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ABSTRACT 

The research contained in this thesis is concerned with long­

term behaviour of drilled piers socketed in weak rock. The experi­

mental work involved testing of two steel and seven concrete model 

piers. The 25.4 mm (1.0 in) diameter steel piers had relatively smooth 

socket walls (RF = 0.033) and were socketed into pseudo-rock material. 

The concrete piers were 76.2 mm (3.0 in) in diameter and were socketed 

into weak rock (Queenston Shale). The concrete piers were of two rypes: 

conventional socketed piers with relatively smooth socket walls (RF ~ 

0.025) and grooved piers with relatively rough socket walls (RF = 0.081 

and 0.303). 

The piers were tested under two condition of load support, shaft 

resistance only and combined shaft resistance and end-bearing support 

conditions. 

In case of steel piers, electrical resistance strain gauges were 

mounted on the pier shaft to measure the load distribution along the 

shaft of the piers. For concrete piers under combined shaft resistance 

and end-bearing support conditions, flat jack load cells with Marsh and 

Budenberg pressure gauges and/or electrical pressure transducers were 

used to measure the load transfer at the base. 

All model piers were axially loaded in the laboratory using load 

frames designed and fabricated for this purpose. The axial loads were 
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applied by the air cylinders and held constant throughout the period of 

testing using a regulated air pressure supply. 

The test results confirmed that performance of socketed piers can 

be significantly improved by increasing the roughness of the pier-rock 

interface. Both the primary creep rate and the load transfer with time 

were larger for piers with small shaft roughness. 

A second stage of creep having a much lower creep rate was 

observed for all model tests. The time to the end of primary creep was 

found to depend on the roughness of the socket wall. The primary and 

secondary creep rate appeared to be dependent on the stress level, shaft 

roughness, compressive strength of weak rock and support conditions. 

The results of the model tests are compared with available test 

data and with values predicted using methods based on viscoelastic analy­

sis. This method of analysis for piles in clay soils has been modified 

for application to socket piers in weak rock. It is suggested that the 

modifications can be used to estimate the long-term settlement of socket 

piers in weak rock 

iv 



ACKNOWLEDGEMENTS 

The author wishes to express his sincere sense of gratitude and 

appreciation to Dr. R.G. Horvath for his guidance, assistance and inter­

est at every stage of this study. It has truly been a rewarding experi­

ence to work under his supervision. 

The author also would like to thank: 

His colleagues, Mr. S. Chakrabarti, Mr. D. Chong, and Mr. G. 

D'Souza for their friendship and discussions during the period of the 

syudy. 

The technical staff of the Civil Engineering and Engineering 

Mechanics laboratory, Mr. P. Koudys, Mr. M. Forget, Mr. D. Perret and 

Mr. L. McAndrew for their help during the testing program. 

To the McMaster University for offering the financial assistance 

and Natural Sciences and Engineering Research Council of Canada for the 

research grant without which the present study would not have been 

possible. 

Last but not least, the author is deeply moved by the kindness, 

patience and encouragement shown to him by his dear wife Sook-Ja and his 

sons, Benjamin Jr and Harold and his families. 

v 



TABLE OF CONTENTS 

Page 

ABSTRACT iii 

ACKNOWLEDGEMENTS v 

TABLE OF CONTENTS vi 

LIST OF TABLES xii 

LIAT OF FIGURES xiv 

LIST OF PLATES xix 

LIST OF SYMBOLS xx 

CHAPTER 1 INTRODUCTION 1 

1.1 GENERAL 1 

1.2 DEFINITION OF SOCKETED PIERS 

1.3 RESEARCH AIMS 3 

CHAPTER 2 REVIEW OF LITERATURE 5 

2.1 GENERAL 5 

2.2 LOAD TRANSFER MECHANISM 5 

2.3 CREEP IN CONCRETE 6 

2.4 CREEP IN WEAK ROCK 8 

2.5 CREEP IN SOCKETED PIER 10 

2.6 ROUGHNESS FACTOR (RF) 11 

2.7 IMPROVING THE LONG-TERM BEHAVIOUR: 
GROOVED SOCKETS 12 

vi 



2.8 DESIGN METHODS FOR SOCKET PIERS 13 

2.9 SUMMARY OF SOCKET PIERS UNDER SUSTAINED LOADS 14 

CHAPTER 3 PROBLEM AND INVESTIGATION 16 

3.1 GENERAL 16 

3.2 STATEMENT OF THE PROBLEM 16 

3.3 PROGRAM OF INVESTIGATION 17 

CHAPTER 4 MATERIALS PROPERTIES 19 

4.1 GENERAL 19 

4.2 STEEL MODEL PIERS 19 

4.2.1 Pseudo-Rock Material 19 

4.2.2 Steel Pier Properties 21 

4.3 CONCRETE MODEL PIERS 21 

4.3.1 Weak Rock Properties 21 

4.3.1.1 Classification Testing 23 

4.3.1.2 Compressive Strength Testing 23 

4.3.2 Concrete Pier Properties 25 

CHAPTER 5 TESTING EQUIPMENT AND PROCEDURES 26 

5.1 GENERAL 26 

5.2 EQUIPMENT 29 

5.2.1 Load Testing Frame (Short-Term Test) 29 

5.2.2 Load Frame (Long-Term Test) 29 

5.2.3 Load Measurement 29 

5.3 STEEL PIERS IN PSEUDO-ROCK 34 

5.3.1 General 34 

5.3.2 Fabrication 34 

vii 



5.3.3 Instrumentation 

5.3.3.1 Load Transfer Measurements 
5.3.3.2 Displacement Measurements 

5.3.4 Installation 

5.3.5 Testing Procedure 

36 

36 
38 

38 

39 

5.3.5.1 General 39 
5.3.5.2 Steel Pier with Shaft Resis-

tance Only (Void at the Base) 39 
5.3.5.3 Steel Pier with Combined Shaft 

and End-Bearing Resistance 

5.4 CONCRETE PIERS IN WEAK ROCK 

5.4.1 General 

5.4.2 Construction 

5.4.3 Instrumentation 

5.4.3.1 General 
5.4.3.2 Displacement Measurements 
5.4.3.3 Base Load Measurements 

5.4.4 Testing Procedure 

CHAPTER 6 SHORT -TERM TESTS ON MODEL PIERS: 

SHAFT RESISTANCE 

6.1 GENERAL 

6.2 NETHOD OF CALCULATION 

6.3 CONVENTIONAL PIERS 

6.3.1 Steel Piers 

6.3.2 Concrete Pier 

6.4 GROOVED CONCRETE PIER 

6.5 COMPARISON OF CONVENTIONAL AND GROOVED PIERS 

6.6 COMPARISON WITH AVAILABLE RESULTS 

6.6.1 Conventional Piers 

6.6.2 Grooved Piers 

viii 

40 

41 

41 

41 

46 

46 
47 

50 

50 

55 

55 

55 

56 

56 

60 

63 

67 

71 

71 

71 



CHAPTER 7 SHORT-TERM TESTS ON MODEL PIERS: 

LOAD TRANSFER 79 

7.1 GENERAL 79 

7.2 CONVENTIONAL SOCKETED PIER: STEEL PIER 82 

7.2.1 Distribution of Shaft Resistance 82 

7.2.1 Load Transfer to the Base 83 

7.3 GROOVED SOCKETED PIER: CONCRETE PIER 85 

CHAPTER 8 LONG-TERM TESTS ON CONVENTIONAL PIERS 90 

8.1 GENERAL 90 

8.2 TIME-DISPLACEMENT BEHAVIOUR 90 

8.2.1 Steel Piers 90 

8.2.2. Concrete Piers 94 

8.3 LOAD DISTRIBUTION 102 

8.4 LOAD TRANSFER 106 

8.4.1 Steel Pier 106 

8.4.2 Concrete Pier 106 

CHAPTER 9 LONG-TERM TESTS ON GROOVED MODEL PIERS 109 

9.1 GENERAL 109 

9.2 TIME-DISPLACEMENT BEHAVIOUR 109 

9.3 LOAD TRANSFER TO THE BASE 122 

9.4 COMPARISON OF CONVENTIONAL AND GROOVED PIERS 125 

9.4.1 Time-Displacement Behaviour 125 

9.4.2 Transition to Secondary Creep 129 

9.5 COMPARISON WITH FULL-SCALE AND SMALL-SCALE PIERS 129 

9.6 COMPARISON OF SHORT-TERM AND LONG-TERM 
SETTLEMENT 134 

ix 



CHAPTER 10 ANALYSIS OF LONG-TERM (CREEP) SETTLEMENT 

IN SOCKETED PIERS 137 

10.1 GENERAL 137 

10.2 VISCOELASTIC ANALYSIS FOR CREEP IN PILE 
FOUNDATIONS 137 

10.3 ADAPTION OF VISCOELASTIC ANALYSIS TO CREEP 
IN SOCKETED PIERS 142 

10.4 SUGGESTED METHOD FOR ESTIMATING LONG-TERM 
SETTLEMENTS IN SOCKETED PIERS 153 

CHAPTER 11 CONCLUSIONS 158 

11.2 LONG-TERM TEST 158 

11.2.1 Settlement Behaviour 158 

11.2.2 Rate of Creep 159 

11.2.3 Load Transfer Behaviour 159 

11.3 ESTIMATING LONG-TERM BEHAVIOUR OF SOCKET PIER 160 

11.4 SHORT-TERM TEST 160 

11.4.1 Shaft Resistance 160 

11.4.2 Load Transfer 161 

CHAPTER 12 RECOMMENDATIONS 162 

12.1 TIME-DISPLACEMENT 162 

12.2 LOAD DISTRIBUTION AND LOAD TRANSFER 162 

12.3 ROUGHNESS OF PIER-ROCK INTERFACE 162 

12.4 RADIAL STRESS 163 

12.5 MEASURING DEVICES 163 

12.6 FACTOR, n, AND NORMALIZED CREEP RATE, CRN 163 

x 



REFERENCES 

APPENDIX A COMPRESSION TESTS ON PSEUDO-ROCK 

APPENDIX B GEOLOGY AND MINEROLOGICAL COMPOSITION OF 

QUEENSTON SHALE 

APPENDIX C V-3 GROUT PROPERTIES 

xi 

164 

172 

175 

178 



Table 

4.1 

4.2 

4.3 

4.4 

4.5 

5.1 

5.2 

5.3 

6.1 

6.2 

6.3 

6.4 

7.1 

7.2 

7.3 

LIST OF TABLES 

The proportions of concrete mix 

Engineering properties of pseudo-rock material 

Mild steel properties in small model steel piers 

Engineering properties of weak rock (Queenston Shale) 

Engineering properties of concrete in test piers 

Summary of testing program 

Details of grooved socket piers 

Displacement ranges and accuracy of L.V.D.T. 

Measured values of shaft resistance for conventional 
model steel piers 

Comparison of shaft resistance value for conventional 
socketed piers in Queenston Shale 

Comparison of shaft resistance value for grooved 
socketed piers in Queenston Shale 

Comparison of shaft resistance value for conventional 
and grooved model piers 

Summary of load transfer data for conventional model 
steel pier, SP-CL(0.033) 

Comparison of load transfer behaviour in elastic 
range for conventional model steel pier 

Summary of load transfer data for grooved model 
concrete pier, CW-CS(0.303) 

xii 

Page 

20 

20 

20 

24 

24 

28 

44 

49 

57 

61 

65 

70 

84 

86 

88 



8.1 

8.2 

8.3 

9.1 

9.2 

9.3 

9.4 

9.5 

10.1 

B-1 

Summary of creep rate for conventional model steel 
piers in pseudo-rock 

Summary of creep rate for conventional concrete 
piers in weak rock 

Summary of load transfer data for conventional model 
steel pier, SP-CL(0.033), socketed in pseudo-rock 

Summary of creep rate for concrete model piers in 
weak rock 

Comparison of roughness factor (RF) with rate of creep 
based on normalized displacement, SN 

Comparison of creep rate, Cr , for conventional 
socketed piers 

Comparison of creep rate, Cr for grooved piers , 

Comparison of short-term and long-term settlements 

Summary of creep function, J(t), parameters for test 
piers in Queenston Shale 

Mineral analyses on Queenston Shale 

C-1 Typical properties of V-3 grout suggested by 
manufacturer 

xiii 

95 

103 

107 

120 

128 

131 

132 

135 

152 

177 

179 



Figure 

1.1 

LIST OF FIGURES 

Typical conventional socketed pier to resist 
axial compression load 

1.2 Typical grooved socketed pier to resist 

axial compression load 

2.1 

2.2 

4.1 

5.1 

5.2 

5.3 

5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

5.9 

5.10 

6.1 

Effect of load-shedding due to sustained loading 

Mobilization of effective cohesion and friction 
with increasing strain for an undisturbed sample 
of Boston Blue Clay 

Engineering classification for intact rocks 

Test designation scheme 

Load frame for model steel piers 

Load frame for model concrete piers (Top view) 

Load frame for model concrete piers (Side view) 

