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ABSTRACT 19 
Load transfer mechanism in side resistance of rock socketed drilled shafts has been studied for the 20 
past four decades using results of axial load tests and theoretical methods. Various models for 21 
prediction of side resistance have been proposed. Only few studies (e.g., Horvath et al. 1983; Rowe 22 
and Armitage 1987; Hassan et al. 1997, Miller 2003, Abu-Hejleh et al. 2003) have been completed 23 
on socket side resistance of drilled shafts in weathered and fractured fine-grained rock. These 24 
studies, however, were based on only a limited number of load test data. A survey of current 25 
predictive models has been conducted. This survey shows most of the current models include 26 
strong and intact rocks in their databases. Almost all of the current models use a power function 27 
to correlate side resistance of rock socket to rock unconfined compressive strength. A database of 28 
side resistance of large diameter drilled shafts in only weak fine-grained rocks, such as, weak 29 
shales, mudstones, and siltstones (i.e., Intermediate Geomaterial first introduced by O’Neil et al. 30 
1996, Hassan et al. 1997, and O’Neill and Reese 1999) has been complied in this study. The range 31 
of weak rocks considered herein corresponds to an unconfined compressive strength of 0.48 to 4.8 32 
MPa. Analysis of this database shows that a linear model best predicts the side resistance of drilled 33 
shafts in weak fine-grained sedimentary rocks. 34 
 35 
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INTRODUCTION 43 
Drilled shafts are commonly used to support large structural loads where surficial soils do not 44 

provide sufficient bearing capacity for shallow foundations. To support these loads, drilled shafts 45 

are often socketed into weak fine-grained rocks, which are at the boundary between clays and rock 46 

that have unconfined compressive strengths of 0.48 to 4.8 MPa (10 ksf to 100 ksf) (Kulhawy and 47 

Phoon, 1993; Hassan et al. 1997). A rock socketed drilled shaft distributes applied axial loads to 48 

side and tip resistance. Allocation of axial load between these two components of resistance 49 

depends on relative stiffness of the shaft concrete and the surrounding rock, length of the rock 50 

socket, and allowable axial displacements. Drilled shafts in weak sedimentary rocks obtain most 51 

of their axial capacity by mobilizing side resistance along the drilled shaft/socket interface 52 

(Horvath, 1978; Horvath and Kenney, 1979; Horvath, 1982). Side resistance is usually mobilized 53 

at small displacements along the shaft/socket interface, and it remains constant after failure 54 

(Rosenberg and Journeaux 1976). 55 

Since the 1960s, many full−scale load tests have been conducted on drilled shafts socketed in 56 

rock. However, only Williams (1980a) compiled a database that focuses on drilled shafts in weak 57 

fine-grained rocks. Therefore, most available design methods were developed using databases that 58 

include load tests in both weak and strong rocks. 59 

Only a few researchers (e.g., Miller 2003; Abu-Hejleh et al. 2003; Abu-Hejleh and Attwooll 60 

2005) have studied the applicability of available predictive models to drilled shafts in weak fine-61 

grained rocks. Although their work provides valuable information on this matter, their databases 62 

include a limited number of load tests against which predictive methods for estimating side 63 

resistance can be evaluated.  64 

In this paper, some of the available predictive models for side resistance are reviewed and 65 

compared to the available load test data developed herein, and then the axial load transfer via side 66 
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resistance is discussed for weak fine-grained rocks. The paper then presents recommendations and 67 

an empirical design correlation for predicting side resistance of drilled shafts in weak sedimentary 68 

fine-grained rocks. 69 

 70 

 71 

AVALAIBLE SIDE RESISTANCE MODELS 72 
Analytical studies and load test measurements show that side resistance accounts for a large 73 

percentage of mobilized axial capacity of drilled shafts socketed in weak fine-grained rocks 74 

(Horvath and Kenney 1979). Therefore, many designers prefer to design drilled shafts to take axial 75 

loads in side resistance, as opposed to accounting for combined side and tip resistance (Miller 76 

2003). In important projects, full−scale load tests can be used to determine side resistance of the 77 

rock socket. In small projects, load tests can be cost prohibitive so predictive models are used for 78 

determination of side resistance. Many of these predictive models, however, are developed based 79 

on load tests that include both weak and strong rocks (e.g., Rosenberg and Journeaux 1976; 80 

Horvath and Kenney 1979; Williams et al. 1980; Rowe and Armitage 1987; Carter and Kulhawy 81 

1988; Prakoso 2002; Kulhawy et al. 2005). Load transfer in side resistance, however, is different 82 

for weak and strong rocks. This important concept has been stressed by Teng (1962) where he 83 

differentiates between load transfer in hard and soft rocks and is further discussed by Kulhawy et 84 

al. (2005). It is, therefore, important for designers to be familiar with the background of available 85 

predictive methods. Table 1 summarizes the common predictive models for side resistance (fs) of 86 

drilled shafts in rocks mainly using the unconfined compressive strength (qu) and atmospheric 87 

pressure (pa).  88 

 89 
 90 
 91 
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 92 
Table 1. Available side resistance predictive methods in rocks. 93 

Method Reference Predictive Equation Remarks 
1 
 

Rosenberg and 
Journeaux (1976) 

 

𝑓𝑓𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚

𝑝𝑝𝑎𝑎
= 1.09 ∗ (

𝑞𝑞𝑢𝑢
𝑝𝑝𝑎𝑎

)0.5  
pa = atmospheric pressure (101,325 Pa 
or 101.3 kPa) & qu = 0.48 to 34.5 MPa 

2 
 

Horvath and 
Kenney (1979)  

 

 α = 0.2 to 0.25 & qu = 0.33 to 41.3 
MPa 

3 
 

Reynolds and 
Kaderabek (1980) 

