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Evaluation of side resistance for drilled shafts in rock sections
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Abstract.

This study evaluated the side resistance of drilled shafts socketed into rock sections. Commonly used analysis

methods for side resistance of piles in rocks are examined by utilizing a large number of load test data. The analysis of the unit
side resistance of pile foundations embedded into rock sections is based on an empirical coefficient (o) and the uniaxial

compressive strength (gy) or its root (\/E). The Davisson criterion was used to interpret the resistance capacity from the load
test results to acquire the computed relationships. The a—\/a relationship is proven to be reliable in the prediction of friction
resistance. This study further analyzed the relationship by including the effect of rock quality designation (RQD) on the results.
Analysis results showed that the analysis model of (x—\/a-RQD provided better prediction and reliability considering the RQD
classification. Based on these analyses, the side resistance of drilled shafts socked into rocks is provided with statistical data to

support the analysis.

Keywords: drilled shaft; load test; friction resistance; rock; rock quality designation

1. Introduction

Limited land for public and housing construction is a
current problem worldwide. Creating a high-rise
environment, especially in the metros where majority of the
population thrive, could be a solution to this problem. With
the current construction of increasing high and heavy
superstructures, stabilization of the foundation through the
construction and installation of deep foundations is a
requirement to retain the safety of the system. Several
commonly used pile foundations are pre-bored precast piles,
driven piles, and drilled shafts. Among these pile types,
drilled shaft is often used because it has low noise and
vibration during construction and can provide larger
diameter and depth for the design than that of other piles. In
addition, drilled shafts can easily penetrate rock sections to
obtain better bearing capacity.

Piles are usually subjected to loadings, especially from
the superstructure. Nevertheless, pile will transmit the load
along its length to the soil/rock layer when subjected to
axial compression loadings. The side friction and the pile
tip resistances generated by the soil/rock layer ultimately
support the axial compression load. The side resistance
generated by the soil/rock layer originate from the unit side
resistance (f;). The evaluation of f; of a drilled shaft in the
rock section is based on an empirical coefficient (a), which
is the adhesion factor, and the uniaxial compressive strength

(gqu) or its root (y/q,). The a method in rock is similar to the
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Fig. 1 Early a—s, relationship (Stas and Kulhawy 1984)

conventional total stress analysis for the side resistance of
drilled shaft foundations in cohesive soils, which is related
to the average soil undrained shear strength (s,) over the
pile length. Fig. 1 shows the initial a-s, relationship of the
drilled shafts developed by Stas and Kulhawy (1984).
However, the s, values in their analysis were taken from
random test types, thus resulting in a scattered relationship.
Chen and Kulhawy (1994, 2003) later adopted a unique test
type of s, from consolidated-isotropically undrained triaxial
compression (CIUC) test [denoted s,(CIUC)] as the
reference plane for a consistent test. This approach
improved the aciwce—s.(CIUC) relationship as demonstrated
in Fig. 2. Furthermore, Chen et al. (2011) considered the

factor of undrained strength ratio (s./g,,) into the
correlation of Fig. 2 using the updated load test data (Chen
et al. 2014), inwhich 4, is the mean effective
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Fig. 3 acwc-su(CIUC)/0ym-0vm correlations (Chen et al.
2011)

overburden stress of pile length. Fig. 3 shows the results of
undrained strength ratio (USR) correlation, acc-s.(CIUC)/
owm-own- Fig. 3 can be regarded as an alternative analysis
for traditional a-s, correlations, especially with a small s,,.
Researchers (e.g., Qian et al. 2016, Zhang et al. 2017,
Rodgers et al. 2018, Asem and Gardoni 2019a, b, Chen et
al. 2019, Marcos and Chen 2019) have studied the interface
behavior between pile and ground under axial loading. The
analysis methods of unit side resistance are similar between
cohesive soils and rocks. For the unit side resistance in
rocks, the uniaxial compressive strength of rock (g.) and its
root (\/E ) are used instead of s,. Various investigations
were performed and resulted in a variety of relationships in
determining the value of f; of drilled shafts, as listed in
Table 1. Kaderabek and Reynolds (1981) suggested that f; is
equal to 0.2 g,. According to the results of Kulhawy and
Goodman (2005), the value of « is recommended to be 0.15