Typical details of steel model pier 

Conventional concrete model socketed piers 

Grooved concrete model socketed piers 

Typical arrangement of the measuring devices 

Details of FRESSI flat jack 

Base load cell unit 

Base load measuring system arrangement 

Load-displacement behaviour for steel pier with 
shaft resistance only, SP-SL(O.033) 

xiv 

Page 

2 

4 

7 

9 

22 

27 

31 

32 

33 

35 

42 

43 

48 

51 

52 

53 

58 



6.2 

6.3 

6.4 

6.5 

6.6 

Load-displacement behaviour £01 steel pier with 
combined shaft and end-bearing resistance, 
SP-CL(0.033) 

Load-displacement behaviour for conventional 

concrete pier with shaft resistance only, 
CW-SS(0.025) 

Load-displacement behaviour for grooved concrete 
pier with combined shaft and end-bearing resistance, 
CW-CS(0.303) 

Comparison of load-displacement behaviour of con­
ventional and grooved piers with shaft resistance 
only 

Comparison of load-displacement behaviour of con­
ventional and grooved piers with combined shaft 
and end-bearing resistance 

6.7 Comparison of shaft resistance data for test piers 
with correlation for large diameter conventional 
piers 

6.8 

7.1 

7.2 

Normalized shaft resistance versus roughness factor 

Load distribution curves for steel pier with shaft 
resistance only, SP-SL(0.033) 

Load distribution curves for steel pier with com­
bined shaft and end-bearing resistance, SP-CL(0.033) 

7.3 The percentage of the total load reaching the pier 
base for various embedment ratios in the elastic 
range 

8.1 

8.2 

8.3 

Long-term (creep) behaviour for steel pier with 
shaft resistance only, SP-SL(0.033) 

Long-term (creep) behaviour for steel pier with 
combined shaft and end-bearing resistance, 
SP-CL(0.033) 

Load-time-displacement behaviour for conventional 
concrete pier with shaft resistance only, 
CW-SL(0.025) 

xv 

59 

62 

66 

68 

69 

72 

73 

80 

81 

87 

92 

93 

96 



8.4 

8.5 

8.6 

8.7 

8.8 

8.9 

8.10 

8.11 

9.1 

9.2 

9.3 

9.4 

9.5 

Load-time-displacement behaviour for conventional 
concrete pier with combined shaft and end-bearing 
resistance, CW-CL(0.02S) 

Long-term behaviour of conventional concrete pier 
with shaft resistance only, CW-SL(0.02s) 

Long-term behaviour of conventional concrete pier 
with combined shaft and end-bearing resistance, 
CW-CL(0.02S) 

Long-term (creep) behaviour of conventional con­
crete pier with shaft resistance only, CW-SL(0.02S) 

Long-term (creep) behaviour of conventional con­
crete pier with combined shaft and end-bearing 
resistance, CW-CL(0.02S) 

Time effects on load distribution curves for steel 
pier with shaft resistance only, SP-SL(0.033), 
under sustained load 

Time effects on load distribution curves for steel 
pier with combined shaft and end-bearing resistance, 
SP-CL(0.033), under sustained load 

Base load versus time for conventional concrete 
pier with combined shaft and end-bearing resistance, 
CW-CL(0.02S) 

Load-time-displacement behaviour for grooved con­
crete pier with shaft resistance only, CW-SL(0.081) 

Load-time-displacement behaviour for grooved con­
crete pier with shaft resistance only, CW-SL(0.303) 

Load-time-displacement behaviour for grooved con­
crete pier with combined shaft and end-bearing 
resistance, CW-CL(0.303) 

Long-term behaviour of grooved concrete pier with 
shaft resistance only, CW-SL(0.081) 

Long-term behaviour of grooved concrete pier with 
shaft resistance only, CW-SL(0.303) 

xvi 

97 

98 

99 

100 

101 

104 

105 

108 

110 

III 

112 

113 

114 



9.6 

9.7 

9.8 

9.9 

9.10 

9.11 

9.12 

9.13 

9.14 

9.15 

10.1 

10.2 

Long-term behaviour of grooved concrete pier with 
combined shaft and end-bearing resistance, 
CW-CL(0.303) 

Long-term (creep) behaviour of grooved concrete 
pier with shaft resistance only, CW-SL(0.081) 

Long-term (creep) behaviour of grooved concrete 
pier with shaft resistance only, CW-SL(0.303) 

Long-term (creep) behaviour of grooved concrete 
pier with combined shaft and end-bearing 
resistance, CW-CL(0.303) 

Time versus displacement behaviour for Queenston 
Shale 

Base load versus time for grooved concrete pier 
with combined shaft and end-bearing resistance, 
CW-CL(0.303) 

Comparison of load transfer behaviour for con­
ventional and grooved concrete pier 

Comparison of long-term (creep) behaviour of 
conventional and grooved concrete piers with 
shaft resistance only 

Comparison of long-term (creep) behaviour of 
conventional and grooved concrete pier with 
combined shaft and end-bearing resistance 

Roughness factor versus time to end of primary 
creep behaviour for model concrete piers socketed 
in Queenston Shale 

Viscoelastic material response 

Assumed stress conditions in and around the pile 

10.3 Comparison of predicted and observed settlement 
for test pier with shaft resistance only, 
CW-SL(0.025) 

10.4 Comparison of predicted and observed settlement 
for test pier with combined shaft and end-bearing 
resistance, CW-CL(0.025) 

xvii 

115 

116 

117 

118 

12] 

123 

124 

126 

127 

130 

138 

138 

143 

144 



10.5 

10.6 

10.7 

1O.S 

10.9 

10.10 

10.11 

A-I 

C-1 

Comparison of predicted and observed settlement 
for test pier with shaft resistance only, 
CW-SL(O.OSl) 

Comparison of predicted and observed settlement 
for test pier with shaft resistance only, 
CW-SL(0.303) 

Comparison of predicted and observed settlement 
for test pier with combined shaft and end-bearing 
resistance, CW-CL(0.303) 

Elastic settlement of a shear socket 

Elastic settlement of a complete rock socket 

Factor, n, versus roughness factor (RF) for 
test piers in weak rock (Queenston Shale) 

Normalized creep rate, Crn versus compressive 
strength of weak rock, 0c 'for piers in weak rock , 

Compressive strength versus pseudo-rock age 
relationship 

Compressive strength versus V-3 grout age 
relationship 

xviii 

145 

146 

147 

149 

150 

154 

155 

174 

180 



Plate 

5.1 

5.2 

6.1 

6.2 

6.3 

6.4 

LIST OF PLATES 

View of short-term load frame and typical instru­
mentation arrangement for measuring device 

View of typical instrumentation arrangement for 
measuring device and load frame 

Conventional concrete test pier, CW-SS(0.025), after 
load testing (cut-section) 

Conventional concrete test pier shaft, CW-SS(0.025), 
after load testing (cut-section) 

Grooved concrete test pier, CW-CS(0.303), after 
load testing (cut-section) 

Grooved concrete test pier shaft, CW-CS(0.303), 
after load testing (cut-section) 

xix 

Page 

30 

38 

75 

76 

77 

78 



A 

As 

B 

Cr 

Crn 

Crs 

c 

D 

d 

db 

E 

E' 

Ec 

Er 

Es 

Eo 

E1 • 

h 

I 

Idl 

Id2 

Ip 

Is 

E3 

LIST OF SYMBOLS 

creep function parameter 

surface area of socket pier 

creep function parameter 

primary creep rate 

normalized creep rate 

secondary creep rate 

cohesion 

diameter of socket pier 

diameter of pile 

diameter of base of pile 

Young's modulus 

drained Young's modulus 

Young's modulus of concrete 

Young's modulus of rock 

secant Young's modulus 

instantaneous Young's modulus 

spring stiffness for viscoelastic model 

asperity height 

settlement influence factor for rigid pile in elastic soil 

first cycle slake-durability index 

second cycle slake-durability index 

plasticity index 

settlement influence factor for socket pier in rock 

xx 



J(t) 

J(t)-l:-

K 

L 

Ls 

L t 

LVDT 

Is 

n 

Q 

Qa 

Qb 

QE 

Qs 

Qsf 

Qt 

Qu 

qs 

qsf 

qsm 

RF 

r 

/:'r 

creep function 

modified creep function 

modulus ratio 

length 

length of socket 

total travel distance along the socket wall profile 

linear variable displacement transducer 

groove length 

factor 

load 

applied load 

load support by base resistance 

load at linear elastic limit 

load support by shaft resistance 

load support by shaft resistance at failure 

total applied load 

ultimate load 

shaft resistance 

shaft resistance at failure 

maximum shaft resistance 

roughness factor 

radius 

radius of socket 

average asperity height 

xxi 



S 

SL 

SLn 

SN 

Ss 

Ssn 

Set) 

w 

a 

E 

112 

v 

settlement (displacement) 

observed long-term settlement (displacement) 

normalized long-term settlement (displacement) 

normalized settlement (displacement) 

observed short-term settlement (displacement) 

normalized short-term settlement (displacement) 

total settlement at any time,t 

settlement (displacement) at failure 

time 

time to end of primary creep 

moisture content 

liquid limit 

groove step width 

creep function parameter 

uniaxial strain 

dashpot viscosity 

poisson's ratio 

poisson's ratio of rock 

uniaxial stress 

uniaxial compressive strength 

compressive strength of weaker material 

tensile strength 

yield strength 

angle of frictional resistance 

xxii 



ASTM American Society for Testing and Materials 

BS British Standard 

ISRM International Society for Rock Mechanics 

xxiii 



1.1 GENERAL 

------ ---

CHAPTER 1 

INTRODUCTION 

During the past decades, the use of socketed pier foundations 

has rapidly increased because they provide an economical method to 

transfer heavy concentrated load, for example, bridges, high-rise 

buildings, waterfront structures etc., to underlying competent rock. 

Socketed piers in weak rock are also being used more often. 

The long-term settlement and load transfer behaviour of socketed 

piers in rock is being questioned because most structures are subjected 

to a long-term sustained load. This study examines the behaviour of 

drilled piers socketed into weak rock (Queenston Shale) under sustained 

working loads. For obvious economic reasons, small-scale laboratory 

model tests were performed for the present research and the data are 

compared with available full-scale data for an understanding of socketed 

pier behaviour under sustained load. 

1.2 DEFINITION OF SOCKETED PIERS 

In this study the term socketed piers refers to piers which are 

constructed by drilling a socket of required lengLh into the rock and 

then filling the socket with concrete to form the piers. There are two 

type of piers, conventional piers (Fig. 1.1) with smooth socket walls 
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and grooved piers (Fig. 1.2) with socket walls roughened by making grooves. 

1.3 RESEARCH AIMS 

The main purposes of this study were: 

1) To measure the influence of time on displacement of 

drilled socketed piers under long-term load. 

2) To observe the influence of time on load transfer and 

load distribution in socketed pier foundations. 

3) To examine the influence of the relative roughness of 

the pier-rock interface on long-term behaviour. 
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2.1 GENERAL 

CHAPTER 2 

REVIEW OF LITERATURE 

A number of studies have been made in the past few decades to 

examine the effects of various factors on the design, construction and 

performance of socketed piers, for example, rock strength, construction 

technique, socket geometry etc. Most of these studies have been based 

on short-term response of the materials and comparatively little atten­

tion has been paid to long-term behaviour of socketed piers. However, 

since most engineering structures are subjected to sustained loading, 

the long-term behaviour of these foundations is important. 

2.2 LOAD TRANSFER MECHANISM 

Several theoretical studies (Coates and Yu 1970; Ellison et ale 

1971; Osterberg and Gill 1973) and instrumented full-scale tests ( 

Aurora and Reese 1976; Bauer 1980; Gibson 1973; Glos and Briggs 1983; 

Horvath 1982; Jackson et ale 1973; Koutsoftas 1981; Vijavergiya et ale 

1969; Williams 1980) have been made in the past to investigate the load 

transfer mechanisms for drilled socketed piers. These studies, in 

general, indicate that the magnitude of load transfer is significantly 

affected by various factors, for example, the ratio of the Elastic Modu­

luli of the pier material and rock, EclEr' depth of pier embedment, 

Poisson's ratio, v, and presence of weaker seams in underlying rock etc. 
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Most of the above studies do not consider the effects of time 

on the load transfer behaviour. It has been recognized by several 

researchers (O'Neill and Reese 1970; Peck 1965; Wooley and Reese 1974) 

that sustained loading results in a "load-shedding" behaviour (Fig. 2.1) 

wherein the load is gradually transferred from the upper portion to the 

lower portion of the pier shaft with time. This "load-shedding" be­

haviour may be influenced by creep of the concrete in the piers, creep 

of the rock material and creep along the pier-rock interface. 

2.3 CREEP IN CONCRETE 

Although the overall effect of creep has been reasonably well 

understood, the magnitude of creep strain in concrete may be rather 

difficult to predict. The creep in concrete is dependent on several 

factors (England 1965; Freudenthal and Roll 1958; Neville 1972; Ngab 

et al. 1981; Troxell et al. 1958; York et al. 1970): 1) humidity, 

2) concrete properties, 3) aggregate size and shape, 4) aggregate 

properties, 5) temperature, 6) water-cement ratio, and 7) curing 

history. 