 

s uf 0.014*q=  Median qu = 1.5 MPa  

4 
 

Williams et al. 
(1980) 

 

 qu = 0.38 to 99.9 MPa 

5 
 

Rowe and Armitage 
(1984)  

 

 qu = 0.41 to 40.5 MPa & rock sockets 
with grooves less than 10 mm deep) 

6 
 

Rowe and Armitage 
(1984)  

 

 qu = 0.41 to 40.5 MPa & rock sockets 
with grooves greater than 10 mm deep) 

7 
 

Miller (2003) 
  Three Missouri shale sites 

 
10 

 
 
 
 
 
 

Kulhawy et al. 
(2005) 

 
McVay et al. (1992) 

 
Meigh and Wolski 

(1979)  
 

Meigh and Wolski 
(1979)  

 
 

Kulhawy and 
Phoon (1993) 

 
 

Carter and Kulhawy 
(1988) 

 
 

Gupton and Logan 
(1980) 

 
 

Abu-Hejleh & 
Attwooll (2005) 

 
 

𝑓𝑓𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚

𝑝𝑝𝑎𝑎
= 1.0 ∗ (𝑞𝑞𝑢𝑢

𝑝𝑝𝑎𝑎
)0.5   

 
0.5 0.5

s,max u t(MPa) ) )f 0.05*(q *(q=  
 

s,max u(MPa)f 0.25*q=  
 

0.6u
s,max

a
(MPa)

qf 0.55*( )
p

=  

 
s,max 0.5u

a a

f S
*( )

P p
= Ψ  

 
 

s,max 0.5u

a a

f q
1.42*( )

P p
=  

 
3

s,max uf (MPa) 9.6x10 *q (MPa)−=  
 
 
 

4
s,max uf (MPa) 3.1x10 *q (MPa)−=  

 
 
 

Prakoso (2002) load test database 
 

qt = splitting tensile strength of rock 
 
 

0.5 MPa < qu < 0.7 MPa 
 
 

0.7 MPa < qu < 12.7 MPa 
 
 

          Ψ = rock socket roughness factor 
= 3 for artificially roungend socket, 

= 2 for normal drilling, and 
 = 1 for smooth or smeared sockets 

 
 
 
 
 
 
 
 
 

0.5 MPa < qu < 0.7 MPa 
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 94 
 95 
 96 
 97 

Horvath and Kenney (1979) include an adhesion or interface friction factor termed, α. The 98 

adhesion factor is used in the following expression to calculate the unit side resistance, fs, using 99 

the undrained shear strength, su: 100 

 101 

    fs = α ∗ su       (1) 102 

 103 

The adhesion factor is an empirical and dimensionless factor that relates the percentage of su that 104 

can be mobilized in terms of side resistance. Eq. (1) is a total stress analysis of the side resistance 105 

referred to as the alpha method (Reese and O’Neil, 1989). 106 

 107 
 108 
 109 
 110 
 111 
 112 
 113 
SIDE RESISTANCE DATABASE 114 

Predictive models for the design of drilled shafts in rocks are empirical. Many of these 115 

predictive models were developed based on databases consisting of load tests on drilled shafts in 116 

different types of rocks. Therefore, the applicability of these predictive models needs to be 117 

evaluated for weak fine-grained sedimentary rocks.  118 

A database of drilled shaft side resistance in weak fine-grained rocks was compiled from 119 

published literature in this study. The database includes over 45 relevant drilled shaft load tests 120 

Abu-Hejleh & 
Attwooll (2005) 

 

s,max 0.5u

a a

f q
1.42*( )

P p
=  

 

 
1.1 MPa < qu < 5.0 MPa 

 
 



6 
 

since 1960 with 54 values of side resistance. These load tests were performed in the United States, 121 

Europe, and Australia. The dimension of the rock sockets used for these drilled shafts vary 122 

considerably. The side resistance data are grouped according to their size based on 123 

recommendations of Horvath and Kenney (1979) and a summary is given in Table 2. Table 3 124 

summarizes the database according to rock type and unconfined compressive strength (qu) of the 125 

rocks included in the database. 126 

 127 

Table 2. Summary of load test methods in drilled shaft database. 128 

Test Description 
Method of Measurement of Side Resistance 

Conventional Load 
Test 

Osterberg Load 
Test Other 

Large scale piers 
(diameter > 0.41 m) 12 21 15 

Small scale piers 
(diameter < 0.41 m) 3 ___ 1 

 129 
 130 
 131 
 132 
 133 
 134 
 135 
Table 3. Summary of rock types and their unconfined compressive strength. 136 

Rock Type No. of Tests Unconfined Compressive 
Strength Range (MPa) 

Unit Side 
Resistance 
Range (MPa) 

Shale 29 0.13 −  3.10 0.05 − 1.10 

Mudstone 19 0.57 − 3.49 0.12 − 1.05 

Claystone 6 0.40 − 3.06 0.12 − 0.91 

 137 
 138 
 139 
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This database was used herein to evaluate current design methods and to develop design 140 

recommendations for drilled shaft in weak fine-grained sedimentary rocks. This database was also 141 

used to study the load transfer mechanism in side resistance of drilled shafts in weak sedimentary 142 

rocks and is summarized in Table 4. In Table 4, fs,max is the maximum unit side resistance 143 

estimated from the load test data collected before test termination with units of stress, e.g., kPa, 144 

and qu is the unconfined compressive strength of the rock in the vicinity of the strain gauges used 145 

to calculate fs,max. Another parameter considered from the load test information is the Rock Quality 146 

Designation (RQD) described by Deere and Deere (1988). RQD is calculated by dividing the 147 

length of rock core that is at least 100 mm long by the total length of the core drilled on a particular 148 

run or sample (Deere and Deere, 1988). This side resistance database includes 93 values of unit 149 

side resistance from more than 65 drilled shaft load tests. The side resistance database in Table 4 150 

includes the following information:  151 

 152 

 153 

• Load tests conducted using Osterberg loadcell (O-Cell), Ring Cells, and conventional 154 
top-loaded drilled shaft load tests.  155 

• Drilled shafts embedded in weak shales, claystones, and mudstones.  156 

• Drilled shaft diameters (D) range from 0.33 to 2.0 m.  157 

• Most of the drilled shafts sockets were drilled normally. Only a few of the drilled shafts had 158 
artificially roughened socket walls that increased side resistance.  159 

• The ratio of drilled shaft vertical movement to diameter is less than 1.7%.  160 
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Table 4. Unit side resistance database for drilled shafts in weak fine-grained based sedimentary rocks. 