Table 1 Representative analysis models for side resistance
in rocks

Empirical Result Condition Author
_ Kaderabek and
/=030 (q.) NA Reynolds (1981)
_ Kulhawy and Goodman
£=0.15 (q.) q. <5 MPa (1987)
£=(0.2~0.3) (Jq,) g.< 40 MPa Horvath ef al. (1983)

Rowe and Armitage

/=1.886 (qu/p)*® for rough surface

(1987)
£=(0.03~0.04) ({/q,) ¢, <40 MPa AASHTO (1992)
_ 0.25MPa<gq,<3  Hooley and Lefroy-
£=015(/q) MPa Brooks (1993)
£=(0.16~0.21) ({/q,) N/A Ku et al. (2004)

£:=(0.1~0.5) (/q,) N/A Yang et al. (2010)
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Fig. 4 o—,/q, relationship (Yang et al. 2010)

and that of g, should be less than 5 MPa. Their research
utilized the uniaxial compressive strength in determining
the side resistance.

Other researchers utilized the \/a in determining unit
side resistances. Horvath ef al. (1983) also suggested that
the value of ¢, should be less than 40 MPa and that of o
should range from 0.2 to 0.3. Rowe and Armitage (1987)
established the equation as normalized by atmospheric
stress (1 p, = 101.3 kN/m?). AASHTO (1992) suggested
that the value of g, should be less than 40 MPa and that of
a should range from 0.03 to 0.04. Hooley and Lefroy-
Brooks (1993) studied friction of piles in over-compacted
clay, soft rock, and weathered rock and recommended that
the value of ¢, is between 0.25 and 3.0 MPa and that of &
value is 0.15. Ku ef al. (2004) conducted a related research
on western soft rocks of Taiwan and recommended that o
value should range from 0.16 to 0.21. However, they did
not recommend any range for the value of ¢,. Last, Yang et
al. (2010) found that the « value of piles socketed into
rocks in northern Taiwan ranges from 0.1 to 0.5, with no
range for the value of g,.

Fig. 4 shows that the current range of the o coefficient
values is broad and the reliability of the relationship is