Neville (1972) and Ngab et al. (1981) reported that sustained 

load strength is dependent on the strength of concrete. The ratio 

between the sustained-load strength and short-term strength was found 

to be higher with high strength than with normal strength concrete 

(Ngab et al. 1981). 
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2.4 CREEP IN WEAK ROCK 

It has been generally recognized that weak rocks invariably 

suffer a loss of strength when subjected to sustained load. Casagrande 

and Wilson (1951) reported that the shear strength of clay-shale lost 

about 40 % of the compressive strength in 30 days. 

There are two distinct types of creep mechanisms for rocks. 

In the first type, the creep deformation occurs at relatively lowdevi­

atoric stresses. This type is associated with comparatively weaker 

rocks like shales. The second type occurs with hard rocks like granite 

and take place at comparatively higher stress level, sufficient enough 

to initiate cracks in the rock (Goodman 1980). 

Shales are classified as overconsolidated plastic clays with well 

or strongly developed diagenetic bonds (Bjerrum 1967; Scott and Brooker 

1968). Creep in shale may, therefore, involve significant migration of 

moisture and/or reorientation of the clay platelets (Goodman 1980). 

While dealing with shale, it is therefore, of considerable importance to 

briefly summarize the understanding of the creep mechani sm for clay soi Is. 

Bjerrum (1973) proposed a creep mechanism to explain the effect 

of time on the shear strength of clays. According to this hypothesis, 

under action of the sustained loading, the cohesive component will 

attain a peak value at a certain amount of strain and then will decrease, 

whereas the frictional component increases steadily with the strain 

(Fig. 2.2) (Schmertmann and Osterberg 1961). Creep movement between 

8 
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particles will continue until a change in the geometry takes place. 

It has been pointed out by several researchers (Bjerrum 1973; Nelson 

and Tompson 1977; Terzaghi 1936) that the contact point or interparticle 

bond may fail at this time. It can, however, be understood that the 

clay will fail quickly, if the sustained loading is rather high. Smal­

ler stress levels, on the other hand, will require longer time to fail. 

It can be seen from the above brief description of creep mecha­

nisms in clays, that the load carrying contact point can fail under 

sustained loading conditions even if the applied stress is smaller 

than the shear strength of the soil. However, weak rock like shales 

are well consolidated and thus, have a well developed mineral-to­

mineral contact. The shale will, therefore, creep at a much slower 

rate than ordinary clay soils which do not have a well developed 

mineral-to-mineral contact system. 

2.5 CREEP IN SOCKETED PIER 

As mentioned earlier, time-dependent settlement for socketed 

piers in weak rock will be affected by creep in the pier material, 

creep in rock as well as creep along the pier-rock interface. 

As explained in section 2.4, the shear strength of weak rocks 

consists of two components: 1) Cohesion, 2) Friction. Under sustained 

loading, the decrease in the cohesive component will cause an increase 

in the frictional component. This process will lead to a reduction 

in the shear strength of the weak rock which in turn would cause creep 

10 



settlements. The magnitude of such creep settlements would depend on 

several factors (Al-Shaikh-Ali 1977; Gibson 1973; Horvath 1982; Wooley 

and Reese 1974): 1) stress level, 2) shaft roughness, 3) rock strength, 

4) rate of loading, 5) stress history, 6) temperature variation etc. 

Williams (1980) reported that piers with relatively smooth 

11 

socket walls fail initially due to loss of bond between the pier material 

and rock and then because of low normal stress due to small interface 

dilation and Poisson's ratio effects. 

The failure mechanism of roughened or grooved socket piers, on 

the other hand, may be controlled by the progressive shearing failure 

of the asperities or grooves. This mechanism produces significant 

dilation across the pier-rock interface (Horvath 1982). 

From the above, it appears that for conventional plers with 

smooth socket walls, creep may primarily take place along the pier-

rock interface. The creep in grooved socket piers may, however, involve 

the combined effect of creep in rock and slippage or creep at the pier­

rock interface. 

2.6 ROUGHNESS FACTOR (RF) 

The roughness of the socket wall has been reported to be an 

important factor determining the shaft resistance and load-displacement 

behaviour of socketed piers (Horvath 1982; Kenney 1977; Pells et al. 1980; 

Williams 1980). In the past few years, many researcher's have reported 
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roughness classifications for socket piers based on semi-qualitative 

methods (Pells 1978; Pells et al. 1980) and equations (Williams 1980) 

for the measure of the surface roughness based on the standard deviation 

of the asperity height and the tangent of the asperity angle. 

For present research, the Roughness Factor (RF) proposed by 

Horvath (1982) and Horvath et al. (1983) has been used. Roughness 

Factor (RF) is given by: 

(2.1) RF 

where I1r is average height of asperities, 

rs is nominal socket radius, 

Lt is total travel distance along the socket wall profile, and 

Ls is nominal socket length. 

2.7 IMPROVING THE LONG-TERM BEHAVIOUR: GROOVED SOCKETS 

It has been generally recognized that under short-term loading 

conditions, the shaft load capacity of full-scale socket piers is prima-

rily dependent on the roughness of the pier-rock interface. Grooved 

socket piers were reported to have an average of twice the shaft load 

capacity of the conventional piers with relatively smooth socket walls 

(Horvath 1982). Horvath (1982) also reported the settlement behaviour 

for two socketed piers under sustained loading for a period of 40 hours 

maximum. Both the settlement and creep rate were found to be signifi-

cantly less for the grooved socketed piers as compared to conventional 



socketed piers. Also, the base load did not increase much with time 

for the grooved piers as compared to the conventional pier. This 

suggests that "load-shedding" or creep effects may be less significant 

for grooved socket piers. 

2.8 DESIGN METHODS FOR SOCKET PIERS 

The design methods for socket piers can be broadly classified 

under two categories: 

1) Empirical Methods 

2) Theoretical Analysis 

13 

The empirical methods (Aurora and Reese 1976; Chellis 1951; 

Davies et al. 1979; Freeman et al. 1972; Horvath 1982; Leach and Thomp­

son 1979; Matich and Kozicki 1967; Rosenberg and Journeaux 1976; Williams 

1980; and others) are based on the results of the model studies and load­

ing tests on small and large piers, local experience and other related 

aspects. 

The theoretical approach (Donald et al. 1980; Ellison et al. 

1971; Ladanyi1977; Osterberg and Gill 1973; Pells and Turner 1979; 

Poulos and Davis 1968; and others) is based on idealized behaviour of 

the pier and the supporting foundation medium. The idealization of the 

pier foundation interaction is usually based on an elastic or elasto­

plastic approach to the problem. Although the theoretical analysis 

can lead to a better understanding of the behaviour of socket piers, 

there is a growing concern as to the applicability of the results for 



the prediction of actual behaviour in the field. 

For socket piers in weak rock, creep may play an important role 

(Cole and Stroud 1977). There are no widely accepted methods for the 

estimation of creep for socket piers in weak rock. There are, however, 

several methods for the estimation of creep for piles in clay soils. 

One such important and attractive method is that proposed by Booker and 

Poulos (1976). The method is simple and requires only a few parameters 

which can be easily determined and/or estimated. The Booker and Poulos 

(1976) method is described in Chapter 10 while discussing the long-term 

settlement of socket piers. 

2.9 SUMMARY OF SOCKET PIERS UNDER SUSTAINED LOADS 

From the foregoing discussions, it appears that several factors 

may affect the long-term behaviour of socket piers in weak rock. The 

major factors are rock properties, load applications, applied loading, 

shaft roughness, and creep parameters of the rock etc. 
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The rational method for the estimation of the settlement due to 

the creep of the weak rock should be based on the consideration of load­

displacement curve, the magnitude of the load transferred to the base and 

rate of creep. It has been generally accepted that "load-shedding" could 

result in a steeper load distribution curve (Fig. 2.1) (O'Neill and Reese 

1970; Peck 1965; Wooley and Reese 1974). This decrease in slope of the 

load distribution curve is due to the gradual transfer of load to the 

base of the pier shaft. This increase in the base pressure could result 
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in additional settlement of the pier. 



CHAPTER 3 

PROBLEM AND INVESTIGATION 

3.1 GENERAL 

The present research was directed towards the study of load­

displacement and load transfer behaviour of model socketed piers under 

long-term loading. 

3.2 STATEMENT OF THE PROBLEM 

This investigation attempted to answer the following questions 

regarding the behaviour of drilled piers socketed into weak rock. 

1) Is the long-term behaviour of a socketed pier significantly 

different than behaviour predicted using short-term load 

test? 

2) If so, can the time-displacement behaviour for socketed piers 

be predicted? 

3) Can the load-displacement and load transfer behaviour of 

socketed piers under long-term loading conditions be improved 

significantly by increasing the roughness of the pier-rock 

interface? 

4) If so, is there any relationship between creep behaviour and 

relative roughness of the interface? 

During the course of the research, the following additional 

aspects attracted attention for a better understanding of "load-shedding" 

16 
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behaviour of socketed piers. 

5) Are "load-shedding" effects observable in model socketed piers 

for long-term sustained loading? 

6) If so, then how is load transferred to the base during long­

term loading? 

3.3 PROGRAM OF INVESTIGATION 

A laboratory investigation on model socketed piers was done in 

the following major stages: 

1 st: Preliminary tests were performed on two model steel piers 

in pseudo-rock. These tests were done in order to evaluate 

the feasibility of the study and to standardize the test­

ing procedure. 

2 nd: Suitable load frames were designed and constructed. 

3 rd: Two model concrete piers in weak rock were loaded to 

failure. The main objectives of these tests were: 

1) The design loads for the long-term tests were estimated 

from these tests. 

2) The test data from the model piers were compared with 

full-scale socketed piers test results. 

4 th: Five model concrete piers were tested for long-term behav­

iour under sustained load. 

5 th: A method for estimating the long-term settlement of 



socketed piers in weak rock based on a viscoelastic model 

was suggested. 

The details of the material properties of model piers and test­

ing programs are given in Chapter 4 and 5 respectively. The discussion 

of the test results are presented in Chapter 6 through 9. A method for 

the estimating the long-term creep settlements of the socketed piers is 

suggested in Chapter ]0. 
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4.1 GENERAL 

CHAPTER 4 

MATERIAL PROPERTIES 

The present research is concerned with the long-term load­

displacement and load transfer behaviour of two different model piers 

socketed in weak rock. The small model steel piers socketed in pseudo­

rock and concrete piers socketed in weak rock (Queenston Shale) were 

tested. 

A brief description of the materials used in the models and 

their engineering properties are given in the following sections. 

4.2 STEEL MODEL PIERS 

4.2.1 Pseudo-Rock Material 

For the model tests using small steel piers, a special concrete 

mix was used to model the weak rock. Cement, fine sand, bentonite and 

water were mixed to obtain a concrete which had strength and deformation 

behaviour similar to that of weak rock (Kenney et al. 1975). The pro-

portions of cement, fine sand, bentonite and water for the concrete mix 

are given in Table 4.1. 

The compressive strength, Young's modulus and Poisson's ratio 

of the pseudo-rock were determined from the results of uniaxial com­

pressive tests on twelve standard control cylinders. The compressometer 

19 



TABLE 4.1 THE PROPORTIONS OF CONCRETE MIX. 

Material Name Proportion (%) 

High Early Strength Cement 21.27 

Fine Sand 53.20 

Bentonite 4.26 

Water 21.27 

TABLE 4.2 ENGINEERING PROPERTIES OF PSEUDO-ROCK MATERIAL. 

Uniaxial Compression Tests Test Results 

Range Ave. 

Compressive Strength, Oc (Mpa) 12.40-20.73 16.57 

Secant Elastic Modulus, Es (Gpa) 5.45 - 5.90 5.68 

Poisson's Ratio, v 0.21 - 0.23 0.22 

TABLE 4.3 MILD STEEL PROPERTIES IN SMALL MODEL STEEL PIERS. 

Tensile Strength, at (Mpa) 

Yield Strength, 0y (Mpa) 

Young's Modulus, E (Gpa) 

Range Ave. 

400 - 455 

221 352 

428 

286 

206 

20 
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and four electrical resistance strain gauges were used to measure both 

axial and circumferential displacements of the concrete cylinders during 

the uniaxial compression tests. All tests were done strictly in accor­

dance with the methods recommened by American Society for Testing and 

Materials (ASTM). 

The results of these tests are summarized in Table 4.2 and are 

plotted on Deere's (1968) engineering classification chart (Fig. 4.1) as 

modified by Peck (1976). 

More details of the determination of the compressive strength 

and the rate of strength gains are provided in Appendix A. 

4.2.2 Steel Pier Properties 

Two model steel piers were made using low-carbon cold rolled mild 

steel bars. The properties of the mild steel used are given in Table 

4.3. 

4.3 CONCRETE MODEL PIERS 

4.3.1 Weak Rock Properties 

The engineering properties of the weak rock (Queenston Shale) used 

for the present research were determined by the appropriate laboratory 

tests. All tests were done strictly in accordance with relevant stan­

dards for testing such materials (ASTM; BS 1377; ISRM). 