 

Index Reference Geomaterial Type fs,max  
(MPa) 

qu  
(MPa) 

Shaft D 
(m) 

RQD  
(%) 

Test Method Remarks 

1 
 

Matich and Kozicki 
(1967) 

Brown to gray shale 
and massive 

> 0.31 
 

0.69 
 

0.61 
 

__ 
 

Pull-out test 
 

Artificially roughened 
 

2 
 

Corps of Engineers 
(1968) 

Clay-shale 
 

> 0.27 
 

0.73 
 

__ 
 

__ 
 

__ 
 

__ 
 

3 
 

Geoke and Hustad 
(1979): Shaft 1 

Gray clay-shale 
(Caddo formation) 

0.36 
@ 0.25 in 

1.03 
 

0.76 
 

__ 
 

Compression 
test 

Drilled with rock auger 
 

4 
 

Geoke and Hustad 
(1979): Shaft 2 

Gray clay-shale 
(Caddo formation) 

0.22 
@ 0.25 in 

0.76 
 

0.76 
 

__ 
 

Compression  
test 

Drilled with rock auger 
 

5 
 

Wilson (1976) 
Port Elizabeth, south Africa: 

West pile 

Mudstone from 
Uitenhage series of  
Cretaceous system 

0.18 
@ 0.47 in 

1.09 
 

0.90 
 

__ 
 

Pull-out test 
 

Concrete defects due 
to water entering  

shaft 
6 
 

Wilson (1976) 
Port Elizabeth, south Africa 

East pile 

Mudstone from 
Uitenhage series of 
Cretaceous system 

0.12 
@ 0.12 in 

1.09 
 

0.90 
 

__ 
 

Pull-out test 
 

Concrete defects due  
to water entering 

shaft 
7 
 

Mason (1960): PC25 
USA 

Weak shale 
 

0.42 
 

1.50 
 

0.61 
 

__ 
 

Compression 
test 

__ 
 

8 
 

Johnston and Donald (1979) 
Melbourne (F2) 

Weathered Melbourne 
mudstone 

0.94 
 

1.93 
 

1.19 
 

__ 
 

Compression 
test 

__ 
 

9 
 
 

Brown and Thompson 
(2008) 

Claystone 
 
 

> 0.46 
@ 0.13 in 

 

2.07 
 
 

0.71 
 
 

__ 
 
 

Compression 
test 

 

__ 
 
 

10 
 

Brown and Thompson 
(2008) 

Clay-shale 
 

0.34 
@ 0.61 in 

2.07 
 

0.51 
 

__ 
 

Compression 
test 

__ 
 

11 Loadtest (2008)  
IL 5 over IL 84 

Shale 0.07 
@ 0.44 in 

0.27 1.07 __ 
 

Compression  
test 

__ 
 

12 Loadtest (2008)  
IL 5 over IL 84 

Shale 0.13 
@ 0.44 in 

0.56 1.07 __ 
 

Compression 
test 

__ 
 

13 Loadtest (2008)  
IL 5 over IL 84 

Shale 0.64 
@ 0.45 in 

2.67 1.07 __ 
 

Compression 
test 

__ 
 

14 Loadtest (1996)  
FAU 6265 

Shale 0.05 
@ 0.1 in 

0.13 62 __ 
 

Compression  
test 

__ 
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Index Reference Geomaterial Type fs,max  
(MPa) 

qu 
(MPa) 

Shaft D 
(m) 

RQD 
(%) 

Test 
Method 

Remarks 

15 
 

Pells et al. (1978) 
PC 29 

Weathered Melbourne 
mudstone 

0.79 2.21 1.09 __ Compression  
test 

__ 

16 
 

Millar (1976): City Center 
Perth, W.A. 

King Park shale > 1.10 
@ 31.75 mm 

3.06 0.69 __ Compression 
test 

Drilled under 
bentonite 

17 
 

Millar (1976): Telephone 
Exchange, Perth, W.A. (TP1) 

King Park shale > 0.30 
@ 31.75 mm 

1.00 0.66 __ __ __ 

18 
 

Millar (1976): Telephone 
Exchange, 

Perth, W.A. (TP2) 

King Park shale 5.51 
@ 4.06 mm 

2.68 0.79 __ __ __ 

19 
 

Johnston and Donald (1979) 
Flinders St., Melbourne (F1) 

 Weathered Melbourne 
mudstone 

10.15 3.06 1.20 __ __ __ 

20 
 

Walter et al. (1997) Mudstone 0.60 3.20 0.90 __ Down-hole 
jack 

__ 

21 
 

Williams and Pells (1981) Shale 1.10 3.10 0.69 __ __ Drilled and cast 
under bentonite 