Table 2 Basic information of axial compression load tests data for analysis

Evaluation of side resistance for drilled shafts in rock sections

505

Shaft

Rock

Depth, D Diameter, B Test depth

b

No. Test site description ROD (%) (m) (m) (GL-m) (l\;ﬁ’a) ‘/% (Mi’a) * o
Tpy  Zhonghe, New Taipei, Tuff 5075 376 195 280~360 1277 357 059 005 0.7
Taiwan
Tpy  Zhonghe, New Taipei, Tuff 50~75 42.6 195  342~41.0 1001 3.6 051 005 0.6
Taiwan
TP3 Taichung, Taiwan Soft sandstone ~ 50~75 20.0 1.20 4.0~19.0 0.60 0.77 0.14 023 0.18
TP4  Xinyi, Taipei, Taiwan Sandstone 50~75 66.0 150  61.5~660 417 204 033 008 0.16
Tps  Zhonghe, New Taipei, Sandstone  90~100 255 150  21.5~255 020 045 016 080 036
Taiwan
TP6  Nangang, Taipei, Taiwan Soft sandstone ~ 90~100 48.0 1.50 40.0~48.0 1.21 1.10 0.29 024 0.26
TP7  Nangang, Taipei, Taiwan Soft sandstone ~ 90~100 48.0 1.50 40.0~48.0 0.80 0.89 0.24 030 0.27
TPS  Neihu, Taipei, Taiwan Sandstone  90~100 53.0 150  495~530 1.03 101 027 026 027
TP9  Daan, Taipei, Taiwan Sandstone 25~50 30.0 120 264~300 226 150 0.9 008 0.3
TP10  Nangang, Taipei, Taiwan Vsﬁgggﬁg 25~50 535 200 372~533 246 157 020 0.08 0.3
TP11  Nangang, Taipei, Taiwan :Zi‘gls“gﬁg 25~50 545 200  382~545 034 058 009 026 0.5
TP12  Xinyi, Taipei, Taiwan Sﬁzdsit‘(‘)fe 25~50 48.0 150  47.7~520 065 081 0.3 020 0.16
TP13 Xinyi, Taipei, Taiwan  Soft sandstone 75~90 47.7 1.20 41.7~47.7 0.16 0.40 0.13 0.81 033
TP14  Xinyi, Taipei, Taiwan  Soft sandstone  50~75 59.0 120  558~590 300 173 027 009 0.6
TP15  Xinyi, Taipei, Taiwan  Soft sandstone  50~75 29.0 120  249~290 0.3 036 008 062 022
TP16 Nangang, Taipei, Taiwan  Sandstone 0~25 450 120  350~425 347 186 0.8 005 0.10
TP17 Nangang, Taipei, Taiwan  Sandstone 0~25 38.0 199¢  350~374 1300 361 037 003 0.10
TP18 Zhongshan, Taipei, Taiwan  Sandstone 50~75 60.4 150  584~598 1370 370 054 004 0.15
TP19 Zhongshan, Taipei, Taiwan  Sandstone 50~75 48.0 150  445~480 1364 369 064 005 0.17
TP20 Zhongshan, Taipei, Taiwan  Sandstone  90~100 46.0 129°  434~453 254 159 031 012 0.9
TP21 Anatolia, Turkey Amphibolite 0~25 10.0 1.20 2.5~10.0 1.30 1.14 0.14 0.11 0.12
TP22 Anatolia, Turkey Amphibolite 0~25 9.1 1.20 3.5~9.1 1.60 1.26 0.15 0.09 0.12
TP23 Anatolia, Turkey Amphibolite  0~25 8.0 1.20 45~80 100 100 013 013 TP23
TP24  Xizhi, New Taipei, Taiwan  Sandstone 25~50 25.0 100 155~255 426 206 033 008 TP24
Tpos  Zhomghe, NewTaipei, g g cndstone  0-25 17.0 180  3.0~164 170 130 017  0.10 0.3
Taiwan
TP26 Zh"“gZ}}Z‘i’f/; feelung’ Soft sandstone  50~75 36.0 100 329~354 103 101 017 017 0.17
TP27  Wenshan, Taipei, Taiwan sﬁeddsitl(l)rrllle 0~25 27.5 1.20 25.5~27.0 1.51 1.23 0.16 0.11 0.13
TP28  Xizhi, New Taipei, Taiwan ~ Sandstone  90~100 22.8 080  123~222 052 072 020 038 028
TP29  Xizhi, New Taipei, Taiwan  Sandstone 0~25 204 080  155~198 186 136 0.7 009 0.12
TP30 Xizhi, New Taipei, Taiwan  Sandstone 75~90 264 100  168~268 032 057 0.14 044 025
TP31 Oklahoma, USA Shale 50~75 8.7 0.70 56~88 500 224 037 007 017
TP32 Oklahoma, USA Shale 50~75 11.0 070  56~11.0 500 224 035 007 0.16
TP33 Toscana, Italy Limestone 25~50 18.5 1.20 11.0~18.5  0.90 0.95 0.14 0.16 0.15
TP34 Toscana, Italy Limestone 0~25 39.0 1.20 26.0~37.0 3.00 1.73 0.20 0.07 0.12
TP35 Toscana, Italy Limestone 75~90 135 120 11.0~135 600 245 044 007 0.18
TP36 Singapore F r;ir;f;?d 25~50 73 0.70 21~73 682 261 025 004 0.10
TP37 Singapore Fr;‘f’t‘:tz‘;fd 25~50 13.5 140 4.0~100 7.00 265 032 005 0.2
TP38 Singapore Hard shale 25~50 11.5 1.50 3.5~9.6 7.77 2.79 0.38 0.05 0.14
TP39 Xinyi, Taipei, Taiwan  Soft sandstone 75~90 59.0 1.20 54.6~58.0 0.26 0.51 0.15 0.58 0.29
TP40 Daan, Taipei, Taiwan Soft sandstone 75~90 73.0 1.50 67.0~73.0 0.30 0.55 0.16 0.53 0.29
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Table 2 Continued