A summary of the engineering properties of the weak rock is given 
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in Table 4.4. The details of the weak rock are provided in Appendix B. 

4.3.1.1 Classification Testing 

The following tests were performed to determine the character­

istics of the weak rock (Queenston Shale) used for the study: 

Atterberg Limits and Cone Penetrometer 

Slake Durability 

The results of the Atterberg Limits and Cone Penetrometer tests 

indicated that the shale consists of weakly plastic inorganic clays as 

per Casagrande's (1948) plasticity chart. 

23 

The results of the Slake Durability tests indicated that the 

shale has low durability as per Gamble's (1971) classification. The 

shale was also observed to rapidly deteriorate when left exposed in the 

open. 

4.3.1.2 Compressive Strength Testing 

The strength and the elastic properties of the shale were deter­

mined from the results of undrained uniaxial compression test of core 

samples, 66.0 mm (2.6 in) in diameter and 165.0 mm (6.5 in) in length. 

Four electrical resistance strain gauges were used to measure both axial 

and circumferential displacement of each core sample during the compres­

sion testing. The tests were performed to determine the compressive 

strength, Young's modulus and Poisson's ratio of the test samples. 

The results of these tests are summarized in Table 4.4 and are 



TABLE 4.4 ENGINEERING PROPERTIES OF WEAK ROCK (QUEENSTON SHALE). 

Test Description 

Moisture Content, W (%) 

Liquid Limit, WL (%) 

Plastic Index, Ip (%) 

Id1 
Slaking Test, 

Uniaxial Compression Test 

Compression Strength, 0c 

Secant Elastic Modulus, 

Poisson's Ratio, v 

5.1 

20.8 

8.6 

66.3 

38.5 

(Mpa) 3.20 

Es (Mpa) 427 

0.28 

Test Results 

Range Ave. 

5.7 5.6 

- 22.4 21.6 

9.0 8.8 

- 86.2 76.5 

- 68.4 54.1 

- 8.58 6.5 

545 500 

- 0.34 0.31 

TABLE 4.5 ENGINEERING PROPERTIES OF CONCRETE IN TEST PIERS. 

Uniaxial Compression Test 

Compression Strength, 0c (Mpa) 

Secant Elastic Modulus, Es (Gpa) 

Poisson's Ratio, v 

Test Results 

Range Ave. 

60.0 - 68.5 

31.5 - 32.1 

0.21 - 0.23 

63.4 

31.9 

0.22 

24 
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also plotted in Fig. 4.1. 

4.3.2 Concrete Pier Properties 

Medows pre-mix V-3 non-shrink grout was used for the concrete 

piers. 

Twelve standard control cylinders were cast and tested for uni­

axial compressive strength tests. The results of these tests are given 

in Table 4.5 and are plotted in Fig. 4.1. 

The typical properties of the non-shrink grout as supplied by the 

manufacturer and the rate of strength gain with time are provided in 

Appendix C. 



--~~------

CHAPTER 5 

TESTING EQUIPMENT AND PROCEDURES 

5.1 GENERAL 

Two types of model piers were tested for the present investi­

gation. The first set of model tests were performed on steel piers 

socketed in pseudo-rock designed to simulate the behaviour of weak 

rocks. The other set of model tests were carried out on concrete piers 

socketed into weak rock. 

The designation scheme for the tests is shown in Fig. 5.1. 

The laboratory work comprised of the following major steps: 

1) For tests on steel piers, suitable pseudo-rock was designed 

to model weak rock. For concrete piers, representative large 

block samples of the weak rock (Queens ton Shale) were col­

lected. 

2) Suitable load frames were designed and constructed. 

3) Model piers were constructed and suitable instrumentation 

schemes were designed and installed. 

4) The model piers were load tested. 

A summary of the testing program is given in Table 5.1. 
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PIER MATERIAL 

S : Steel 

C : Concrete 

LOAD SUPPORT CONDITION 

S : Shaft Resistance Only 

C : Combined Shaft and 

End-Bearing Resistance 

SP - CL (0.033) 

SOCKET MATERIAL 

P : Pseudo-Rock ---­

W : Weak Rock 

L ROUGHNESS FACTOR (RF) 

TYPE OF TEST 

L : Long-Term 

S : Short-Term 

Fig. 5.1 Test designation scheme. 
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TABLE 5.1 SUMMARY OF TESTING PROGRAM. 

No. of Tests 

Pier Test Pier D LS/D Short Long Remarks 
Material (mm) Term Term 

SP-SL(0.033) 25.4 4 1 Test continued 
Steel 

SP-CL(0.033) 25.4 4 1 for 240days 

CW-SS(0.025) 76.2 2 1 Loaded to 

CW-CS(0.303) 76.2 2 1 failure 

CW-SL(0.025) 76.2 2 1 

Concrete C\v-CL( 0.025) 76.2 2 1 
Long-term test 

CW-SL(0.081) 76.2 2 1 
continuing; 

CW-SL(0.303) 76.2 2 
data for 200 days 

1 

CW-CL(0.303) 76.2 2 1 
are presented 

D = Socket Diameter Ls Socket Length 

N 
CI:J 
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5.2 EQUIPMENT 

5.2.1 Load Testing Frame (Short-Term Test) 

The larger model concrete socketed piers were tested in RIEHLE 

Testing Machine with a capacity of 25,000 kN (5,620,000 lb). A spheri­

cal load platen and steel ball was used at the top of the test pier to 

ensure axial loading (Plate 5.1). 

5.2.2 Load Frame (Long-Term Test) 

Two types of load frames were used for the model pier tests. 

Two small load frames with a capacity of 5.34 kN (1,200 lb) and 15.6 kN 

(3,500 lb) for small and large Bellofram Air Cylinder respectively, were 

available in the laboratory. This load frame (Fig. 5.2) was used for 

the tests on small model steel piers socketed into pseudo-rock materials. 

Load frames of higher capacities 80.0 kN (18,000 lb) were designed 

and fabricated for the larger model concrete piers socketed into weak 

rock. Five such higher capacity load frames were made of structural 

steel sections. The essential details of these frames are shown in Fig. 

5.3. 

5.2.3 Load Measurement 

A Bellofram Air Cylinder was used to apply the axial load. The 

desired pressure was applied and maintained constant by connecting the 

air cylinder to a regulated air pressure supply. The load on the air 

cylinder-ram was measured with a calibrated Marsh and Budenberg gauges 



Plate 5.1 View of short-term load frame and typical instrumentation 

arrangement for measuring device. 
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4) 

5) 

Fig. 

...-- 279.4 mm (11 In) --..j 

3 

6 

7 

2 

3 

... ... 

1 

Bellofram Air Cylinder 2) Pseudo-Rock 

25.4 mm (1.0 in) Thick Steel Plate 

19.1 mm (3/4 in) Threaded Rod 

19.1 mm (3/4 in) Nut 6) 25.4 mm (1.0 in) 

Dia. Steel Ball 7) Steel Pier 

5.2 Load frame for model steel pier. 
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14) 1 : 6 Ratio Lever 15) Model Concrete Pier 16) Steel Pipe 

Top View 

Fig. 5.3 Load frame for model concrete piers. 
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for small model steel piers and large model concrete piers respectively. 

For small model steel piers, the ram-load was directly applied 

to the top of the test pier. However, for large model concrete piers 

the ram-load was applied through a lever with a lever-arm rati of 1 6. 

The load on the pier was, therefore, six times the load on the ram. 

5.3 STEEL PIERS IN PSEUDO-ROCK 

5.3.1 General 

Two steel piers were tested. These steel piers were made out of 

31.7 mm (1.25 in) diameter mild steel cold rolled bars. The bars were 

prestressed before machining to the desired size and shape. The final 

size of the completed piers was 25.4 mm (1.0 in) diameter by 177.8 mm 

(7.0 in) long. Typical details of the steel piers are shown in Fig. 5.4. 

5.3.2 Fabrication 

The major steps in the fabrication of the model steel piers were: 

1) The surface of the two halves were roughened by twenty small 

grooves, 2.54 mm (0.1 in) deep and 0.33 mm (0.013 in) wide, 

equally spaced in bottom 101.6 mm (4.0 in) of length of each 

piers. 

2) A channel, 9.53 mm (0.375 in) wide and 3.81 mm (0.15 in) deep, 

was milled inside each half-pier. This channel provided room 

for the installation of the electrical resistance strain 



a) Stages of Machining 

3SImm 
(015 In) 

,......... 

I 953mm 
(0375 In) 

b) Electrical Resistance Strain Gauges in Channel 

Top I 

Cop ----.: 
I 

Slain less 

177.S mm( 7 In} 

I" 

c) Assembled Steel Pier 

Screw 

101 6mm (A In) 

Fig. 5.4 Typical details of steel model pier. 
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gauges and connection wires. 

3) Each pier was Cadmium Plated so as to protect the piers from 

rusting. 

4) Three 10 mm (0.393 in) long electrical resistance strain 

gauges were bonded inside the channel of each pier. The 

electrical resistance strain gauges were installed on each 

side of the pier at the same height and were protected from 

moisture by using a rubber coating. Further protection was 

provided by filling up the channel with silicone vacuum 

grease. 
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5) The two halves of the pier were secured using three stainless 

steel screws placed equal distances apart. The top and 

bottom sides of the steel piers were provided with cadmium 

plated steel caps. 

6) The assembled piers were placed on a loading frame. The 

electrical resistance strain gauges were checked and the piers 

were calibrated for load. 

5.3.3 Instrumentation 

5.3.3.1 Load Transfer Measurements 

Electrical resistance strain gauges were used to determine load 

transfer along the pier length. A strain box was used to record the 

strain gauge readings (Plate 5.2). 



Plate 5.2 View of typical i nstrumentation arrangement for 

measur i ng device and load frame. 
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5.3.3.2 Displacement Measurements 

Two dial indicator gauges, 0.00254 mm (0.0001 in) to 50.8 mm 

(2.0 in), placed diametrically opposite were used to measure the vertical 

displacement at the top of the test piers (plate 5.2). The dial indi­

cator gauge shafts were glued to the top of the confining steel pipe 

by epoxy so as to avoid any disturbance due to slipping ets., during 

the testing time. 

5.3.4 Installation 

The major steps followed for the installation of small model 

steel piers were: 

1) The steel pier was centered and held in proper position with 

the help of a specially designed removable template inside a 

steel pipe, 225.0 mm (8.86 in) diameter by 305.0 mm (12.0 in) 

height. The steel pipe was 3.2 mm (0.125 in) thickness. 

2) The pseudo-rock concrete materials were poured into the pipe. 

The model steel pier tested had an embedment length of 101.6 

mm (4.0 in). This embedment length gave a LS/D ratio of 4.0. 

The model steel pier with shaft resistance only, SP-SL(0.033) , 

a 25.4 mm (1.0 in) thick waxed styrofoam plug was fastened 

to the base of pier to essentially eliminate end-bearing 

(simulating a void at the pier base). 

3) The pseudo-rock material in the steel pipe with the pier held 

in position was kept for 9 days in a curing room. The curing 
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o 
room was kept at 100 % humidity and at 23 C during the curing 

period. 

4) After the curing period was over, the model was taken out 

from the curing room and was placed on the loading frame. 

The model was kept in the laboratory room for 3 days so that 

o 
it could reach the laboratory room temperature of 22 C± 0.5. 

Moist burlap was used to protect the concrete from moisture 

changes. 

5) At the end of second day the template used to hold the steel 

pier was removed. 

5.3.5 Testing Procedure 

5.3.5.1 General 

After the measuring instruments were installed and checked, 

the small model steel piers were ready for testing. The axial load on 

the test pier was applied by using the Bellofram Air Cylinders. 

5.3.5.2 Steel Pier with Shaft Resistance Only (Void at the Base) 

The test pier was loaded incremently, similar to the method used 

by Horvath (1982). Each load increment was applied until the total load 

on the pier reached 2.22 kN (500.0 lb). This load of 2.22 kN (500.0 lb) 

was held constant for a period of 26 days. 

After the end of 26 days, the test pier was subjected to further 

incremental load until the total load on the test reached 4.45 kN 



(1,000.0 lb). This load 4.45 kN (1,000.0 lb) was kept constant for a 

period of 14 days. 
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At the end of above stage of loading, the test pier was further 

loaded in steps until the total load on the pier reached 5.34 kN (1,200.0 

lb). This load was held constant for 180 days. 

At the end of this period, the load was released and the model 

was removed from the load frame and was placed on a higher capacity load 

frame. The small model steel pier was reloaded in steps of 0.445 kN 

(100.0 Ib) which were kept constant for 2 days after which a further 

load increment was added. The test pier exhibited large deformations 

when the total load was 10.23 kN (2,300.0 lb) and the test was terminated. 

5.3.5.3 Steel Pier with Combined Shaft and End-Bearing Resistance 

The model steel pier with combined shaft and end-bearing resis­

tance, SP-CL(0.033), was tested up to 5.34 kN (1,200.0 lb) which was 

held constant for a period of 180 days. 

