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Shaft Resistance Characteristics of Rock-Socketed Drilled Shafts
Based on Pile Load Tests
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Abstract

Behavior of rock-socketed drilled shafts subjected to axial load was investigated on the basis of pile load tests.
The emphasis was laid on analyzing the shear load transfer characteristics from the shafts to surrounding rock.
Field load tests were performed on nine test shafts under various conditions such as weathering of rock mass,
borehole roughness, pile diameters, and loading directions. The borehole roughness at each test site was profiled
using a laser borehole profiler. In order to evaluate and to propose ultimate shaft resistance (fnax) of drilled shafts

in rock of Korean peninsular, also, database of pile load tests was developed by reviewing various literature and

technical reports.
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1. Introduction

In South Korea, a number of huge construction projects
such as land reclamation projects for an international
airport, high-speed railways, and many harbor constructions
are in progress in urban and coastal areas. Drilled shafts
are frequently used in those areas as a viable replacement
for driven piles for two applications: deepwater offshore

foundations, and foundations in urban areas where the

noise and vibration are associated with pile driving. Over
90% of the drilled shafts constructed in South Korea are
embedded in weathered or soft rocks. The weathered
rocks, which occupy two-thirds of the total land area of
the Korean peninsula, are generally the results of the
physical weathering of granite-gneiss of varying thicknesses
ranging up to 40 m (Kim et al., 1999).

Empirical correlations, proposed by many researchers,

between the shaft resistance and the unconfined compressive
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strength (UCS) of rock are most widely used. The form

of these empirical relations can be generalized as

fr =00, (1)

where fmax is the shaft resistance, qu is the UCS of the
weaker materials (rock or pile), and o and (3 are empirical
factors. The empirical factors proposed by a number of
researchers have been summarized by O’Neill et al. (1996)
and are shown in Table 1. Most of these empirical
relations were developed for specific limited data sets, which
may have correlated well with the proposed equations.
However, O’Neill et al. (1996) compared the first nine
empirical relations listed in Table 1 with an international
database of 137 pile load tests in intermediate-strength
rock and concluded that none of the methods could be
considered a satisfactory predictor for the database.
According to comprehensive studies by Horvath et al.
(1983), O’Neill et al. (1996) and Seidel and Collingwood
(2001), the shear behavior of rock-socketed drilled shafts
is highly influenced by the following parameters: rock
strength, borehole roughness, rock mass modulus and
Poisson’s ratio, discontinuity structure and surface condition
of the rock mass, pile diameters, initial normal stress

between pile and rock prior to loading, and construction

practices. The effects of these factors are emphasized by '

most investigators and partly considered in numerous
empirical relations for evaluating the shaft resistance.

However, it is difficult to determine reliably, based on

Table 1. Empirical factors for shaft resistance (O'Neill et al., 1996)

Design Method o B
Horvath and Kenney (1979) 0.21 0.50
Carter and Kulhawy (1988) 0.20 0.50
Williams et al. {1980) 0.44 0.36
Rowe and Armitage (1984) 0.40 0.57
Rosenberg and Journeaux (1976) 0.34 0.51
Reynolds and Kaderabek (1980) 0.30 1.00
Gupton and Logan (1980) 0.20 1.00
Reese and O'Neill (1988) 0.15 1.00
Toh net al. (1989) 0.25 1.00
Meigh and Wolshi (1979) 0.22 0.60
Horvath (1982) 0.20~0.30 0.50
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empirical methods, the interaction between above-
mentioned factors in calculating the performance of a
socketed pile due to the complexity of the interaction. A
conservative approach to design is therefore pursued.
Johnston and Lam (1989) made detailed investigations
of the pile-rock interface with the goal of better under-
standing the shear load transfer based on constant normal
stiffness (CNS) shear test. They observed that for a
pile-rock interface, shearing results in dilation as one
asperity overrides another. If the surrounding rock mass
is unable to deform sufficiently, an inevitable increase in the
normal stress, Aoy, occurs during shearing. This so-called
normal stiffness K, can be determined conventionally by
theoretical analysis of an expanding infinite cylindrical

cavity in an elastic half-space (Boresi, 1965) as follows:

Ac E

n m

"TAr t(l+v,) @)

where, Ao, is the increased normal stress, Ar is the
dilation, r is the radius of a pile, and E, and vy are the
deformation modulus and the Poisson’s ratio of the rock
mass, respectively. Clearly, greater socket roughness will
result in larger dilation for any given pile settlement once
sliding at the pilerock interface has commenced. The
CNS boundary condition produces an increase in stress
normal to the interface and a corresponding increase in
the frictional resistance between pile and rock. For
reasonable design of rock-socketed drilled shafts, as a
result, it should be considered CNS conditions (Lam,
1983; Ooi and Cater, 1987; Seidel et al., 1995).