22 
 

Williams and Pells (1981) Shale 0.72 2.70 0.79 __ __ __ 

23 
 

Williams (1980a): PS1 
Stanley Ave., Melbourne 

Weathered Melbourne 
mudstone 

> 0.56 0.83 0.66 __ Compression  
test 

Drilled normally 

24 
 

Williams (1980a): PS3 
Stanley Ave., Melbourne 

Weathered Melbourne 
mudstone 

0.51 0.57 1.12 __ Compression 
test 

Roughened 

25 
 

Williams (1980a): PS12 
Stanley Ave., Melbourne 

Weathered Melbourne  
mudstone 

0.41 0.59 0.34 __ Compression 
test 

Drilled with core 
barrel 

26 
 

Williams (1980a): PS14 
Stanley Ave., Melbourne 

Weathered Melbourne  
mudstone 

0.50 0.58 0.39 __ Compression 
test 

Roughened 

27 Williams (1980a): PS15 
Stanley Ave., Melbourne 

Weathered Melbourne 
mudstone 

0.41 0.60 0.39 __ Compression 
test 

Roughened 
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Index Reference Geomaterial Type fs,max 
(MPa) 

qu 
(MPa) 

D  
(m) 

RQD 
(%) 

Test Method Remarks 

28 
 

Williams (1980a): PS 16 
Stanley Ave., Melbourne 

Weathered Melbourne 
mudstone 

> 0.36 0.58 0.39 __ __ Roughened 

29 
 

Williams (1980a): M1 
Middleborough Rd. 

Melbourne 

Weathered Melbourne  
mudstone 

0.60 2.46 1.21 __ __ Drilled with 
bucket auger 

30 
 

Williams (1980a): M2 
Middleborough Rd. 

Melbourne 

Weathered Melbourne 
mudstone 

0.64 2.30 1.30 __ __ Roughened 

31 
 

Williams (1980a): M3 
Middleborough Rd. 

Melbourne 

Weathered Melbourne 
mudstone 

0.71 2.30 1.23 __ __ Drilled with 
bucket auger 

32 
 

Williams (1980a): M4 
Middleborough Rd. 

Melbourne 

Weathered Melbourne 
mudstone 

0.62 2.34 1.35 __ __ Roughened 

33 
 

Williams (1980a) 
Pile WG303/2 

Melbourne 

 Slightly weathered 
Melbourne mudstone 

0.85 3.49 __ __ __ Roughened 

34 
 

Leach et al. (1976): Pile A, 
Kilroot, N. Ireland 

Mudstone 0.21 
@ 5.84 mm 

0.80 0.74 __ __ Drilled with auger 

35 
 

Leach et al. (1976): Pile B, 
Kilroot, N. Ireland 

Mudstone 0.12 
@ 13.97 

mm 

0.92 0.74 __ __ Drilled with auger 

36 
 

Aurora and Reese (1976): 
MT1, Montopolis 

Clay-shale 0.41 1.42 0.74 __ Conventional Drilled with auger, 
dry 

37 
 

Aurora and Reese (1976): 
MT2, Montopolis 

Clay-shale 0.37 1.42 0.18 __ Conventional Drilled with auger, 
dry 

38 
 

Aurora and Reese (1976): 
MT3, Montopolis 

Clay-shale 0.69 1.42 0.75 __ Conventional Drilled with auger, 
dry 

39 
 

Aurora and Reese (1976): 
DT1, Dallas 

Clay-shale 0.28 
@ 5.08 mm 

0.61 0.18 __ Conventional Drilled with auger, 
dry 

40 LT-8718-2, Scandia, KS 
Socket (Loadtest, 2001a) 

Gray to dark gray shale 
with limey seams 

0.15 
@ 19.81 

mm 

0.62 1.83 40 Osterberg Loadcell 
(O-Cell) 

Drilled with auger 
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Index Reference Geomaterial Type fs,max  
(MPa) 

qu 
(MPa) 

Shaft D 
(m) 

RQD 
(%) 

Test 
Method 

Remarks 

 
41 

 
 
 

42 
 

 
LT-9048 

Route 116 Over the Platte River, 
Plattsburg, MO (Loadtest, 2004) 

 
LT-8718-1, Scandia, KS 

US 36 Over Republican River 
Socket (Loadtest, 2001b) 

 
Gray silt shale 

 
 
 

Dark gray shale  
(Graneros shale 

formation) 

 
> 0.72 
@ 16.76 

mm 
 

0.18 
@ 43.94 

mm 

 
2.20 

 
 
 

0.94 

 
1.22 

 
 
 

1.83 

 
__ 

 
 
 

49 

 
O-Cell 

 
 
 

O-Cell 

 
Drilled with auger, 

Dry 
 
 

Drilled with auger 

 
43 

 

 
LT-8854, Des Moines, IA 

I-235 Over Des Moines River 
Socket (Loadtest, 2002) 

 
Clay-shale 

 
0.62 

@ 21.84 
mm 

 
2.69 

 
1.07 

 
93 

 
O-Cell 

 
Drilled by auger and 

core barrel 

 
44 

 

 
LT-8816, Osborne County, 

Kansas 
US 281 Over Solomon River 

Socket (Loadtest, 2001c) 

 
Gray to dark gray 

chalky 
shale 

 
0.52 

@ 18.29 
mm 

 
2.37 

 
1.07 

 
80 

 
O-Cell 

 
Drilled with rock auger 

 
45 

 

 
LT-8733: Pier 1 West, Wakarusa, 

KS 
US 75 at 77th Street 

Socket (Loadtest, 2001d) 

 
Gray shale with 
limestone lenses 

 
> 0.41 
@ 5.08 

mm 

 
1.03 

 
1.83 

 
__ 

 
O-Cell 

 
Drilled in dry with 

auger 
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Index Reference Geomaterial Type fs,max 

(MPa) 
qu 

(MPa) 
Shaft D 

(m) 
RQD 
(%) 