After this period of loading, the test pier was loaded in 

steps of 0.455 kN (100.0 lb) which were applied every 48 hours. The 

total applied load was 10.23 kN (2,300.0 Ib) and the test pier did not 

exhibit any tendency towards failure. This was reasonable because the 

test pier had both shaft and end-bearing resistance. 

The test was terminated at the load frame capacity of 15.6 kn 

(3,500.0 lb). 
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The strain gauges and dial indicator gauges readings were recorded 

at all stages of loading for both the test piers. 

5.4 CONCRETE PIERS IN WEAK ROCK 

5.4.1 General 

A total of seven large model concrete piers were tested. These 

piers were tested under two different support conditions: 

1) Shaft resistance only (void at the base). 

2) Combined shaft and end-bearing resistance (load cell at the 

base). 

Three of these piers were designed as conventional model socketed 

piers and had relatively smooth socket wall (RF = 0.025). The remaining 

four piers were roughened by grooving (RF = 0.081 and 0.303). 

The nominal pier dimensions were: diameter, D, 76.2 mm (3.0 in) 

and socket length, Ls , 152.4 rnrn (6.0 in). The socket length-diameter 

ratio (Ls/D) was equal to 2.0. 

The details of the piers are shown in Figs. 5.5 and 5.6 and 

Table 5.2. 

5.4.2 Construction 

Each pier was constructed individualy so that the concrete 

was placed on same day that the socket shaft was drilled into the weak 

rock. The major steps for the construction of the large model concrete 
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TABLE 5.2 DETAILS OF GROOVED SOCKET PIERS. 

Test Pier CW-SL(0.081) CW-SL(0.303) CW-CL(0.303) 

Roughness Factor (RF) 0.081 0.303 0.303 

Socket Diameter, D (mm) 76.2 (3.0) 76.2 (3.0) 76.2 (3.0) 

Socket Length, Ls (mm) 152.4 (6.0) 152.4 (6.0) 152.4 (6.0) 

LS/D 2.0 2.0 2.0 

Step Width, w (mm) 29.46 (1.16) 29.46 (1.16) 29.46 (1.16) 

Groove Depth, h (mm) 2.79 (0.11) 8.64 (0.34) 8.64 (0.34) 

Groove Length, Is (mm) 17.78 (0.70) 17.78 (0.70) 17.78 (0.70) 

* Dimensions in inches in brackets 
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piers were: 

1) Large block samples of the weak rock (Queenston Shale) were 

collected in National Sewer Pipe quarry in Burlington, Ontario. 

These samples were trimmed using a diamond saw to blocks of 

254.0 mm (10.0 in) long x 254.0 mm (10.0 in) wide x 229.0 mm 

(9.0 in) deep. 

2) These block samples of weak rock were placed into a steeJ 

pipe, 356.0 mm (14.0 in) diameter x 406.0 mm (16.0 in) deep 

x 6.4 mm (0.25 in) thick. Concrete was then poured so as 

to fill the space in the between the steel pipe and the weak 

rock. The concrete was poured and vibrated up to the top of 

the weak rock sample. 

3) The steel pipe with the concrete and weak rock was kept inside 

the curing room for seven days. 

4) At the end of seven days curing period, the model was brought 

outside and the pier socket was drilled using a 76.2 mm (3.0 

in) diameter thin-walled diamond coring bit. For grooved 

piers, grooving of the socket wall was made with special 

"Ankerbonder" tool by Allen-Fyfe Equipment Limited of Toronto. 

5) For piers with void at the base, a paper-board tube, 101.6 mm 

(4.0 in) in outside diameter by 203.0 mm (8.0 in) length was 

placed under the socket and concrete was poured around it 

and let cure for three days. For piers with a~end-bearing 
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support, a FREYSSI Flat Jack Load Cell unit was placed in 

position at the base of the socket. The concrete was then 

poured around it and let cure for three days. 

6) The concrete was then poured into the rock socket and vi-

rated and let cure for eleven days. The curing room main-

o tained at constant temperature 23 C and 100 % humidity for 

all curing period. 

7) After curing, the model was removed from curing room and was 

placed on the loading frame. The model was kept in the labo-

ratory room for three days so that it could come to the labo-

o 
ratory room temperature of 22 C± 0.5. For piers with void 

at the base, the paper-board tubes installed below the piers 

were removed before placing the models on the load frame. 

8) A mild steel bar, 38.0 mm (1.5 in) diameter x 50.8 mm (2.0 in) 

thickness, was placed on the top of the pier. The vertical 

side of the steel plate was smeared with vacuum grease to 

reduce friction. This mild steel bar was used to act as a 

column to transmit the applied load on the test pier and also 

to hold the dial indicator gauges and Linear Variable Dis-

placement Transducers (LVDT) for recording the displacement. 

5.4.3 Instrumentation 

5.4.3.1 General 

Suitable equipments were selected to determine the load response 
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behaviour of the model concrete piers. Measurements of vertical dis-
( 

placements and the load transfer to the test pier base were consider to 

be a major importance for the present study. 

5.4.3.2 Displacement Measurements 

Vertical displacements at the top of test piers were measured 

using a set of two dial indicator gauges and a set of two Linear Vari-

able Displacement Transducers. The dial indicator gauges and LVDT's 

were attached to the loading column and positioned at equal spacing the 

circumference of the shaft. The arrangement of the measuring devices 

is shown in Fig. 5.7. 

The dial indicator gauges had a travel of 50.B mm (2.0 in) and 

a accuracy of 0.00254 mm (0.0001 in). 

The LVDT's ranges and accuracey are shown in Table 5.3. 

For test pier with shaft resistance only, CW-SL(0.OB1), the 

vertical displacement at the tip was emasured using a LVDT positioned 

as shown in Fig. 5.7. 

All dial indicator gauges and LVDT's core rods were glued to 

the top of the confining steel pipe or glued to the bottom of test pier 

by epoxy so as to avoid any disturbance due to slipping etc. during the 

long period of testing time. 

A digital voltmeter, UP 3480A, and UP DC range unit (100 mV -

1000 V), UP 3482A, connected to the LVDT through a switch box was used 
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TABLE 5.3 DISPLACEMENT RANGES AND ACCURACY OF L.V.D.T. 

Displacement Range Maximum Non-Linearity 
Model 

Full Scale (in) (% of full scale) 

7DCDT-OsO 0.05 ±O.s 

7DCDT-IOO 0.10 ±O.s 

7DCDT-2s0 0.25 ±O.s 

7DCDT-1000 1.00 ±O.s 

24DCDT-OsO 0.05 ±O.s 



to record the vertical displacement at the top of the test piers. 

5.4.3.3 Base Load Measurements 

For piers with end-bearing support, the loads transferred to 

the base of the piers were measured by means of a load cell unit. 
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Each of these load cell unit consisted of a FREYSSI Flat Jack and four 

steel bearing plates. The flat jacks had a capacity of 20.0 kN (4,496.0 

lb) and were capable of expanding to a maximum opening of 16.0 mm 

(0.63 in). The essential details of the flat jacks and load cell unit 

are shown in Fig. 5.8 and 5.9. 

A set of one Budenberg pressure gauge (0 - 1.17 kPa (170.0 psi» 

and one Marsh pressure gauge (0 - 13,790.0 kPa (2,000.0 psi» was used 

to measure the applied load transferred to the test pier base. The 

schematic arrangement of measuring system is shown in Fig. 5.10. 

These pressure gauges were found to be not very effective and 

were replaced with two pressure transducers (0 - 6,895.0 kPa (1,000.0 

psi». 

5.4.4 Testing Procedure 

As in small model steel piers, a constant rate ot loading was 

used for the test. Load increments of 112.4 N (500.0 lb ) were applied 

at 15 minute intervals. Each load increment was maintained for 15 min­

utes and then next load increment was added. 
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Fig. 5.8 Details of FRESSI flat jack. 
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Fig. 5.9 Base load cell unit. 
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For short-term tests, the load increments were applied till the 

test piers failed by excessive vertical displacements. 

For long-term tests, the test piers were subjected to a sustained 

loading after the desired level of loading was reached. 



CHAPTER 6 

SHORT-TERM TESTS ON MODEL PIERS: SHAFT RESISTANCE 

6.1 GENERAL 

Short-term testing is widely used in practice to estimate the 

ultimate load capacity of socketed piers. A total of four model piers 

were tested for the present study using short-term loading, in order to 

determine the appropriate load for the long-term testing. The second 

objective was to investigate where the model tests can be correlated 

with full-scale test results. 

The relevent data from these test are presented in the following 

section of this Chapter. 

6.2 METHOD OF CALCULATION 

The average shaft resistance, qs' of socket piers is usually 

calculated by: 

Qs 
(6.1) qs 

As 

where Qs is load supported by shaft resistance, and 

As is surface area of socket pier (nDLs )· 
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For the present study, the load support by shaft resistance, Qs , 

was measured directly for piers with shaft resistance only (void at the 

base), SP-SL(0.033) and CW-SS(0.025). For piers with combined shaft and 

end--bearing resistance, electrical resistance strain gauges and a load 

cell unit (Fig. 5.9) were used to determine the magnitude of load trans­

ferred to the base. The values of Qs for these piers with support at 

the base were, therefore, calculated as per: 

(6.2) 

where Qt is total applied load, and 

Qb is support by end-bearing resistance. 

6.3 CONVENTIONAL PIERS 

6.3.1 Steel Piers 

Two model steel piers were designed as conventional piers, SP-SL 

(0.033) and SP-CL(0.033). In order to achieve a surface roughnessequiva­

lent to that of conventional piers, twenty small grooves, 0.33 mm (0.013 

in) 'Wide and 2.54 mm (0.1 in) deep, were made along the socket length. 

A summary of the results for the steel piers are given in Table 

6.1. The load-displacement behaviour of the two piers are shown in Figs. 

6.1 and 6.2. 

It can be seen from Figs. 6.1 and 6.2, that the test did not 

show a definite peak value of the load. The shaft resistance at failure, 



TABLE 6.1 MEASURED VALUES OF SHAFT RESISTANCE FOR CONVENTIONAL MODEL STEEL PIERS. 

Displacement Ave. Shaft Resistance 

Test Pier D Ls L8/D RF in A.t A.t References 

sf/D x 100 Failure Maximum 

(mm) (mm) qsf (MFa) qStn (MFa) 

SF-5L( 0, 033) 25,4 101,6 4 0.033 0.53 1.21 1.3 1 This Study 

S P -C L ( 0 , 033 ) 25.4 101,6 4 0.033 0.47 1.23 1.37 This Study 

D = Socket Diameter L8 c Socket Length 

RF = Roughness Factor Sf = Displacement at Failure 
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qsf, for this pier was, therefore, calculated on the basis of the load 

corr'esponding to the point of intersection of the two tangent line (Fig. 

6.1). This method was based on recommendation by Butler and Hoy (1977), 

O'Neill and Reese (1970) and Sowers (1962). 

It can be seen from Table 6.1 and Figs. 6.1 and 6.2, that the 

shaft resistance behaviour of the two piers was similar irrespective of 

the end conditions used in the tests. The pier with shaft resistance 

only, SP-SL(0.033), developed about the same shaft resistance as that 

by the pier with combined shaft and end-bearing resistance, SP-CL(0.033). 

6.3.2 Concrete Pier 

Only one concrete pier with shaft resistance only, CW-SS(0.025), 

was tested for short-term load. The pier socket wall was relatively 

smooth and had a roughness factor of 0.025. This test pier was used to 

estimate the appropriate design load for the long-term tests and also 

for the comparison with available data from full-scale tests. 

The relevant data for this test are compared with available data 

from full-scale tests (Horvath 1982) in Table 6.2. 

The load-displacement curve for the test pier is shown in Fig. 

6.3. 

It can be seen for Table 6.2, that the shaft resistance values 

for the small-scale model pier test results compared very weI] with the 

full-scale socketed piers. 



TABLE 6.2 COMPARISON OF SHAFT RESISTANCE VALUE FOR CONVENTIONAL SOCKETED PIERS IN 

Test Pier 0 L8 

(mm) (mm) 

CW-SS(O.025) 76.2 160 

P1 710 1370 

P2 710 1370 

P5 710 1370 

o = Socket Diameter 

RF ~ Roughness Factor 

QUEENSTON SHALE. 