2. Site Investigation

Field test sites lie within the new city of Dongtan,
which was formerly Hwaseong Formation of Cambrian
age. The Hwaseong Formation, which represents bedrock
material, is composed primarily of gneiss. The bedrock
is exposed without overburden soil because site develop-
ment was conducted at the test sites. These two test sites
(C and M) are about 300 m apart.

To identify the subsurface materials, the subsurface

investigation was performed on two boreholes at each test



site. At site C, the rock mass was very closely fractured,
with an average rock quality designation (RQD) of about
0%, and was classified into completely weathered rocks
on the basis of weathering grades (ISRM, 1981). At site
M, the rock mass consisted of moderately weathered
gneiss and was typically very closely fractured, with an
average RQD of 14%.

In order to evaluate rock mass properties quantifiably
in which test piles would be placed, uniaxial compressive
tests (UCT), point load tests (PLT), pressuremeter tests
(PMT) were carried out, and rock quality designation
(RQD), rock mass rating (RMR), rock mass quality
(Q-value), and geological strength index (GSI) were
estimated. Test results based on site investigations are

summarized in Table 2.

3. Test Pile Installation

A total of nine drilled test shafts were installed in the
exposed bedrock of two test sites; five shafts were
constructed in completely weathered rocks and the others
were done in moderately weathered rocks. Construction

condition of all test shafts is summarized in Table 3.

Table 2. Summary of material properties

3.1 Test Pile Subjected to Compressive Load

Four of the test piles in completely weathered rock were
installed to perform the compression load tests. A schematic
representation of an instrumented drilled shaft subjected

to a compressive load test is shown in Figure 1. The holes,
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Fig. 1. Test pile detail subjected to axial compressive load

Test site Rock type® | UCS (MPa) En (MPa) Drmass (MPa) RQD (%) RMR Q GSl
C cwW 5 271.9 141.2 0 - - -
M MW 50.3 527.2 252.8 14 34 1.08 36
& CW: completely weathered; MW: moderately weathered (ISRM, 1981)
® Value correlated by PLT
Table 3. Summary of test piles
Test site Pile No.? Rock Type Pile Dia. (m) Pile Leng. (m) Roughness Loading method
CLSC 04 1.75 Smooth
CLRC ’ 1.45 Rough
Comp.
C CSSC CW 1.75 Smooth
CSRC 0.2 1.75 Rough
CsSsu 2.00 Smooth Uplift
MLSU 04 1.00 Smooth
MLRU ' 1.00 Rough ,
M MW Uplift
MSSU 0.0 1.00 Smooth
MSRU ' 1.00 Rough

2 C/M : completely / moderately weathered rock; L/S: 2.0 m / 4.0 m in pile length; S/R: smooth / rough surface; C/U: comp. loading

/ uplift loading
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200-400 mm in diameter and 2,000 mm in depth, were
excavated by wash and rotary techniques. The literature
survey indicated that borehole roughness is a very important
factor in determining shaft resistance of the rock-socketed
drilled shafts. Borehole roughness is influenced by the
type of rock encountered, the flaws in the rock (joints
and seams), and the type of drilling tool used to excavate
the rock. To obtain different degrees of borehole roughness,
two rock sockets were artificially roughened by grooving.

Test piles were instrumented with load cells, strain
gauges, telltales, and LVDTs to measure the load transfer
behavior when subjected to cycles of loading and unloading,
The load cell installed beneath the pile toe was used to
estimate toe load transferred along the pile shaft, thereby
allowing the applied load at the pile head to distinguish
between the shaft resistance and the toe resistance. Test
piles were reinforced with steel bars and steel links at
200 mm vertical spacing. The reinforcing cage sections,
fitted with the strain gauges and telltales, were spliced
together and then lowered into the pile bore. When the
entire reinforcement cage was lowered, a set of readings

were taken for all the instruments to check whether they
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{a) Test pile detail in completely weathered rock

were functioning.