Shaft . Rock o Depth, D Diameter, B Testdepth  ¢,* fP . J
No. Test site description  X2P (%) (m) (m) (GL-m) (MPa) V% (pa) ¢ “
TP41 Xinyi, Taipei, Taiwan Sandstone 90~100 76.0 1.30 71.0~76.0 045 0.67 0.20 0.44 030

Note: a: average uniaxial compression strength; b: average unit side resistance; c: adhesion factor for qu; d: adhesion

factor for ./q,; e: equivalent diameter

Table 3 Sources of drilled shaft load test data

Shaft No. References
TP1~2 Midland Development Co. (2015), “Pile load tests for new commercial building of Jingjing section 340, Zhonghe, Xinbei”, Taiwan.
TP3 Sinotech Engineering Consultants, Ltd. (2006), “Ultimate pile load test for Contract No. C601, Wuxi No. 4 bridge foundations”, Taiwan.
TP4 Great Asia Engineering Consultants, Inc. (2001), “Pile load Test, Unified International Building in Taipei”, Taiwan.
TP5 Great Asia Engineering Consultants, Inc. (2004), “Pile load test in the Shanzi section of Zhonghe, Xinbei”, Taiwan.”
TP6~7 Diagnostic Engineering Consultants, Ltd. (2005), “C10 and C11 new construction project in Nangang software park, Taipei”, Taiwan.
TP8 Diagnostic Engineering Consultants, Ltd. (2004), “Songhu EHV power substation, design and construction turnkey project”, Taiwan.

Great Asia Engineering Consultants, Inc. (2006), “Compressive and tensile load tests of pile foundations for dormitory buildings,

P9 National Taiwan University”, Taiwan.

TP10~11 Cheng, W.C. (2009), “A case history of rock socket pile load testing in Nan-Kang area”, Master Thesis, National Taipei University of
Technology, Taiwan.

TP12 Sino Geotechnology Inc. (2001), “Pile load test for the F3 base building in Xinyi District, Taipei”, Taiwan.

TP13 Sino Geotechnology Inc. (2005), “Pile load test of the 4th landmark (B7 base), Xinyi District, Taipei”, Taiwan.

TP14 Diagnostic Engineering Consultants, Ltd. (2005), “Pile load test for the Huaxin Lihua Building in Xinyi District, Taipei”, Taiwan.

TP15 Sino Geotechnology Inc. (2003), “ Pile load test for the C1 Base building in Xinyi District, Taipei”, Taiwan.

TP16-20 giélang, Y.H., Hsieh, J.T., Ro, T.R. & Shih, C.H. (2011), “Construction and load testing of barrette foundations”, Sino-Geotechnics, 47-

TP21~23 Er<‘>1, 0., Horoz, A., & Saglamer, A. (2005). “Socket friction capacity of large diameter drilled shafts in highly weathered rock”,

Proceedings, International Conference on Soil Mechanics and Geotechnical Engineering, 2111-2114.

TP24 & 30 Diagnostic Engineering Consultants, Ltd. (2010), “Pile load test for Yonghe-Xinzhi B-zone new construction project, Xinbei”, Taiwan.

TP25 Sino Geotechnology Inc. (2004), “Geological survey and analysis for Shuanghe Hospital at A base, Zhonghe, Xinbei”, Taiwan.

TP26 Sanli Engineering Consultants, Ltd. (2014), “Pile load test for National Marine Science and Technology Museum, Keelung”, Taiwan.

TP27 Sino Geotechnology Inc. (2003), “Pile load test report for Guotai Royal Garden Project, Wenshan District, Taipei”, Taiwan.

TP28-29 Heshe Engineering Co., Ltd. (2014), “Report on the construction of the Beautiful Mountain and Forest Project in Xinzhi, Xinbei”,
Taiwan.
Goeke, P.M. and Hustad, P.A. (1979), “Instrumented drilled shafts in clay-shale”, Proceedings, ASCE Symposium on Deep Foundations,

TP31~32
Atlanta, 149-165.

TP33~35 Carrubba, P. (1997). “Skin friction of large-diameter piles socketed into rock”, Canadian Geotechnical Journal, 34, 230-240.