Displacement Ave. Shaft Resistance 
LaiD RF in At At References 

SfID x 100 Fa ilu re Maximum 

qsf (MPa) qSlll (MPa) 

2,10 0.025 0,29 1,10 1,40 This Study 

1.93 0.036 0.73 1,11 1.54 Horvath 
(1982) 

1,93 0.025 0,90 1.11 1,45 Horvath 
(1982) 

1,93 0,039 0.89 1,09 1,37 Horva th 
(1982) 

La = Socket Length 

sf = Displacement at Failure 
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Regarding the magnitude of displacements, the field and model 

piers behaved differently. While the displacement at failure (reported 

as Sr/D x 100) occured at 0.73 % - 0.9 % for full-scale tests in field 

(Horvath 1982), the model pier for the present study showed failure at 

0.29 % of the shaft diameter. Large variation (0.06 % - 1.21 %) of the 

displacement at failure loads for eleven full-seal piers have been re-

ported by Williams (1980). Although the result of the present tests 

fall within the range reported by Williams (1980), the definite reasons 

for t.he differences between model test and the data from Horvath (1982) 

are not known. It is, however, believed that possible scale effects 
, 

may have contributed to some extent. It must also be poin~ out that the 

present tests were performed at controlled conditions in the laboratory 

and on ca~efully selected homogeneous block samples of shale. Further-

more, the samples were uniformly supported radially by the steel pipes 

during the course of testing program, whereas, the study by Horvath 

(1982) was on full-scale field tests on large diameter piers socketed 

into shale. The shale in-situ may have had clay seams, bedding planes, 

small pockets and other irregularities which were not present in the 

models. 

6.4 GROOVED CONCRETE PIER 

One grooved concrete pier with combined shaft and end-bearing 

resistance, CW-CS(0.303) , was tested using short-term loading. The 

socket wall of this pier had three grooves, 8.64 mm (0.34 in) deep and 

17.78 mm (0.7 in) wide. 



The shaft resistance for the test pier was determined from the 

load test data by using equation 6.2. The values of shaft resistance 

obtained from the this study are compared with the available data from 

the full-scale test (Horvath 1982) in Table 6.3. 

The load-displacement curves for the model test pier are shown 

in Fig. 6.4. 
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A comparison of Table 6.2 and 6.3, shows the grooved test pier 

required about 3 times more displacement than the conventional test pier 

for the full mobilization of the shaft resistance. The trend is reason­

able as the grooved pier will have a larger shaft resistance capacity 

as compared to the conventional pier and will thus show less displace­

ment at a particular load. When loaded to failure, conventional piers 

will attain full mobilization of the shaft resistance at a relatively 

smaller displacements as compared to the grooved piers. 

Pells et al. (1980) reported peak failure (brittle behaviour) 

for the smooth socketed piers in sandstone. No such peak failures were 

observed for the model piers in this study (Fig. 6.3) and for the full­

scale conventional piers in Queenston Shale (Horvath 1982). The brittle 

behaviour observed in case of sandstone (Pells et al. 1980) is believed 

to be due to very low Roughness Factor (RF ~ 0.015 compared against 

RF = 0.025 - 0.036 used in the present study and in Horvath's (1982) 

study) of the piers and the nature of the sandstone itself. 



TABLE 6.3 COMPARISON OF SHAFT RESISTANCE VALUE FOR GROOVED SOCKETED PIERS IN 

QUEENSTON SHALE. 

Displacement Ave. Shaft Resistance 

Test Pier D La LslD RF in At At Source 
sflD x 100 Failure Maximum 

( ",,111) (111111) qsf (MFa) qsm (MFa) 

CW-CS(0.303) 76.2 152.4 2.0 0.30) 0.85 3.53 3.90 This Study 

P3 710 1370 1.93 0.076 2.0 2.0 2.11 Horvath 
(1982) 

• • Horvath p6s 710 1370 1.93 0.1 1.55 2.45 (1982) 

• Failure in shaft resistance not achived due to limiting capacity of the load frame. 

D = Socket Diameter Ls = Socket Length 

RF • Roughness Factor Sf = Displacement at Failure 
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Fig. 6.4 Load-displacement behaviour for grooved concrete pier with 

combined shaft and end-bearing resistance, CW-CS(O.303). 
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6.5 COMPARISON OF CONVENTIONAL AND GROOVED PIERS 

The shaft resistance behaviour of conventional concrete pier, 

CW-SS(O.02s) and grooved concrete piers, CW-SL(O.081) and CW-SL(O.303), 

with shaft resistance only are compared in Fig. 6.5. Similarly the 

load-displacement behaviour of conventional concrete pier, CW-CL(O.02s), 

and grooved concrete pier, CW-CL(O.303) , with combined shaft and end­

bearing resistance are compared in Fig. 6.6. 

It can be seen from Figs. 6.5 and 6.6, that the piers with higher 

values of pier-rock interface roughness exhibited superior load­

displacement behaviour. 

The shaft resistance developed in case of the test pier with com­

bined shaft and end-bearing resistance was determined indirectly by sub­

tracting the load transferred to the base from the total applied load as 

per equation 6.2. It is interesting to note that the shaft resistance 

of the grooved concrete pier, CW-CS(O.303) , was found to be 3.2 times 

the shaft resistance of the conventional concrete pier, CW-SS(O.02s) and 

2.9 times for the conventional steel piers, SP-SL(O.033) and SP-CL(O.033). 

Similar trends have been reported for full-scale socketed piers by 

Horvath (1982). 

The value of shaft resistance for conventional and grooved piers 

of this study are summarized in Table 6.4. 
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TABLE 6.4 COMPARISON OF SHAFT RESISTANCE VALUE FOR CONVENTIONAL AND GROOVED MODEL PIERS. 

Displacement Ave, Shaft Resistance 

Socket Pier Test Pier D Ls L5/D RF in At At 
Type Material SfjD x 100 Failure Maximum 

( mm) ( mm) qaf (MFa) qsm (MPa) 

C 
0 SP-SL(O,033) 25,4 101,6 
n 

4 0,033 0,53 1,21 1.31 

v 
e Steel 

n SP-CL( 0, 033) 25,4 101,6 4 0,033 0,47 1.23 1.37 t 
i 
0 
n Concrete CW-SS(O,025) 76,2 160,0 2,1 0,025 0.29 1.10 1,40 
a 
1 

G 
r 
0 
0 Concrete CW-CS(O,303) 76,2 160,0 2.0 0.30) 0,85 v 3.53 3.90 
e 
d 

D = Socket Diameter 

Ls Socket Length 

RF Roughness Factor 

sf • Displacement at Failure -.....J 
0 



6.6 COMPARISON WITH AVAILABLE RESULTS 

6.6.1 Conventional Piers 

For conventional piers, Horvath et ale (1983) presented a cor­

relation between shaft resistance and the compressive strength of the 

weaker material (Fig. 6.7). It can be seen from Fig. 6.7, that the 

results of the present study are in excellent agreement with Horvath 

et ale (1983) findings. Since the data point of the present study lie 

around the 0.1 0cw line, it appears that bond failure is of major con­

cern for these piers. 
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As mentioned before, the steel piers with Roughness Factor of 

0.033 and concrete piers with Roughness Factor of 0.025 were used as 

conventional piers for the present study. The test results of these 

piers were compared against the correlation between the Roughness Factor 

(RF) and the normalized shaft resistance for grooved piers (Horvath et 

ale 1980; Horvath 1982) (Fig. 6.8). It can be seen from Fig. 6.8, that 

the present results agree very well with the findings of Horvath et ale 

(1980) and Horvath (1982). 

6.6.2 Grooved Piers 

It can be seen from Fig. 6.8, that the results of the model test 

on grooved piers also agree with the correlation proposed for grooved 

piers by Horvath et ale (1980) and Horvath (1982). 



---------- --

15r-------~------,_------_r------_r------_.------_,~------,_----~ 

......... 

& 
~ 10 

5 
6C,.:i' 

oY.> rCW-CS (0.303) 

• 

Suggested correlation for conventionally 
constructed, large-diameter 
socketed piers from Horvath 
et al. (1980), Horvath (1982) 

/ --0' Oc~ --
SP -CL (0.033) ..:---~ ~ 

J- SP-SL(0.033)---j . 
I. ,,\ __ Conventional Piers r CW-SS ,,0.025) ---

0. ~ t, I111 

o~~----~~----~--------~------~------~------~--------~----~ o 5 10 15 20 25 30 35 40 

COMPRESSIVE STRENGTH OF ROCK OR CONCRETE, crew (MPa) 

Fig. 6.7 Comparison of shaft resistance data for test piers with correlation for 

large diameter conventional piers (after Horvath et al. 1983). 

-..J 
N 



0.7 

;::..'0 0.6 
0-

w 
U Z 0.5 
<{ 
r-
Vl 

::3 0.4 
0:: 

r-
4: 0.3 
I 
Vl 

o 0.2 
w 
N 

-' 
<( 
~ 0.1 
0:: 

0 
Z 

0 
0 

- cw-SS(0.020) 

0- SP -SL (0.033) 
SP -CL (0.033) 

0.1 0.2 

• 
'- CW-CS(0.303) 

0.3 0.4 0.5 0.6 0.7 0.8 

ROUGHNESS FACTOR (RF) 

Fig. 6.8 Normalized shaft resistance versus roughness factor 

(after Horvath et a1. 1980; Horvath 1982). 

1.0 



74 

Only one grooved concrete pier with a Roughness Factor of 0.303 

was tested for the present study. The shaft resistance value for this 

pier was calculated as per equation 6.2 and was plotted in Fig. 6.7. 

The fact that the data point lies just below the 0.5 0cw line indicates 

that the shear strength of the weaker material is the important factor 

controlling the behaviour of this pier. 

After completion of the tests, the concrete piers were split jnto 

two halves (Plates 6.1 to 6.4). It can be seen from Plates 6.1 and 6.2, 

that the conventional pier, CW-SS(0.025), failed along pier-rock inter­

face only. For the grooved pier, CW-CS(0.303), a shear plane in the zone 

adjacent to the grooves can be visibly seen (Plates 6.3 and 6.4). 



Plate 6.1 Conventional concrete test pier, CW-SS(O.025), after load 

testing (cut-section). 
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Plate 6.2 Conventional concrete test pier shaft, CW-SS(O.025), 

after load testing (cut-section). 

76 



Plate 6.3 Grooved concrete test pier, CW-CS(O.303) , after load 

testing (cut-section). 
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Plate 6.4 Grooved concrete test pier shaft, CW-CS(O.303) , 

after load testing (cut-section). 
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CHAPTER 7 

SHORT-TERM TESTS ON MODEL PIERS: LOAD TRANSFER 

7.1 GENERAL 

One steel pier, SP-CL(O.033), and one concrete pier, CW-CS(O.303) , 

with combined shaft and end-bearing resistance and one steel pier with 

shaft resistance only, SP-SL(O.033) , were tested using the short-term 

loading tests. Load transfer behaviour for these piers was monitored. 

As shown in Fig. 5.4, the model steel piers were provided with 

electrical resistance strain gauges at three locations along the shaft 

length of the piers. The load distribution along the shaft length of 

the steel pier could, therefore, be determined during loading. For the 

pier with shaft resistance only, the end-bearing resistance was assumed 

to be zero and the load distribution curves (Fig. 7.1) below the lowest 

strain gauge point were extended to pass through zero load at the bottom 

of the test pier. For the pier with combined shaft and end-bearing 

resistance, the load distribution curves (Fig. 7.2) were extended to cut 

the load-axis at the bottom of the test pier. The load transfer to the 

end-bearing for this pier was determined by straight line distribution 

curve for each incremental loading. 

The load transfer results are discussed in the following sections. 
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SP-CLeO.033). 
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7.2 CONVENTIONAL SOCKETED PIER: STEEL PIER 

7.2.1 Distribution of Shaft Resistance 

The load distribution along the shaft of the model piers, SP-SL 

(0.033) and SP-CL(0.033), at various increments of load are shown in 

Figs. 7.1 and 7.2. 

It can be seen from Fig. 7.1, that the load distribution along 

the embeded shaft length of test pier with shaft resistance only, SP-SL 

(0.033), was uniform up to an applied load, Qa = 2.22 kN (500.0 lb). 

This value of load was the limit of the elastic range (Fig. 6.1). The 

results of this test are, therefore, in agreement with theoretical 

studies by Osterberg and Gill (1973), who suggest that all load distri­

butions for loads within the elastic range of loading should be linear. 

For the applied loads beyond the elastic range, QE > 2.22 kN 

(500.0 lb), the behaviour changed. As higher loads were applied, the 

load carried by the upper portion of the pier was found to be smaller 

compared to the load carried by the bottom portion of the pier (Fig. 

7.1). This non-uniform distribution behaviour is thought to be due to 

the progressive failure of the bond between the steel pier and pseudo­

rock as higher loads were applied. This behaviour is consistent with 

the theoretical prediction for bored piles reported by Ellison et al. 

(1971) and for socketed piers by Osterberg and Gill (1973). This bond­

failure of the upper portion of the test pier was observed, when the 

model was split into two halves after the completion of the test. 
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Similar trends were also observed for the test pier with combined 

shaft and end-bearing resistance, SP-CL(0.033), (Fig. 7.2). The test 

pier exhibited uniform distribution of shaft resistance as long as the 

applied loads were within the elastic loading range, QE ~ 5.34 kN 

(1,200.0 lb), (Fig. 7.2). The results of this test are also consistant 

with the theoretical studies by Osterberg and Gill (1973). 

At applied loads beyoned the elastic loading range, QE > 5.34 kN 

(1,200.0 lb), the load was no longer uniformly distributed along the 

shaft length, and the upper portion of the pier was observed to carry 

less load. 