Concrete with an average 28-day curing strength of 40
MPa was placed. A reaction system for loading was
constructed using H-beams, a hydraulic jack, and four
anchors. The four anchors were placed 1.5 m away from
the test pile in plan and socketed 5 m into rock. A
hydraulic jack between the test pile and the H-beam,
controlled by a single pressure gauge, was used to apply
the load.

3.2 Test Pile Subjected to Uplift Load

Five of the test piles were installed for the uplift loading
method; one was founded in completely weathered rock
(site C), and the others were installed in moderately
weathered rock (site M). A schematic representation of
an instrumented drilled shaft subjected to the uplift load
test is shown in Figure 2. The holes, 200-400 mm in
diameter and 4,000 mm in depth, were excavated by wash
and rotary techniques in the same way as the test piles
subjected to compressive load.

The test pile at site C was instrumented with strain
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Fig. 2. Details of test piles subjected to uplift load
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gauges, telltales and LVDTs to measure the pile behavior.
To apply uplift load directly to the pile toe, the
50-mm-diameter steel bar was instrumented and separated
from concrete by polyvinyl chloride pipe. Styrofoam was
placed beneath the pile toe and over the pile head, thereby
allowing the applied load at the pile toe to transfer along
the shaft. The test setup for test piles at site M was the
same as test pile at site C except that pile length was
1 m, two steel bars were used to apply loads to test piles
400 mm in diameter without any strain gauge.
Because the material failure of test piles socketed in
moderately weathered rock could occur before high
ultimate shaft resistance is achieved, high-strength concrete
with an average 28-day curing strength of 80 MPa was

used.

4. Borehole Roughness Profiling

One of the factors that are known to affect shaft
resistance significantly in a rock socket is the roughness
of the borehole wall. Some methods for recording surface
roughness of the rock mass were noted in the literature
review. However, most of these methods are difficult to
apply to specific cases, such as in boreholes and for
measuring micro-objects for roughness. In this study the
borehole roughness at each test site was profiled by
molding the roughness surface and then measuring with
the laser roughness profiler (LRP). Through comparison
with the profiling results of this and other studies, the
quantification of borehole roughness in rocks was performed.

41 Test Procedure

Alginate and industrial gypsum were used to mold the
roughness surface. Alginate has the property of hardening
when it is mixed with water. It is convenient to mold
the roughness of the borehole wall in the field, because
hardening occurs within 2 minutes, and the viscosity is
very high. However, the molded alginate sample needs
to be imprinted with industrial gypsum plaster, because this
type of sample dehydrates causes shrinking and cracking

after 2 hours. The long-term strength and deformation of

Borehole roughness Laser diode

Rock [fAlginate

»  Alginate sample : Gypsum sample

Fig. 3. Schematic of borehole roughness profiling

industrial gypsum are independent of time once the
chemical hydration is completed.

Gypsum samples with the molded roughness surface
were profiled by using the LRP developed by the Hyundai
Institute of Construction. The LRP system was based on
the laser triangulation principle. The hardware included
a laser generator, a position-sensitive device (PSD) as a
laser detector, signal processing circuits, laser control
circuits, data acquisition, and digital control units. The
accuracy of the roughness measurement was better than
0.1 mm in both the vertical and radial directions. Figure

3 shows the schematic of the borehole roughness profiling.

4.2 Test Resuits

The roughness profiles for all impressed samples were
measured with approximately 0.25 mm intervals in the
vertical distance. Sporadic spurious signals, as sharp spikes
of very short wave lengths, were filtered out of the data
set.

Representative roughness profiles at each site are shown
in Figures 4 and 5. It is indicated that rock sockets could
be artificially roughened by grooving and the borehole
roughness of moderately weathered rock was relatively
rougher than those of completely weathered rock. This
may have been because there were many vertical discon-
tinuities in moderately weathered rock, so that rock scraps

came off the borehole wall.