Test 
Method 

Remarks 

46 Brown and Thompson 
(2008) 

Weathered shale 0.95 
@ 0.01 mm 

2.21 1.80 __ O-Cell __ 

47 Miller (2003): Lexington, MO 
TS-1A, O-Cell to SG 2 

Hard gray clayshale 0.73 
@ 0.01 mm 

2.13 1.11 __ O-Cell Drilled normally 

48 Miller (2003): Lexington, MO 
TS-2, Lower to Upper O-Cell 

Hard gray shale to 
clayshale 

0.73 
@ 0.01 mm 

2.25 1.17 __ O-Cell Drilled normally 

49 Miller (2003): Grandview, MO 
SG 5 to SG 6 

Gray thinly laminated  
clayshale 

0.36 
@ 0.02 mm 

0.93 1.98 __ O-Cell Drilled normally 

50 Abu-Hejleh et al. (2003): I-225 Soil-like claystone > 0.12 
@ 40.64 mm 

0.40 1.07 __ O-Cell Slightly 
roughened 

51 Abu-Hejleh et al. (2003): I-225 Soil-like claystone > 0.17 
@ 40.64 mm 

0.59 1.07 __ O-Cell Slightly 
roughened 

52 Abu-Hejleh et al. (2003): I-225 Soil-like claystone > 0.15 
@ 40.64 mm 

0.48 1.07 __ O-Cell Slightly 
roughened 

53 Abu-Hejleh et al. (2003): County 
line 

Soil-like claystone > 0.16 
@ 0.02 mm 

0.50 1.22 __ O-Cell Slightly 
roughened 

54 Abu-Hejleh et al. (2003): Franklin Very hard sandy 
claystone 

> 0.91 
@ 0.01 mm 

3.06 1.07 __ O-Cell Wet 
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LOAD TRANSFER MECHANISM 119 
The load transfer mechanism in rock socketed drilled shafts is a function of rock qu, rock socket 120 

nominal diameter, and magnitude of drilled shaft displacement. Understanding the load transfer 121 

mechanism(s) is necessary for identifying the important factors that should be included in a 122 

predictive model. This paper focuses on only load transfer in side resistance. 123 

Analytical studies and load test measurements (Moore 1964; Gibson 1973; Osterberg and Gill 124 

1973; Aurora and Reese 1976; Ladanyi 1977; Geoke and Hustad 1979; Horvath and Kenney 1979; 125 

Rowe and Armitage 1987; Brown et al. 2010) indicate that side resistance contributes significantly 126 

to the axial capacity of drilled shafts socketed in weak fine-grained rocks until large displacement 127 

or slip occurs at the shaft/socket interface. Some of the major factors in side resistance load transfer 128 

such as construction method, socket diameter, shaft displacement, rock type, and unconfined 129 

compressive strength, are discussed in this section. 130 

 131 

 132 

Effect of Construction Methods 133 
Construction techniques have a large influence on the mobilized side resistance in drilled shafts 134 

(Reese and O’Neil, 1988). For example, if the sides of the socket are roughed due to the auger, the 135 

concrete can better adhere to the rock walls and provide greater side resistance than smooth walls. 136 

An empirical adhesion factor is used to quantify the level of adhesion between the socket walls 137 

and drilled shaft concrete. A higher adhesion factor means a greater interlock between the rock 138 

and concrete and usually reflects that some construction technique was used to increase the bond 139 

between the rock walls and the concrete, such as a “tooth” being added to the edge of the auger. A 140 

roughed socket can also prevent a post−peak reduction of side resistance with shaft displacement 141 

(Williams et al. 1980). 142 
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Drilled shafts with concrete defects such as water in the shaft preventing full adherence of the 143 

concrete to the rock walls, the concrete not being vibrated sufficiently to make contact with the 144 

rock walls, or the concrete being contaminated by soil as the casing is withdrawn of if a casing is 145 

not used, also can decrease side resistance. Figure 1 shows the adhesion factors derived from the 146 

side resistance database and Index numbers shown in Table 4. The adhesion factors range from 147 

0.1 to 0.9 with a lot of the data around an adhesion factor of 0.3. This means that only 30% of the 148 

unconfined compressive strength is being mobilized in side resistance. This data demonstrates the 149 

range of impact different construction techniques have on the mobilized side resistance as 150 

discussed in the following sub-sections. 151 

 152 
Figure 1.  Load test database for unit side resistance with various construction 153 

techniques with Index numbers shown in Table 4. 154 
 155 
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 156 
Artificially Roughened Rock Sockets 157 

Artificially roughened rock sockets are beyond the scope of this paper, however, examples of 158 

the usefulness of this technique is discussed in this section using load test measurements. For 159 

example, data points labeled 15 to 20 in Figure 1 were derived from static load tests performed on 160 

drilled shafts socketed in Melbourne mudstone with artificially roughened rock sockets (Williams 161 

1980a and b). These tests correspond to an adhesion factor of 0.6 to 0.7. The data point labeled #1 162 

in Figure 1 (adhesion factor of about 0.45) is from Matich and Kozicki (1967) and also was 163 

obtained from a static load test with a roughened socket. These data points represent normalized 164 

side resistance with artificially roughened sockets and indicate that side resistance can be increased 165 

for drilled shafts in weak rocks if the socket or boring walls are roughened by mechanical means, 166 

as compared to normally constructed rock sockets that exhibit smoother walls. Williams et al. 167 