7.2.2 Load Transfer to the Base 

The portion of the applied load transferred to the base of the 

test pier at selected load increments is summarized in Table 7.1. 

It can be seen that load transferred to the base increased as 

higher loads were applied to the test pier. The load transmitted to 

the base increased from 0.0 % at Qa = 0.89 kN (200.0 lb) to 28.1 % at 

Qa = 15.12 kN (3,400.0 lb) (See Table 7.1). For applied load, Qa 

5.34 kN (1,200.0 lb), which was equal to the limit of the elastic range, 

the base load was 11.3 % of the applied load. 

The percentage of the applied load carried by the base at the 

elastic loading limit Qa = QE = 5.34 kn (1,200.0), is compared with 

the values estimated by the lineae elastic solution proposed by Donald 
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TABLE 7.1 SUMMARY OF LOAD TRANSFER DATA FOR CONVEN-

TIONAL MODEL STEEL PIER, SP-CL(0.033). 

Applied Load Base Load Qbj 
Qa 

Qa Qb 

(kN) (kN) (%) 

0.89 0.00 0.0 

2.22 0.11 5.0 

3.11 0.29 9.3 

4.45 0.45 lO.l 

5.34* 0.60 11.3 

6.23 0.84 l3.5 

7.12 1.01 15.2 

8.90 1.58 17.8 

10.23 1.92 18.8 

12.00 2.81 23.4 

13.34 3.38 25.3 

14.23 3.75 26.4 

15.12 4.25 28.1 

* Elastic Loading Limit 



et al. (1980) and Pells and Turner (1979) (Table 7.2). It is interest­

ing to note that the results of the present study are in excellent 

agreement with these theoretical solutions. 

Based on the test results for full-scale piers, Williams et al. 

(1980) proposed a correlation between the load transfer at the base and 

the embedment ratio. It is also interesting to note that the present 

data are in good agreement with the Williams et al. (1980) findings 

(Fig. 7.3). 

7.3 GROOVED SOCKETED PIER: CONCRETE PIER 
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The values of load transferred to the base at various load incre­

ments for the grooved pier with combined shaft and end-bearing resistance, 

CW-CS(0.303), are summarized in Table 7.3. 

The grooved concrete pier behaved a little differently from the 

conventional steel pier. Up to the elastic loading limit, QE = 62.3 kN 

(1,400.0 lb), virtually no load was transferred to the base (Fig. 6.4 

and Table 7.3). However, the load transferred to the base was found to 

increase when loads exceed the elastic limit. About 5.0 % of total load 

was found to be transferred to the base at initial failure of shaft re­

sistance, Qs = 124.5 kN (28,000.0 lb). 

Donald et al. (1980) and Pells and Turner (1979) proposed methods 

for estimating the load transfer to the base. These methods are based 

on elastic analysis and predict higher values of load transferred to 

the base as the Young's modulus ratio (Ec/Er) increases. The test re-



TABLE 7.2 COMPARISON OF LOAD TRANSFER BEHAVIOUR IN ELASTIC RANGE 

FOR CONVENTIONAL MODEL STEEL PIER. 

% Load Transfer to the Base 

This Study 

Steel Pier, SP-CL(0.033) 11.3 

Elastic Solutions 

Pells and Turner (1979) 11.0 

Donald et al. (1980) 12.1 

Qa = Applied Load 

Qb = Base Load 
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TABLE 7.3 SUMMARY OF LOAD TRANSFER DATA FOR GROOVED 

MODEL CONCRETE PIER, CW-CS(0.303). 

Applied Load 

Qa 

(kN) 

17.80 

35.60 

53.30 

62.30* 

71.20 

89.00 

106.80 

124.50 

142.30 

160.10 

169.00 

* Elastic Loading Limit 

Base Load 

0.00 

0.00 

0.00 

0.00 

0.89 

1. 78 

3.42 

6.23 

10.67 

26.74 

42.76 

(%) 

0.0 

0.0 

0.0 

0.0 

1.3 

2.0 

3.2 

5.0 

7.5 

16.7 

25.3 
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suIts for the grooved pier does not confirm to their analysis. This 

difference may be due to the lower sensitivity of the load measuring 

system used for determining base loads. The flat jacks used did not 

function as anticipated, therefore, the measured values of Qb were not 

reliable. 
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CHAPTER 8 

LONG-TERM TESTS ON CONVENTIONAL MODEL PIERS 

8.1 GENERAL 

Long-term loading tests were performed on two model steel piers, 

SP-SL(0.033) and SP-CL(0.033), and two concrete piers, CW-SL(0.025) and 

CW-CL(0.025), having relatively smooth socket walls. 

The design loads for model piers were estimated using design 

charts developed for conventional piers (Horvath 1982) or from short­

term loading tests. The loads used for testing were half of the esti­

mated shaft failure load, Qsf. 

The time-dependent behaviour of the model piers with respect to 

displacement, load distribution and load transfer is presented and dis­

cussed in the following sections. 

8.2 TIME-DISPLACEMENT BEHAVIOUR 

8.2.1 Steel Piers 

Two small model steel piers, D = 25.4 rnrn (1.0 in) and Ls = 101.6 

rnrn (4.0 in), socketed into pseudo-rock were tested. It should be pointed 

out that the these tests were primarily done for preliminary information, 

to determine the procedures, feasibility of the research, etc. 
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The loading sequence for these piers are given in section5.3.5.2 

and 5.3.5.3. The elastic limit load for the piers with shaft resistance 

only and the combined shaft and end-bearing resistance were estimated 

and were found to be 2.22 kN (500.0 lb) and 5.34 kN (1,200.0 lb) respec­

tively from load-displacement curves. The creep behaviour of the model 

steel piers during the period of sustained load testing are shown in 

Figs. 8.1 and 8.2. 

Figure 8.1 indicates that significant creep movements did not 

occur as long as the total applied load was below the elastic limit, 

QE = 2.22 kN (500.0 lb). The rate of creep was found to be 0.0076 mm 

(0.0003 in) per log cycle of time at 2.22 kN (500.0 lb) for the test 

pier. The rate of creep increased with incerasing values of applied 

load. At 5.34 kN (1,200.0 lb), the pier exhibited an initial rate of 

creep of 0.102 mm (0.004 in) per log cycle of time. This rate of creep 

continued for about 4 days after which the rate of creep decreased to 

0.0305 mm (0.0012 in) per log cycle of time. It must, however, be 

pointed out that this load of 5.34 kN (1,200.0 lb) was beyoned the limit 

of the elastic range of loading, QE = 2.22 kN (500.0 lb), for the test 

pier (Fig. 6.1). The test pier, therefore, showed a higher rate of creep 

settlement at this loading. 

The test pier with combined shaft and end-bearing resistance, 

SP-CL(0.033), showed a comparatively smaller rate of creep, 0.0061 mm 

(0.0002 in) per log cycle of time (Fig. 8.2) even at 5.34 kN (1,200.0 

lb). 
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The rate of creep for the -various tests are summarized in Table 

8.1. 

8.2.2 Concrete piers 

Two concrete model piers, D = 76.2 mm (3.0 in) and Ls = 152.4 mm 

(6.0 in), socketed into weak rock were tested. The test piers with 

shaft resistance only, CW-SL(0.025), and with combined shaft and end­

bearing resistance, CW-CL(0.025), were subjected to the loads which were 

sustained. 

The load-time-displacement behaviour of test piers, during the 

application of load are shown in Figs. 8.3 and 8.4. 

The time-displacement data for 200 days for these piers are 

shown in Figs. 8.5 and 8.6. The displacement data has been replotted 

against the logarithm of time in Figs. 8.7 and 8.8. 

It can be seen from Figs. 8.5 and 8.6, that most of the dis­

placement for both model piers occurred within about 20 days. 

The primary creep rate for the pier with shaft resistance only, 

CW-SL(0.025) was found to be 0.145 mm (0.0057 in) per log cycle of time. 

The creep rate decreased significantly to 0.031 mm (0.00012 in) per log 

cycle of time at the end of 120 days (Fig. 8.7). 

The time-displacement behaviour of concrete test pier with com­

bined shaft and end-bearing resistance, CW-CL(0.025), was similar to 



TABLE 8.1 SUMMARY OF CREEP RATE FOR CONVENTIONAL MODEL STEEL PIERS IN PSEUDO-ROCK. 

Test Pier Support Applied 
Qa/QE 

Rate of Creep (rnm/log cycle of time) 

Condition Load 

Qa Primary, Cr Secondary, Crs 
(kN) (%) 

2.22 100.0 0.0076 

SP-SL(0.033) S 4.45 200.0 0.0280 

5.34 240.0 0.1020 0.0305 

2.22 41.5 0.0038 

SP-CL(0.033) C 4.45 83.3 0.0051 

5.34 100.0 0.006] 

S = Shaft Resistance Only 

C = Combined Shaft and End-Bearing Resistance 

QE= Elastic Limit Load 
\0 
U1 
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that exhibited by the pier with shaft resistance only, CW-SL(0.025). 

The rate of creep was found to be 0.094 mm(0.0037 in) per log cycle of 

time, which was smaller than 0.145 mm (0.0057 in) per log cycle of time 

observed in case of test pier with shaft resistance only, CW-SL(0.025). 

The concrete pier with combined shaft and end-bearing resistance, 

CW-CL(0.025), also showed a similar abrupt change in around 130 days 

(Fig. 8.8). 

Table 8.2 summarized the creep rate behaviour for these model 

piers 

8.3 LOAD DISTRIBUTION 

The changes in load distributions along the length of model piers 

during the period of sustained loading are shown in Figs. 8.9 and 8.10. 

The long-term test ,indicated that additional shaft resistance was 

mobilized along the lower portion of the pier with time. This mobili­

zation of the shaft resistance is believed to be due to the slip along 

pier-rock interface during the course of the sustained loading. The 

hatched areas shown in Figs. 8.9 and 8.10 indicate this change in the 

load distribution under sustained load. 

The comparison of test piers show that pier with combined shaft 

and end-bearing resistance, SP-CL(0.033), underwent relatively smaller 

changes in the load distribution as compared to the pier with shaft 

resistance only, SP-SL(0.033). 



TABLE 8.2 SUMMARY OF CREEP RATE FOR CONVENTIONAL CONCRETE MODEL PIERS IN WEAK ROCK. 

Rate of Creep 

Socket Test Pier Applied Qa/ (mm/log cycle of time) Time to End of 
QE 

Type Load Primary Secondary Primary Creep 

Qa Cr C rs tp 

(kN) (%) (Days) 

CW-SL(0.025) 20.0 100.0 0.145 0.031 120 
Conventional 

CW-CL(0.025) 20.0 85.0 0.094 0.032 130 

QE = Elastic Limit Load 
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8.4 LOAD TRANSFER 

8.4.1 Steel Pier 

The estimated increase in the load transferred to end-bearing 

support at the base, SP-CLeO.033), with time for sustained loading are 

shown in Fig. 8.10. 

The test pier showed increase in the load transfer when the pier 

was subjected to a sustained loading. The portion of the load transfer-

red to the base was found to increase with time (See Fig. 8.10 and Table 

8.3). The test result showed an average increase in base load of about 

3.0 % of applied load, Qa, during the course of the sustained loading. 

8.4.2 Concrete Pier 

The increase in load transfer to the base of the concrete pier, 

CW-CL(0.025), is shown in Fig. 8.11. About 4.5 % of the total applied 

load, Qa = 20.0 kN (4,500.0 lb), was transferred to the base immediately 

after the load applied. The load supported by end-bearing increased with 

time when the applied load was maintained constant (Fig. 8.11). About 

14.0 % of the total applied load was found to have been transferred to 

the base at the end of 200 days. 



TABLE 8.3 SUMMARY OF LOAD TRANSFER DATA FOR CONVENTIONAL STEEL MODEL PIER, 

SP-CL(O.033), SOCKETED IN PSEUDO-ROCK. 

Applied Load 

Qa 

% Load Transferred to the Base 

(Qb/Q
a

) x 100 Difference Average 

(kN) 

2.22 

4.45 

5.34* 

0.4 

0.8 

1.0 

* = Elastic Loading Range 

QE Elastic Limit Load 

Qb Base Load 

Short-Term Long-Term 

5.0 8.0 3.0 

10.0 12.1 2.1 2.9 

11.3 14.9 3.6 
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CHAPTER 9 

LONG-TERM TESTS ON GROOVED MODEL PIERS 

9.1 GENERAL 

A total of three grooved concrete model piers, D = 76.2 mm (3.0 

in) and Ls = 152.4 mm (6.0 in), were tested under long-term conditions. 

These piers had different values of shaft roughness and were cast in 

weak rock. One pier had a load cell at the base, CW-CL(0.303) , so that 

end-bearing resistance was measured and the other two had a void at 

their base, CW-SL(O.OSI) and CW-SL(0.303). 

The load test results are presented and discussed in the follow­

ing sections. 

9.2 TIME-DISPLACEMENT BEHAVIOUR 

The load-displacement-time behaviours for the model piers are 

shown in Figs. 9.1 to 9.3. A 15 minute loading increment was used for 

all grooved socketed piers up to the sustained working loads. The time­

displacement behaviours of the test piers under the sustained loading 

conditions are shown in Figs. 9.4 to 9.9. 