5. Pile Load Test and Test Results

5.1 Test Procedure

After 32 and 40 days had elapsed since construction
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Fig. 6. Pile load test results

of the test piles, load tests were performed at the com-

pletely weathered rock site and the moderately weathered
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(b) Rough socket

Fig. 5. Typical roughness profiles measured with LRP at site M

rock site, respectively.

Static compressive and uplift load tests performed up
to the maximum load of 2,000 kN with four or five
unload-reload cycles were designed by the quick-load test
method stated in ASTM D1143-81. Figure 6 shows the
entire set of the pile load test results omitting the

unload-reload cycles.

5.2 Test Results and Discussion

It can be assumed that the shaft resistance of test piles
is uniformly distributed along the shaft and that elastic
compression is neglected owing to the short length of the
test pile. Therefore, the relationship between load transfer
and shaft displacement for a short increment along the
shaft can be generated by plotting: for each test load, the
average load transfer over the increment versus the average

displacement of the increment.
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Fig. 7. Mean unit shaft resistance with settlements of pile head

Figure 7 shows the unit shaft resistance-displacement
curves for nine test piles embedded in rocks with rough
and smooth interfaces. For the moderately weathered rock
(see Figure 7b), shaft resistance increased sharply within
the displacement of 2 mm, beyond which it continued to
increase gradually as displacement increased. On the other
hand, the corresponding curve for the completely weathered
rocks (see Figure 7a) shows a slow initial increase of shaft
resistance for which it is difficult to define inflection
points. It is noticed that beyond the initial increase, shaft
resistances for the rough sockets increase rapidly toward
the failure state and achieve larger fn.x with respect to
fnax for the smooth sockets. The reason for this behavioral
difference between rough and smooth sockets is explained
by the fact that the rough interface produces more dilation,
so that shearing resistance occurs more than at the smooth
interface. In Figure 7, it is also observed that mean unit
shaft resistance of 200-mm-diameter piles tends to
increase sharply and achieves a larger value than that of
400-mm-diameter piles, regardless of rock properties and
geometry. This might be explained by the fact that normal
stiffness of the pile-rock interface increases in proportion
to the pile radius (one-half the diameter), as calculated
by Eq. 2.

Figure 8 shows a comparison of ultimate unit shaft

resistance (finax) of completely and moderately weathered

Ultimate Unit Shaft Resistance (kPa)

Q 500 1000 1500 2000 2500 3000 3500

| Smooth Socket
Rough Socket

1] 2807 <

Fig. 8. Effects of roughness and pile diameter

rocks with different roughness and diameters. Among
them, test piles of CSRC, CSSU, and MSRU did not reach
the ultimate state, so that the maximum test load was
applied. It is evident that shaft resistance of test piles,
except for CSSC, increases on an average of 36% and
37% as borehole roughness increases or pile diameter
decreases, respectively. Also, it is observed that the
influence of borehole roughness and pile diameter in
moderately weathered rock is larger than in completely
weathered rock, owing to stiffness.

Figure 9 shows f-w curves of test piles subjected to
compressive and uplift loading. This figure shows that
shear behavior by the uplift load test (CSSC) agrees
reasonably well with that by the conventional load test
(CSSU) for the working load level (within about 20 mm

= 10% of pile diameter), beyond which shaft resistance
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Fig. 9. Effect of loading direction

for the conventional load test increases more than that
for the uplift load test. According to the AASHTO design
method (1996), ultimate shaft resistance for uplift loading
of the rock socket is limited to 70% of the ultimate shaft
resistance for compression. Therefore, it is acceptable that
shear behavior of the rock socket is not influenced
significantly for the working load level by the loading

direction, but for the ultimate load level.

6. Database of Pile Load Tests

Numerous empirical correlations between the UCS and
the fax of socketed piles measured in load tests have been
developed by many researchers as mentioned previously.
However, O’Neill et al. (1996) and Nam (2004) concluded
that none of the empirical methods could be considered
a satisfactory predictor for their database of pile load tests
in rock. Their study test sites are mainly sandstone,
mudstone, limestone, and clayshale, so that it is required
to develop database of load tests on drilled shafis in
weathered granite-gneiss, which occupies the whole Korean
peninsula, and evaluate characteristics of ultimate capacities.