TP36-38 Radhakrishnan, R. and Leung, C.F. (1989), “Load transfer behavior of rock-socketed piles”, Journal of Geotechnical Engineering,
ASCE, 115(6), 755-768.

TP39 Great Asia Engineering Consultants, Inc. (2006), “Axial compression and tensile pile load tests of A5 shopping center in Xinyi planning
area, Taipei”, Taiwan.

TP40 Sino Geotechnology Inc. (2010), “Pile load tests for O3 base in Xinyi Section, Taipei”, Taiwan.

TP41 Great Asia Engineering Consultants, Inc. (2005), “Pile load tests for the project of Municipal Government Transfer Station, Taipei”,

Taiwan.

insufficient. These values may be affected by lithology, rock
mass conditions, and the surface condition of the pile body.
The current analysis of the frictional value of the pile
foundation socketed into rocks is based on the material
strength of the rock (q.). The analysis neglects the other
aforementioned factors, possibly affecting the results of the
relationship positively.

Thus, a complete assessment of these methods for side
resistance analysis of drilled shaft design is reasonable
because new approaches have been developed and new
parameters can be considered. Additionally, numerous
updated load test data have existed since those earlier
studies. A broad database was used in the present study to

assess the side resistance of drilled shafts embedded into
rock layers using the most updated data and approaches.
The results were compared statistically and graphically, and
then specific design recommendations for the use of unit
side resistance in drilled shaft design were presented.

2. Database for analysis

This study collected data from Taiwan and abroad to
understand the side resistance behavior of drilled shaft
foundations socketed into rock sections. A total of 44 axial
compression load test results embedded into rocks,
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Table 4 Statistics of drilled shaft load test data

Pile Geometry

n Statistics  “pile length Pile diameter (1\/([]1;3) s (MPa)
D (m) B (m)
Range 7.30~76.0  0.70-2.00  0.13~13.7 0.08~0.64
Mean 34.95 1.32 351 0.25
4 SD 19.24 0.35 3.97 0.14
COov 0.55 0.26 1.13 0.54

including 27 from sandstones, 3 from mudstones, 3 from
limes, 3 from soft sandstones, 3 from hard shales, 2 from
tuffs, and 3 from amphibolite, were gathered. The collected
pile test information was accompanied by soil (rock) layer
information, pile foundation information, load-displacement
curves, and load distribution curves along pile length (Hsiao
2018). A shaft is often embedded into the interlayer of soil
and rock, but only the side resistance in rock sections is
used for analysis in this study. In addition, three load tests
in mudstone demonstrated relatively small side resistance.
This finding may be attributed to the sensitive
characteristics of mudstone to the groundwater, which
resulted in larger tip resistance than side resistance.
Therefore, the mudstone was not included in the analysis.
Only a total of 41 load test results were fit to be utilized as
load test data for the analysis.

The basic information of the load test data and their
references are summarized in Tables 2 and 3, respectively.
Table 4 shows the statistical summary of the database
developed from the reports for the interpretation analysis.
The shaft construction and test performance were of high
quality based on the case history descriptions.
Consequently, these data should reflect real field situations,
and the analysis results should be representative of
application in practice.

3. Method of analysis

Measured load-displacement curves often do not show a
clear peak. Thus, a failure criterion should be utilized to
define the measured resistance. Davisson offset limit
(Davisson 1972) was utilized to obtain the unit side
resistance of drilled shafts used in this study because it is
widely employed in geotechnical engineering practice. In
addition, the method presents consistent results based on the
statistics of load test interpretations (Chen and Fang 2009).
This method was proposed by comparing the results of
wave equation analyses of driven steel piles with static load
tests. The load at the intersection of the load-displacement
curve with an elastic line offset by 3.8 mm plus the soil
quake (pile diameter divided by 120) is identified as the
measured resistance. The pile elastic line is PD/AE, in
which P = load, D = depth, 4 = shaft area, £ = Young’s
modulus of shaft. A schematic to interpret the “failure load”
(Q.) is shown in Fig. 5.