(1980) suggest that conventional drilling with a bucket auger device also produces a roughened 168 

socket walls. 169 

 170 
 171 

Concrete Defects  172 
 173 

Data points labeled 5 and 6 in Figure 1 (adhesion factor between 0.1 and 0.2) were obtained 174 

from two static load tests on drilled shafts at Port Elizabeth, South Africa (Wilson 1976). There 175 

was a concrete defect in these drilled shafts due to water entering the shaft hole while concrete was 176 

being placed. This defect in concrete adherence and curing caused a significant reduction in the 177 

mobilized unit side resistance in these drilled shafts. 178 

 179 
 180 
 181 
 182 
 183 
 184 
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Effect of Drilled Shaft Socket Diameter  185 
Figure 2 plots adhesion factor versus shaft diameters from 0.125 m to 1.875 m for drilled 186 

shafts in weak fine-grained rocks and indicates that the adhesion factor is unaffected by drilled 187 

shaft diameter. Horvath and Kenney (1979) point out “…within the size range for large diameter 188 

socketed piers (D > 0.4 m (16 in)) the effect of socket diameter [on adhesion factor] appears to be 189 

negligible...” This finding is in agreement with conclusions of Williams et al. (1980) and Brown 190 

et al. (2010) and is supported by the data shown in Figure 2. 191 

 192 

 193 
Figure 2.  Effect of shaft diameter on adhesion factor or maximum side resistance. 194 
 195 
 196 
 197 
 198 
 199 
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Effect of Drilled Shaft Displacement 200 
Figure 3 presents a relationship between drilled shaft diameter and drilled shaft displacement 201 

required to mobilize fs,max. This data was obtained from the side resistance database described in 202 

Table 4. Figure 3 shows that shaft displacements of less than 25 mm (1 inch) are generally 203 

required to mobilize the maximum side resistance along the shaft/rock interface and therefore, it 204 

is assumed that full side resistance is mobilized in drilled shafts in weak rocks for design purposes 205 

because of the small displacement required.  206 

 207 

 208 
Figure 3.  Effect of shaft displacement on mobilized side resistance. 209 
 210 
 211 
 212 

Figure 4 shows the ratio of residual side resistance to peak or maximum side resistance (fs,max) 213 

versus drilled shaft displacement after fs,max is reached. This figure shows that side resistance of 214 
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drilled shafts in weak rocks remains near the maximum value even after a post−peak shaft 215 

displacement of 35.6 mm (1.4 inches) is mobilized if the socket walls are relatively rough. This 216 

means there is little post−peak decrease in side resistance with increasing drilled shaft 217 

displacement. This is also in agreement with observations of Williams and Pells (1981). This 218 

conclusion is significant for drilled shaft design because it means both side and tip resistance could 219 

be used in design because there is little post−peak decrease in side resistance with increasing 220 

displacement, which is needed to mobilize the full tip resistance. If there was a large post−peak 221 

decrease in side resistance, a designer could not use the maximum value of side and tip resistance 222 

in design because it would overestimate the total resistance available.  223 

 224 
 225 

 226 
Figure 4.  Effect of post−peak shaft displacement on maximum side resistance. 227 
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 228 
 229 
Effect of Rock Type and Unconfined Compressive Strength 230 

Figure 5 shows that drilled shaft side resistance in weak fine-grained rock increases with the 231 

rock qu. Therefore, rock qu is one of the major factors that control the load transfer mechanism in 232 

side resistance. Figure 5 further shows measured side resistance for various rock types and side 233 

resistance can be modeled using a linear trend line. Therefore, a single linear function is proposed 234 

herein to model side resistance load transfer in weak fine-grained rock sockets below. 235 

 236 

 237 
Figure 5.  Effect of rock type and unconfined compressive strength on side resistance. 238 
 239 
 240 
 241 
 242 
 243 
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EVALUATION OF CURRENT DESIGN METHODS 244 
Soil constitutive models could be used to study load transfer mechanism(s) in axially loaded 245 

drilled shafts. However, these models require values of cohesion intercept, friction angle, normal 246 

stiffness, and some quantitative measure of dilatancy of the weak rock(s) involved. Such 247 

information is not routinely collected in field or laboratory tests (Carter and Kulhawy 1988). For 248 

this reason, available predictive models are mainly empirical, using data that is readily available 249 

from field drilling and sampling and laboratory testing. These empirical models, however, are not 250 

always developed for drilled shafts in weak fine-grained rocks. Therefore, these models should be 251 

evaluated against a database that includes only weak fine-grained based rocks (0.48 MPa <qu< 4.8 252 

MPa or 10 ksf <qu<100 ksf) such as the one compiled in this study and presented in Table 4. 253 

Table 5 shows the design equation and the mean and coefficient of variance (COV) of the 254 

predicted to measured unit side resistances for the drilled shaft database developed herein. In other 255 

words, the design equations in Table 5 and a value of qu for the weak rock at the elevation of each 256 

strain gage in the load test shown in Table 4 were used to estimate the unit side resistance for each 257 

of the load tests shown in Table 4. The predicted values of side resistance were then divided by 258 

the strain gage derived side resistance values, which were calculated using the strain reading at 259 

each of the elevations. This produced a ratio of predicted to measured side resistance at various 260 

depths. If this prediction ratio equals unity (1.0), the predictive method exactly predicts the 261 

mobilized side resistance at that elevation. From these ratios of predicted to measured side 262 

resistance, the mean and standard deviation were computed (see Table 5). Once the mean and 263 

standard deviation were computed, the COV for each predictive method was computed by dividing 264 

the standard deviation of the predicted value by the mean of the ratios of predicted to measured 265 

side resistance. This mean and COV are the values shown in Table 5 and indicate that some of the 266 

predictive methods overestimate the unit side resistance, i.e., ratio greater than unity (1.0), and 267 
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some underestimate, i.e., ratio less than unity (1.0). Table 5 also shows that the majority of these 268 

models are not accurate because some ofthe COV values are large, i.e., 0.45 to 0.62. 269 

 270 

 271 

 272 

Table 5.  Statistics for unit side resistance predictive models based on loadtest database 273 
presented in Table 4. 274 

Predictive  
Method 

Predictive 
Equation 

Mean of ratios of predicted to 
measured side resistance  

COV of predicted to 
measured ratios 

Rosenberg and 
Journeaux (1976) 