In this study, therefore, a database on pile load tests
was developed by reviewing pertinent literature and reports
of load tests performed in rocks of the Korean Peninsula,

so that unit ultimate shaft resistance (fn.x) of rock-socketed
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drilled shafts was evaluated and proposed. A total of 43
load tests are summarized in Table 4, which gives
appropriate information about the load tests, including
type of rock, degree of weathering, pile diameter, total
pile length, socket length, UCS, En, RQD, RMR, f.x,

and load test method.

6.1 Design Method for Ultimate Shaft Resistance

Representative design methods were identified in this
study that will be summarized below (FHWA design
method, 1999; NAVFAC DM-7.2 design method, 1982;
AASHTO design method, 1996; Canadian Foundation
Engineering Manual, 1992). Generally, Korean standards
or guidelines for rock-socketed drilled shafts adopt one

of these design methods.

(1) FHWA Design Method (1999)

FHWA design method (1999) suggests shaft resistance
of rock socket with smooth and rough surface borehole,
respectively. For smooth rock socket, the unit ultimate
shaft resistance (finax) is determined as (Horvath and Kenny,
1979).

where, f'c is the 28-day compressive cylinder strength of
the concrete in the socket, p, is the atmospheric pressure
in the units used for qu, and qu is median value for UCS
along the socket.

For rough (grooved) rock socket, the unit ultimate shaft

resistances (fn.) are proposed as

1\ 7045
£ zog[é_r(%ﬂ q, :Horvath et al. (1983) (4a)
T

or

frae = 1P, (2./P.)"" : Rowe and Armitage (1984) (4b)

where, L is the socket length, r is the socket radius, Ar
is the mean roughness height, L is the traversed length
of the socket, and . is the adhesion factor (i.e., 0.63: very

smooth, 1.42: average, 1.9: artificial grooving).



