength of intact
rock is not reasonable to be included in design while
ignoring the allowable pile toe movements and the pres-
ence of the soft soils below the pile toe.

Summary and Conclusions

The bidirectional load tests on the large-diameter bored
piles socketed in the weathered rock were performed for
the Cua Dai project in Quang Ngai province, Vietnam. The
1.2- and 1.5-m-diameter test piles were constructed to
socket into the weathered rock layers of about 2.5-5.0
times pile diameters. The pile test results and analyses were
presented. The following conclusions are drawn from these
bidirectional load test studies.

e The ultimate side shear resistance of the bored piles in
weathered granite rock layers was about 393 kPa,
which is about 2.5 times smaller than the value
estimated based on the unconfined compressive strength
of intact rock.

e The low ultimate side resistances of the bored piles in
weathered granite rock layers can be attributed to the
presence of the slurry filter cake at the interface
between the bored pile shaft and the weathered rock.

e The side shear resistances of the bored pile shaft
segments in silty sand and lean silt layers were not
mobilized significantly due to the low-test loads.

e The maximum tip resistances of the weak granite rock
layers measured are about 6.0 MPa, which is about 2.5
times smaller than the value estimated based on the
unconfined compressive strength of intact rock for the
allowable settlement of about 7.0 mm.

e The measured pile toe stress—movement curves for the
testing piles were strain hardening and showed no
toward the ultimate bearing capacities. The toe
responses of piles TP1 and TP2 were relatively soft
due to the presence of the soft soils accumulated by pile
construction and not representative of the pile in
weathered granite rock.

e To include the end-bearing resistance in design, it is
necessary to determine the allowable pile toe movement
and the corresponding end-bearing resistance from the
measured test data.

e To assist in considering the development of drag load
and the settlement of pile, an end-bearing resistance
versus movement curve also has been proposed based
on the measured data and the approximation of a
hyperbolic function.

e The equivalent load—displacement curves show a dis-
placement of about 2.0 mm under the design loads of 4
and 6 MN for the 1.2- and 1.5-m-diameter test piles,
respectively.
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