 
 

1.25 0.50 

 
Horvath and Kenney 
(1979) 

 
 
 

0.69 0.51 

 
Williams et al. (1980) 

 
 
 

1.49 0.58 

 
Rowe and Armitage 
(1987) 
 

 
1.54 0.51 

Reynolds and 
Kaderabek (1980) 

s uf (MPa) 0.014*q=  
 

1.04 0.25 

 
Miller (2003) 
 

 
1.37 0.51 

Kulhawy et al. (2005) 
 
Carter and Kulhawy 
(1988) 
 
 
Kulhawy and Phoon 
(1993) 
 
 

 
 

s,max 0.5u

a a

f q
1.42*( )

P P
=

 
 

s,max 0.5u

a a

f S
*( )

P P
= Ψ  

 

1.10 
 
 

1.55 
 
 
 

1.55 

0.51 
 
 

0.51 
 
 
 

0.51 

 275 

 276 

 277 
 278 
Evaluation of Power Functions 279 
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The power function predictive models of Rosenberg and Journeaux (1976), Miller (2003), and 280 

Kulhawy et al. (2005) are superimposed as lines on the measured values of unit side resistance 281 

from the loadtest database shown in Table 4 in Figure 6. Figure 6 shows that these predictive 282 

models overestimate the side resistance for weak rocks with qu less than 1.9 MPa (40 ksf) and 283 

underestimate side resistance for weak rocks with qu greater than 1.9 MPa (40 ksf). Therefore, 284 

power functions exhibit a poor fit to the measured values of unit side resistance and are not 285 

recommended. Piecewise functions are more accurate than power functions; however, they 286 

occasionally underestimate the unit side resistance. Furthermore, the same level of accuracy can 287 

be obtained in design by using a simple linear function as a prediction method. As a result, it is 288 

recommended that a linear function be used to predict unit side resistance for drilled shafts 289 

constructed in weak Illinois shales as shown below in Eq. (2). 290 

 291 

Some reasons for the lack of agreement between the power function predictive models of 292 

Rosenberg and Journeaux (1976), Miller (2003), and Kulhawy et al. (2005) and the measured data 293 

in Figure 6 are discussed in this paragraph. For exmple, the model by Rosenberg and Journeaux 294 

(1976) model includes strong rocks and thus the stronger rocks affect the mathematical form 295 

chosen for their model. Some of the measured side resistance data used in development of the 296 

Miller (2003) model were obtained from strain gages that are close to the Osterberg load cell (O-297 

Cell), which can cause higher values. Abu-Hejleh et al. (2003) wrote, “…Findings of ongoing 298 

NCHRP project 21−08 suggest that the distribution of side resistance is expected to be biased 299 

toward higher values nearest the O−Cell…” This is due to higher strains occurring near the O−Cell 300 

that leads to an overestimate of the rock socket side resistance. Therefore, it is more appropriate 301 

to use an average unit side resistance along the entire rock socket which requires not using data 302 
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from strain gages near the O−Cell. Review of load test data presented by Miller (2003) supports 303 

this hypothesis and suggests that the predictive model of Miller (2003) could have been affected 304 

by the unit side resistance values obtained from strain gages near the O−Cell, leading to their 305 

selection of a power function to fit the data. Kulhawy et al. (2005) base their method on a load test 306 

database collected by Prakoso (2002), which includes rocks with qu as high as 95.6 MPa (2,000 307 

ksf), which can overestimate rock socket side resistance in weak fine-grained rocks. 308 

 309 

 310 

 311 
Figure 6.  Comparison of predictive models and side resistance database. 312 
 313 
 314 
 315 
 316 
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Figure 7 compares the predicted values of side resistance, Rp, using the predictive models in 317 

Table 5 with the measured values of side resistance, Rm, the from the loadtest database values side 318 

resistance in Table 4. Figure 7 shows the various power functions do not accurately predict the 319 

measured side resistance of drilled shafts in weak fine-grained rocks because the data points are 320 

not in agreement with the three lines that represent the range of the predicted values. For example, 321 

the line labelled Rp = Rm represents a ratio of the predicted (Rp) to mobilized or measured (Rm) 322 

side resistance of unity (1.0) or perfect agreement. The other two lines correspond to Rp being 0.5 323 

x Rm and 2.0 x Rm to represent a represent the range of the predicted values from one-half of Rm 324 

to two times Rm. None of these three lines capture the distribution of the measured unit side 325 

resistance values so a linear function is proposed in Eq. (2) below. 326 

 327 

Examination of the load test database presented in Table 4, the statistics in Table 5, and the 328 

measured values of unit side resistance shown in Figure 8 suggest that a linear function provides 329 

a better fit to the observed trend of unit side resistance and qu for weak fine-grained sedimentary 330 

rocks. Other investigators (e.g., Reynolds and Kaderabek 1980; Gupton and Logan 1984; Abu-331 

Hejleh et al. 2003) also use a linear function and the statistics in Table 5 show the COV is the 332 

lowest (0.25) for the linear function proposed by Reynolds and Kaderabek (1980). As a result, a 333 

linear predictive model is presented in Figure 8 and Eq. (2) below instead of a power function. 334 

 335 
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 336 
Figure 7.  Comparison of predictive models in Table 5 with measured side resistances. 337 
 338 
 339 
 340 
 341 
 342 
 343 
DESIGN RECOMMENDATIONS 344 