The value of a can be back-calculated from the results
of interpreted unit side resistance (f;), as follows:

o =Js/ qu (1)

I\
38+B/120
P
Q.
E
Q
-
®
Q
= P
=
/ i / Linear Elastic Section
/]
b/ 5
p Displacement

Fig. 5 Schematic for Davisson interpretation method

or

a=f/\lqu 2

4. Correlation of ¢ versus qu

Using Eq. (1) and the pile load test data gathered for the
value of «, the computation result obtained using the
Davisson method, which includes the average results of the
gathered data from 41 single pile reports, is shown in Fig. 6.
The data were plotted into a (a) general coordinate axes, (b)
semi-logarithmic axes, and (c) full-logarithmic axes to
determine the best trend for each of the axes. Table 5 shows
the statistical analysis to compare the three equations
developed for each coordinate axis. In these figures and
tables, the statistical results of coefficient of determination
(), standard deviation (SD), and coefficient of variation
(COV) are also listed.

The results of the statistical analysis presented the three
coordinate axes with varying reliability. A low COV of an
equation indicates a high reliability of the equation to be
utilized. Table 5 presents the statistical results of the
regression analysis performed in the study, which shows
that the three coordinate equations computed yielded
comparable reliability. These coefficients of variabilities are
between 0.88 and 0.95 and will be used to measure the
acceptability of the derived model and compare the model

derived for the o—./q, relationship in the following
sections.

Table 5 Statistical results of the a—(q, relationships

r” SD Ccov
0.86 0.19 0.94

Coordinate form Regression equation n

a=0.06 +0.11/g,

General coordinate

Semi-logarithmic
coordinate
Full logarithmic
coordinate

«=0.28-031logg, 41 0.73 0.18 0.88

log @=-0.70 - 0.70 - log g, 0.90 0.19 0.95
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@ Alldata (4] test points)

@=006+0.1l/,
n=41,r2=086,SD=0.19
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® All data (4] test points)
0.=028-031¢logq
n=41,1"=0.73,5D=0.18

001

@ All data (4] test points)
logt=-0.70-0.70 - log q.
n=41,r2=090,SD=0.19

5. Correlation of a versus ,/q,

The analysis presented in this section is commonly used
in determining the unit side resistance of pile foundation
socketed into rock sections, as shown in Eq. (2). The
difference is that the uniaxial compressive strength is
analyzed by its root. The new data were then plotted into (a)
general coordinate, (b) semi-logarithmic, and (c) full-
logarithmic axes to determine the best trend, as shown in
Fig. 7.

Table 6 indicates the statistical analysis to compare the
regression equations derived from the three coordinate axes
used in the study. As explained in the previous section, an
equation with low COV results in the high reliability of the
equation to be utilized. As shown in Table 6, the three
coordinate equations also yielded comparable reliability.
These coefficients of variabilities are between 0.25 and 0.27
and will be compared with the statistical values computed
for the o—q, relationship to determine the reliable
relationship between the two.

t
1
Qu., MPa

©

Fig. 6 o—q, relationships for three analysis modes

Table 6 Statistical results of the a—,/q, relationships

Coordinate form Regres§ ron n r SD cov
equation
=011+

General coordinate ¢ 0.52 0.05 0.26
0.08/./q,

Semi-logarithmic  @.=0.20-0.16- s (04 55
coordinate log[,/q,]

i i 1 =-0.71-
Full logarithmic oga=-0 050 005 027

coordinate

0.41 - log[,/q,]

6. Comparison of aversus quand \/q,

Based on the analysis results, the regression equation
developed on each of the coordinate axes computed can be
used to evaluate side resistances of drilled shafts socketed
into rocks because they produced reliability based on the
design needs. The coefficient of variance (COV) is used to
measure the consistency of the equation for the
determination of the improved relationship. The comparison
of statistical data in Tables 5 and 6 shows that the results of

regression equations developed in the o—,/q, relationship
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@ All data (4] test points)
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n=41,12=050,SD=005

V9, MPa

(©)

Fig. 7 o—,/q, relationships for three analysis modes

have much lower COV than that of the o—q, relationship.
Therefore, the o ./q, relationship yielded better

correlation than that of the o—q, relationship for the general,
semi-logarithmic, and full logarithmic coordinate axes.