Table 4. Database of load tests in Korean peninsula

Rock a Dia. [Tot. Leng.| Soc. ucs Em RQD fnax Test
No. Author type Grade {m) (m) |Leng. {m}| (MPa) (MPa) (%) RMR (kPa) | method®
] Gneiss | CW 0.2 775 775 50 271.9 0 N/A 474 C
2 Gneiss | CW 0.2 20 2.0 5.0 271.9 0 N/A 351 U
3 Gneiss | CW 0.4 175 175 5.0 2719 0 N/A 357 C
7 This Gneiss | CW 0.2 175 175 5.0 271.9 0 N/A | 728< C
5 wd Gneiss | CW 0.4 1.45 145 50 271.9 0 N/A 518 C
6 SWAY  MGneiss | HW 0.2 1.0 10 503 | 527.2 14 34 2340 < U
7 Gneiss | HW 0.4 10 10 50.3 | 527.2 14 34 1209 U
8 Gneiss | HW 0.2 1.0 10 50.3 | 527.2 14 34 | 2807< U
9 Gneiss | HW 0.4 1.0 10 50.3 | 507.2 14 34 1580 U
10 Granite | CW 0.165 10 10 N/A 300 0 N/A 147 U
11 Granite | CW 0.165 1.0 1.0 N/A 300 0 N/A | 100< U
12 Granite | CW 0.165 1.0 10 N/A 300 0 N/A | 130< U
18 | fim of o | OraNte | CW 0.165 1.0 10 N/A 300 0 N/A | 120< U
14 (19g7) |-Cranite | CW 0.165 1.0 10 N/A 300 0 N/A 89< U
15 Granite | CW 0.165 10 10 N/A 300 0 N/A 106 U
16 Granite | CW 0.165 70 10 N/A 300 0 N/A 71 U
17 Granite | CW 0.165 70 10 N/A 300 0 N/A 92 U
18 Granite | CW 0.165 10 10 N/A 300 0 N/A 77 U
19 Kim Gneiss | MW 0.4 96 05 56 650 40 38 1095 C
20 (1997) |-Cneiss | MW 0.4 10.0 11 56 650 40 38 1312 C
21 Gneiss | MW 0.4 10.0 0.8 57 860 40 33 1465 C
22 Cheon |_Gnelss | CW 0.4 10.0 3.0 15.6 62 0 7 428 C
23 (oog) | Cneiss | OW 0.4 10.2 3.0 15.7 58 0 7 155 C
24 Gneiss | CW 0.4 10.2 3.0 15.7 57 0 7 187 C
Kwon et al. .
25 (ooy) | Brecei | HW 15 33.5 55 79.0 151 20 28 400< B
26 Cr}goga)a" Gneiss | MW | 08 2.0 20 44 980 40 NA | 1784< | C
27 Gneiss | CW 10 135 13 48.0 905 0 22 670< C
28 | won |-Gneiss | Cw 10 135 13 48.0 974 0 22 720 C
. HW 48.0 1203 9 31 1100<
29 (2004) Gneiss MW 1.0 13.5 2.1 480 1930 10 ) 1600 C
30 Gneiss MW 1.0 13.5 1.3 48.0 2748 52 45 1830 C
. 2130 8 N/A | 1400<
31 Granite MW 2.4 451 15.2 35 5300 NA N/A 1750 < B
Inchon ) 1480 18 N/A 1400 <
32 bridge Granite MW 2.4 40.0 13.6 30 1930 N/A 1720 < B
(2005) 1630 25 N/A 2370
33 Granite | MW 3.0 40.1 143 54 1300 N/A N/A 1950 B
1300 N/A N/A 1630
. CW 7.0 294 <
34 Stor;]g Andesite 1.4 16.0 50 26.9 N/A 13 N B
' . CW 6.4 250<
35 (2005) | Andesite MW 1.4 11.5 51 34.4 N/A 9 N/A 1176 < B
CW 0 151 <
36 N/A W 1.2 29 6.1 N/A N/A 0 NIA 5
37 Andesite | HW 0.8 13.9 3.3 N/A N/A 90 NA | 171<
38 Ban | Andesite —=W 08 | 178 | 178 | NA | NA 0 nA S8
HW 10 56<
39 (2003 Gnei CW 1.2 14.8 4.9 N/A N/A 0 NA AT D
eSS ™ hw : ' ' 25 444 <
. CW 0 195<
40 Gneiss oW 1.5 1.5 4.0 N/A N/A 0 N/A To1 < D
433<
41 Granite | W 12 | 268 | 268 10 879 5 N/A ga0< B
Seol HW 20 2624 10 N/A | 968<
et al. 671 <
42 | (2008) | Granite | HW 12 9.6 9.6 2 387 10 N/A o B
20 303 10 N/A 320¢
43 Granite | HW 1.2 11.3 113 20 865 10 N/A 4671 B

2t weathering grade {(ISRM, 1981} i.e., CW: completely weathered; HW: highly weathered; MW: moderately weathered; SW: slightly weathered;
b Type of load test i.e., C: conventional load test, U: uplift load test; B: bi—directional load test; D: dynamic load test: < : Not reached
ultimate failure

Shaft Resistance Characteristics of Rock-Socketed Drilled Shafts Based on Pile Load Tests 59



(2) NAVFAC DM-7.2 Design Method (1982)
NAVFAC DM-7.2 design method (1982) describes that

unit ultimate shaft resistance (fnax) is determined as
follows (Horvath and Kenny, 1979)

frw =(2.3~3)a,” (psi) for (D > 406 mm) (5a)

frw =3~ 4)a,"" (psi) for (D < 406 mm) (5b)

where, q, is the UCS of the rock or the concrete shaft,

whichever is smaller.

(3) AASHTO Design Method (1996)
The AASHTO design method (1996) prescribes that the

ultimate side resistance, Qsg, for shafts socketed into rock

is determined using

Qu =7B, Dr(0‘144qSR) 6)

where, By is diameter of rock socket (ft), D: is length of
rock socket (ft), and qsgr is ultimate unit shear resistance
along shaft/rock interface (psi), referred to elsewhere
herein as fmax. qsr is a function of q, for massive rock.
For uplift loading Qsr of a rock socket is limited to 0.7Qsr
for compression. The design of rock sockets is based on
the unconfined compressive strength of the rock mass, qm,
or concrete, O, whichever is weaker. ¢, may be estimated

using the following,

9w =0 qy @)

where «r is the dimensionless reduction factor for the
rock mass (= 0.0231-RQD-1.32 = 0.15), and qu is the
UCS of intact rock

(4) Canadian Foundation Engineering Manual (1992)
Canadian Foundation Engineering Manual (CFEM, 1992)

proposes unit ultimate shaft resistance as follow.

fmax = ll'l pﬂ (qu/pa )05
£ =0.05f

for (qu > o) (8a)

for (qu < o) (8b)

where, | is the adhesion factor which is suggested as 1.42
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for the average (Rowe and Armitage, 1984) and 0.63 for
conservative design (Carter and Kulhawy, 1988).