The database developed herein indicates that qu can be used to estimate the mobilized unit side 345 

resistance in drilled shafts socketed in weak fine-grained rocks because load transfer is not 346 
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significantly affected by drilled shaft geometry (e.g., drilled shaft diameter). Figure 3 also shows 347 

that the ultimate side resistance of drilled shafts in weak fine-grained rocks is often mobilized at 348 

relatively small vertical displacement, i.e., less than 25 mm. Figure 4 shows that unit side 349 

resistance does not experience a significant post−peak decrease in side resistance with increasing 350 

shaft displacement so the linear function can be independent of axial displacement. Review of 351 

existing methods indicate that drilled shafts in weak shales, mudstones, and claystones exhibit 352 

similar behavior for side resistance which is also shown in Figure 5 and the load test database 353 

presented in Table 4. Therefore, the proposed design method uses qu of the weak fine-grained rock 354 

to predict unit side resistance for several types of weak fine-grained sedimentary rock.  355 

 356 
The side resistance database (Table 4) was used to select representative and applicable load 357 

test data for developing an empirical design method for drilled shafts in weak fine-grained rocks. 358 

Regression analyses were used to determine the best fit line to the selected side resistance data. 359 

Figure 8 shows this best fit line that relates measured unit side resistance to qu for the design of 360 

drilled shaft rock sockets in weak fine-grained rock. Considering the data in Figure 5 and Figure 361 

8, the proposed side resistance relationship in Eq. (2) is valid for qu < 1.5 MPa because at higher 362 

values of qu the data scatter increases significantly. This scatter is not desirable for design so the 363 

side resistance relationship in Eq. (2) is limited qu < 1.5 MPa. This also explains why the trend 364 

line in Figure 8 is dashed at values of qu > 1.5 MPa. As a result, one of the other side resistance 365 

relationships shown in Table 1.  366 

 367 

“The trend line stops at a UCS of 3.5 MPa because the MSPT correlation for UCS as an applicable 368 
range of 0.48 to 4.8 MPa. Site-specific MSP and UCS testing should be conducted to verify the 369 
linear trend in Figure 8 is applicable.”  370 

 371 
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 372 

 373 
Figure 8.   Predictive method for unit side resistance of drilled shafts in weak rocks, using 374 

a linear function to fit the load test data. 375 
 376 
 377 
 378 

Other researchers suggest a linear function, or equation, to predict unit side resistance in weak 379 

rocks (e.g., Reynolds and Kaderabek 1980; Gupton and Logan 1984; Abu-Hejleh and Attwooll 380 

2005) but recommend different coefficients or adhesion factors than the following expression or 381 

consider a different range of qu for the rock socket. For example, Reynolds and Kaderabek 1980; 382 

have a similar adhesion factor but their database has a median qu of 1.5 MPa instead of the weak 383 

rocks (0.48 < qu < 4.8 MPa) considered herein. The proposed side resistance predictive method, fs, 384 

uses an adhesion factor of 0.3 (see Figure 1) and average qu along the rock socket wall with a 385 

limiting value of 1.4 MPa (30 ksf): 386 
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 387 

𝑓𝑓𝑠𝑠(𝑀𝑀𝑀𝑀𝑀𝑀) = 𝛼𝛼 ∗ 𝑞𝑞𝑢𝑢 ≤ (1.4𝑀𝑀𝑀𝑀𝑀𝑀)        (2) 388 
 389 
where: 390 
 fs = unit side resistance in socketed weak rocks (MPa/ksf) for qu < 1.5 MPa; 391 
 qu = average qu of rock along socket wall (MPa/ksf) 392 
 α = 0.30 = empirical adhesion factor, dimensionless. 393 
 394 
 395 
 396 
 397 
SUMMARY 398  399 

Current empirical methods for estimating drilled shaft side resistance in weak fine-grained 400 

rocks (unconfined compressive strength of 0.48 to 4.8 MPa) are reviewed and the range of load 401 

test procedure, rock type, and qu vary considerably. As a result, a static load test database was 402 

developed (Table 4) to evaluate the precision and accuracy of current predictive methods for weak 403 

fine-grained rock with qu between 0.48 and 4.8 MPa (10 and 100 ksf). Drilled shaft diameters in 404 

the new database range from 0.33 to 1.98 m (13 to 78 in.) for the unit side resistance database. 405 

The load test database shows that load transfer in side resistance is independent of shaft 406 

diameter and only a small shaft displacement is required to mobilize full side resistance. Therefore, 407 

the proposed design method correlates unit side resistance to only qu and an empirical adhesion 408 

(see Eq. (1)) to satisfactorily predict the mobilized side resistance in weak rocks with a limiting qu 409 

value of 1.4 MPa (30 ksf). Based on the data herein, drilled shaft design can use both side and tip 410 

resistance because there is little post−peak decrease in side resistance with increasing 411 

displacement. 412 

 413 
 414 

 415 

 416 
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Figure Captions: 595 
Figure 1.  Load test database for unit side resistance with various construction techniques. 596 
 597 
Figure 2.  Effect of shaft diameter on adhesion factor or maximum side resistance. 598 
 599 
Figure 3.  Effect of shaft displacement on mobilized side resistance. 600 
 601 
Figure 4.  Effect of post-peak shaft displacement on side resistance. 602 
 603 
Figure 5.  Effect of rock type and unconfined compressive strength on side resistance. 604 
 605 
Figure 6.  Comparison of predictive models and side resistance database. 606 
 607 
Figure 7.  Comparison of predictive models of Table 5 with side resistance database. 608 
 609 
Figure 8. Predictive method for unit side resistance of drilled shafts in weak rocks, using a 610 

linear function to fit the load test data. 611 
 612 
 613 
 614 
 615 

Table Captions: 616 
Table 1.  Available side resistance predictive methods in rocks. 617 
 618 
Table 2.  Summary of load test methods. 619 
 620 
Table 3.  Summary of rock types and their unconfined compressive strength. 621 
 622 
Table 4.  Unit side resistance database for drilled shafts in weak clay based sedimentary rocks. 623 
 624 
Table 5.  Statistics for unit side resistance predictive models based on database presented in 625 

Table 4. 626 
 627 
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