7. o-,/q, - RQD Relationships

As previously described, lithology, rock mass
conditions, and pile surface conditions may be the factors
that influence the friction resistance. Among these factors,
RQOD is the most commonly used factor in geotechnical
community. ROD is a measure of the quality of rock core
taken from a borehole and signifies the degree of fracture or
jointing in rock mass measured in percentage. In addition,
ROD is easily acquired from boring profile data. Therefore,
the ROD values are incorporated to the af\/cz relationship
to explore its influence. The study also utilized the general

coordinate system for the a-,/q,—RQOD relationship because

Table 7 Rock classification using ROD (Peck et al. 1974)

RQD (%) Rock Mass Classification
0~25 Very poor
25~50 Poor
50~75 Fair
75~90 Good

90 ~ 100 Excellent

the three-coordinate systems demonstrated comparable
reliability for the a-\/(z relationship, but the general axis
is the most commonly used in engineering design practice.
Thus, the study utilized the general coordinate data among
the three coordinate systems.

The sorted ROD classification is based on Peck et al.
(1974), and the rock sections are classified into five
categories, as shown in Table 7. Fig. 8 shows the « -\/E

relationships for various RQD classifications. Fig. 8(a)
shows that 75%-90% and 90-100% RQD graphs have the
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Fig. 8 a—m-RQD correlations
Table 8 Statistical results of a—\/q_u -ROD correlations
ROD (%) Regression equation n r SD cov
0~25 a=0.09 + 0.05/@ 9 0.69 0.01 0.09
25~50 a=012+ 0.0Z/M 9 0.31 0.01 0.07
50~75 a=015+ 0.02/@ 11 0.86 0.01 0.09
75~90 a=015+ 0.07/\/E 5 0.94 0.05 0.20
90~100 a=0.16 + 0.09/@ 7 0.90 0.05 0.17
(75~100)! a=0.18+ 0.07/\/E 12 0.74 0.05 0.16

"New equation where ROD 75-90% and 90-100% are joined into one equation

same trend and can be consolidated into one classification,
that is, 75%-100% RQD value, as shown in Fig. 8(b). From
Fig. 8, it can be found that the trend is obvious that a large
ROD leads to a high « value. It is consistent with the
general supposition. The a—\/a-RQD correlations can be
used to select the value of a precisely if ROD is given. This
correlation can also be regarded as an alternative analysis
for traditional af\/a correlations. Table 8 lists the

regression equations and statistical results of o—./q,
correlation for various ROD classifications.

8. Conclusions

This study utilized a large number of load test data to
explore side resistances of drilled shafts socketed into
rocks. Representative analytical ~ models  were
comprehensively examined using measured results. Rock
quality classification was further considered in the analysis
model. The following design recommendations for
engineering practice are proposed based on the evaluation.

The study developed a relationship between -0, and
af\/cz. These relationships were further investigated by
plotting the computed values on three coordinate systems,

including general, semi-logarithmic, and full logarithmic.
The comparison of the statistical data of each relationship
proved that the afm relationship in all its coordinate
forms is more accurate for the analysis of drilled shafts
socketed into rocks due to its lower COV than that of a—q,.

The a—\/a correlation is suggested for the design.
With the discretion of the design requirements, the
recommended correlation has the regression equation of o =
0.11 + 0.08/\/q, with n = 41, r? = 0.52, SD = 0.05, and
COV = 0.26 for the general coordinate system; « = 0.20 —
0.16 - log[\/%] withn =41, ¥ = 0.45, SD = 0.04, and COV
=0.25 for the semi-logarithmic form; and log « = -0.71-
041 - log[@] with n =41, ¥ = 0.50, SD = 0.05, and COV
=0.27 for the full-logarithmic coordinate system.

The current study utilized the general coordinate
equation of a—@ and divided the data based on the ROD
of each rock type gathered to form better prediction
equations for the design and further specify the analysis
performed. The newly developed af\/a-RQD correlations
can be regarded as an alternative analysis method for the
drilled shaft design. These correlations can be used to select
the required a value precisely if ROD is given.
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