6.2 Comparison of Predicted and Measured fmax

In order to evaluate the various design method in Korea,
the measured fi.x from the database was compared with
predicted fna.x for a certain type of rock in Korean
peninsular. The comparisons for fi.x were made using the
methods of FHWA (1999), NAVFAC DM-7.2 (1982),
AASHTO (1996), and CFEM (1992), which were mentioned
in previous section. Theses design methods mostly utilized
only the unconfined compressive strength. Some of the
methods have additional design factors (i.e., borehole
roughness, RQD, etc.), but because such design factors
were not generally reported in the references, those features
of the methods were assumed to be intermediate values.
Predicted shaft resistances at failure by four design methods
were compared with measured shaft resistances at failure
for granite, gneiss, andesite, and breccia in the Korean
Peninsula, as shown in Figure 10.

The results show that none of the methods gave
consistently exact solutions, indicating a wide scatter of
the measured versus the predicted values and that most
design methods except that of AASHTO (1996) tend to
overestimate fr..x. This is explained, in view of the load-test
results from the database, by the facts that (i) design
methods for evaluating fia.x are mostly developed on the
basis of specific and limited data sets and (ii) rock masses
in the Korean Peninsula have many discontinuities and
higher weathering than those in other regions, although

the strength of intact rock is relatively high.

6.3 Proposed Unite Ultimate Shaft Resistance

The correlations between fi..« and UCS of intact rock,
En, and RMR were plotted, as shown in Figures 11
through 13, respectively. It was found that correlation
between fn.c and UCS of intact rock varies widely but
that frax correlates well with Er, and RMR. As mentioned
previously, this is because rocks in the Korean Peninsula

have many discontinuities and are highly weathered.
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Taking the best linear regressions, as shown in Figures
12 and 13, therefore, the average and minimum f,, of
rock-socketed drilled shafts in the Korean Peninsula can

be proposed as follows:

E 0.5
f . =0.135p, (—m]

a

E 0.5
>0.068p, (—mj

a

(92)

f .. =036p,-RMR 2027p,-RMR

(9b)

where, pa is atmospheric pressure in the units used for
Enm

7. Conclusions

In this study, pile load tests were performed on nine
drilled shafts under various conditions such as weathering
of rock mass, borehole roughness, pile diameter, and
loading directions. Also, database was summarized by
reviewing various literature and reports of load tests on
drilled shafts in rocks of Korean peninsular. Based on the
test results and database, the main conclusions are drawn

as follows.

(1) Based on the results of pile load tests, it is observed
that shaft resistance of rock-socketed drilled shafts

increases by an average of 36% and 37% as borehole
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@

€)

roughness increases and pile diameter decreases,
respectively. However, the influence of borehole
roughness and pile diameter decreases, and the initial
slope of the f-w relation slows as the degree of
weathering increases.

Through comparing results of load tests on piles
subjected to compressive and uplift loading, it is
acceptable that the shear behavior of the rock socket
is not influenced significantly for the working load
level (within 0.1D of displacement) by the loading
direction but for the ultimate load level. At failure,
the shaft resistance for the rock socket by uplift
loading was found to be 70% of those by compressive
loading, corresponding to limited fra in the AASHTO
design method (1996).

Through a developed database of field load tests on
drilled shafts in rock of the Korean Peninsula, it is
shown that commonly used design methods for cal-
culating fn.x by using only UCS can substantially
overestimate the f.,c in realistic situations. This could
be due to the fact that rock masses in the Korean
Peninsula have many discontinuities and greater
weathering than in many other regions, even though
the strength of intact rock is relatively high. On the
other hand, the empirical correlations with rock-mass
modulus and RMR in this study are appropriate and
realistic to represent the ultimate shaft resistance (finax)

of drilled shafts in rocks in the Korean Peninsula.
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