The time-displacement behaviour as presented in Figs. 9.4 to 9.6 

show the typical response of the model piers subjected to sustained load­

ing. Most of the settlement occurred during the first 30 days. 
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The reuslts showed that the grooved pier with shaft resistance 

only, CW-SL(0.303) , had a higher creep rate, 0.292 mm (0.0115 in) per 

log cycle of time, (Fig. 9.8) than the pier with combined shaft and end­

bearing resistance, CW-CL(0.303) , 0.208 mm (0.0082 in) per log cycle of 

time (Fig. 9.9). 

Displacements of model pier, CW-SL(0.081), was measured at the 

top as well as the base of the pier (See Fig. 5.7). As expected, the 

rate of creep was found to be different at the top and at the base of 

pier (0.1 mm (0.0039 in) vs 0.056 mm (0.0022 in) per log cycle of time). 

The secondary creep rate, Crs , for all concrete model piers 

tested were found to be lie within a very narrow range and averaged 

0.033 mm (0.0013) per log cycle of time (Table 9.1). It should be 

pointed out that the stress levels, the socket geometry and the compres­

sive strength of weak rock for the piers in Table 9.1 were all different. 

The creep rate for these piers are, therefore, not discussed at this 

time. A detailed discussion on the creep rate is included in section 

9.4. 

Long-term one-dimensional consolidation tests were perfomed on 

61.98 mm (2.44 in) diameter x 27.94 mm (1.1 in) high shale samples at a 

vertical stress of 67.9 kPa (468.14 psi) which was approximately equal 

to one-half the average undrained strength of shale. It is interesting 

to note that the average primary creep rate, 0.034 mm (0.00134 in) per 

log cycle of time, observed in one-dimensional consolidation test (Fig. 

9.10) was very close to the average secondary creep rate, 0.033 mm 



TABLE 9.1 SUMMARY OF CREEP RATE FOR CONCRETE MODEL PIERS IN WEAK ROCK. 

Socket 

Type 

Conventional 

Grooved 

Test Pier 

CW-SL(0.025) 

CW-CL(0.025) 

CW-SL(0.081) 

CW-SL(0.303) 

CW-CL(0.303) 

QE = Elastic Limit Load 

Applied 

Load 

Qa 

CkN) 

20.0 

20.0 

31. J 

62.3 

62.3 

Qa/ 
Rate of Creep 

(mm/log cycle of time) QE 

Primary Secondary 

Cr Crs 

(%) 

100.0 0.145 0.031 

85.0 0.094 0.032 

111.2 0.100 0.031 

141.0 0.292 0.032 

125.2 0.208 0.039 

Time to End of 

Primary Creep 

tp 

(Days) 

120 

130 

100 

60 

66 

>-' 
N 
o 
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(0.013 in), observed in the model socketed piers in weak rock (Table 

9.1). 

9.3 LOAD TRANSFER TO THE BASE 

The time versus load transfer data for the grooved pier with 

combined shaft and end-bearing resistance, CW-CL(0.303), tested using 

the long-term test is shown in Fig. 9.11. 

Figure 9.11 shows that only 0.3 % of the total applied load was 

transferred to the base immediately after the application of the load 

62.4 kN (14,000.0 lb). This value of 0.3 % is significantly less than 

the value estimated from elastic solutions proposed by Donald et ala 

(1980) and Pells and Turner (1979). 

Figure 9.11 also shows that the load transfer gradually increased 

with time for the first 100 days. The rate of change was steadly de-

creasing and reached almost a steady-state at around 160 days. The load 

transferred to the base at this point was found to be about 6.8 % of the 

applied load of 62.4 kN (14,000.0 lb). This value of 6.8 % is below the 

value of 20.0 % as estimated by the elastic solutions (Donald et ala 

1980; Pells and Turner 1979). This discrepancy may be due to difficul-

ties with the base load measuring system. 

In order to compare the conventional and grooved piers, the base 

load, Qb as a percentage of the applied load, Qa has been plotted , , 

against the log time (Fig. 9.12). Figure 9.12 shows that the base load 

transfer at the end of 200 days was larger for the conventional pier 
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(14.8 %) than for the grooved piers (6.8 %). This data suggests that 

creep along the pier-rock interface is greater for conventional (smooth) 

piers than for grooved (rough) piers. 

9.4 COMPARISON OF CONVENTIONAL AND GROOVED PIERS 

9.4.1 Time-Displacement Behaviour 

In order to compare the behaviour of conventional and grooved 

piers, the normalized displacements are plotted against the log time in 

Figs. 9.13 and 9.14. 

Normalized displacement, SN, has been defined as: 

(9.1) 

where Es is secant Young's modulus of weak rock, 

rs is radius of socket, 

Qa is applied load, and 

S is measured displacement. 

Based on the normalized displacement, SN, the results indicate 

that the initjal displacement as well as the rate of creep are dependent 

on the relatLve roughness of the interface as measured by Roughness 

Factor (RF). The initial displacement and the creep rate increased with 

decreasing Roughness Factor (RF). These results are summarized in Table 

9.2 and show that the relative roughness of the pier-rock interface has 

a significant influence on the long-term displacement behaviour of rock 
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TABLE 9.2 COMPARISON OF ROUGHNESS FACTOR (RF) WITH RATE OF CREEP BASED ON NORMALIZED 

DISPLACEMENT, SN. 

Pier Type 

Conventional 

Grooved 

Pier 
Material 

Concret 

Concret 

Concrete 

Concrete 

Concrete 

S ; Shaft Resistance Only 

RF 

0.025 

0.025 

0.081 

0.303 

0.303 

Support 
Condition 

S 

C 

S 

S 

C 

C = Combined Shaft ans End-Bearing Resistance 

Applied 
Load 

Qa 
(kN) 

20.0 

20.0 

31.1 

62.3 

62.3 

Rate of Creep 
based on SN 

Primary Secondary 

0.116 0.033 

0.094 0.025 

0.064 0.012 

0.058 0.008 

0.061 0.010 
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socketed pier foundations. 

9.4.2 Transition to Secondary Creep 

The results of the tests on the concrete model piers indicated 

that the rate of creep decreased significantly after a certain period 

of time. The time required to reach secondary creep was found to be 

strongly influenced by the shaft roughness. It can be seen from Figs. 

9.13 and 9.14, that the time to secondary creep increased as the rough­

ness factor decreased (Table 9.2). 

This behaviour is comparable to the primary creep behaviour of 

short-bored piles in typical London clay soils reported by Green (1961). 

He observed that the end of the primary creep occured after 90 days and 

practically no movement was observed after 3 years. 

Based on the present results, correlations between the Roughness 

Factor (RF) and time for the end of primary creep have been developed 

and plotted (Fig. 9.15). 

It appears, therefore, that the relative roughness of the pier­

rock interface has a significant influence on the time to the end of the 

primary creep behaviour of rock socketed pier foundations. 

9.5 COMPARISON WITH FULL-SCALE AND SMALL-SCALE PIERS 

The creep rate for the model piers tested are compared with the 

available published test data on full-scale and small-scale socketed 

piers in Table 9.3 and 9.4. The creep rate were calculated based on the 
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TABLE 9.4 COMPARISON OF CREEP RATE, Cr , FOR GROOVED PIERS. 
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author's interpretation of published time-displacement data. 

It can be seen from these comparisons that creep rate for the 

full-scale and small-scale piers vary widely. It is believed that this 

variation may be primarily due to the difference in the loading condi­

tions which may be expressed in terms of the ratio Qa/QE (where Qa is 

the applied load and QE is the elastic load limit of the test pier), 

compressive strength of the weak rock, shaft roughness and time dur­

ations, t, employed for various tests (Table 9.3 and 9.4). 

It should also be pointed out that the creep rate calculations 

on data by others were based on short duration tests and may not accu­

ate1y reflect the true long-term behaviour. 

It can be seen from Table 8.1, that the rate of creep increased 

with the increase in ratio Qa/QE. This dependence of creep on the 

applied stress has been reported by Al-Shaikh-Ali and Davis (1975) and 

Wooley and Reese (1974). Normalized creep rate, Crn, has, therefore, 

been used in this study which is defined as: 

(9.2) 

where QE is load at linear elastic limit, 

Qa is applied load, and 

Cr is measured creep rate. 



134 

The values of Crn for the model socketed pier tests of the pre­

sent study are given in Tables 9.3 and 9.4. The rate of creep data for 

the full-scale and small-scale tests reported in literature have been 

similarly treated and included in the Tables 9.3 and 9.4 for comparison. 

9.6 COMPARISON OF SHORT-TERM AND LONG-TERM SETTLEMENTS 

The results of the tests on the model socketed piers of the pre­

sent study indicated that the settlement is significantly influenced by 

the relative roughness of pier-rock interface. The average ratio of 

long-term and short-term settlements was found to be about 3.3 for con­

ventional socketed piers and 2.3 for grooved socketed piers. A summary 

of these short-term and long-term settlements are given in Table 9.5. 

It can be seen from Table 9.5, that the ratio of long-term and 

short-term settlements of grooved piers was smaller than for conventional 

piers. This trend is believed to be due to the fact that while conven­

tional piers derive the load capacity primarily through the bond and 

friction between the piers and the surrounding weak rock, the load ca­

pacity of the grooved piers is mainly due to shear strength of the weak 

rock material. The grooved piers, therefore, have larger resistance to 

settlements. 

Similar trend regarding the increase in settlement due to sus­

tained loading was reported for friction piles in clay soil, where the 

long-term and short-term settlements observed to be arround 2.8. For 

clays, the increase in the total settlement may be largely due to the 



TABLE 9.5 COMPARISON OF SHORT-TERM AND LONG-TERM SETTLEMENTS. 

Observed Settlement Normalized Settlement 

Test Pier (% of D) 

~f ** SL/ 
~c ** S Short-Term Long-Term Short-Term Long-Term Ln/S S 

S SL 
s S SLn 

sn 
s sn 

CW-SL(0.025) 0.19 0.61 3.21 0.120 0.385 3.21 

CW-CL(0.025) 0.11 0.38 3.45 0.081 0.281 3.45 

CW-SL(0.081) 0.22 0.48 2.18 0.112 0.244 2.18 

CW-SL(0.303) 0.59 1.45 2.37 0.093 0.220 2.37 

CW-CL(0.303) 0.42 0.97 2.26 0.088 0.198 2.26 

* Settlement measured 15 minute after applied design load 

** Settlement measured 200 days after applied design load 
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consolidation of the soil (Eide et al. 1961). 

The increase in total settlement due to sustained loading is 

generally believed to be due to the phenomenon called "load-shedding" 

(O'Neill and Reese 1970; Peck 1965; Wooley and Reese 1974). The "load-

shedding" is a mechanism by which a slow and gradual transfer of the 

load along the length of the piers takes place as the top of the piers 

is maintained constant. This load transfer, in general, induces more 

settlement. However, in-case of piers with combined shaft and end­

bearing resistance support, the load-shedding would also increase the 

base load which may in turn result in an increased settlement. 

The results of the present study indicate that for design pur­

pose, the long-term settlement for the conventional piers with relati­

vely smooth socket (RF = 0.025) can be as much as 4 times the short­

term settlement, whereas this ratio is less than 3 for piers with rough 

socket walls (RF ~ 0.081) (Table 9.5). 



CHAPTER 10 

ANALYSIS OF LONG-TERM (CREEP) SETTLEMENT IN SOCKETED PIERS 

10. 1 GENERAL 

Weak rock is not an ideal elastic material and may experience 

creep even at normal working loads (Qa ~ Qu/2). Field test on full and 

small-scale socketed piers indicated that the time-dependent deformation 

may be significant (AI-Shaikh-Ali 1977; AI-Shaikh-Ali and Davis 1975; 

Cole and Stroud 1977; Horvath 1982). 

Booker and Poulos (1976) have presented an analytical method for 

predicting the long-term settlement of pile foundations in clay based on 

viscoelastic behaviour. This method has been adapted to the problem of 

long-term behaviour of socketed piers in weak rock. An outline of the 

method proposed by Booker and Poulos is given in section 10.2 and the 

suggested method for the estimating for weak rock in section 10.4. 

10.2 VISCOELASTIC ANALYSIS FOR CREEP IN PILE FOUNDATIONS 

A linear viscoelastic model for soil can be obtained by consider-

ing the spring and dashpot system given in Fig. 10.1. The stress-strain 

law for this model can be expressed by the differential equation: 

(10.1 ) + 
• 
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and Poulos 1976). 
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where E1 , E3 is spring stiffnesses for viscoelastic model, 

0 is uniaxial stress, 

£ is uniaxial strain, and 

112 is dashpot viscosity. 

Under condition of constant stress, 00, the strain as a function of time, 

is given by Booker and Poulos as: 

(10.2) £(t) 00 J(t) 

where the creep function, J(t), is given by 

1 1 E1 t 

(10.3) J(t) + { 1 - exp( ___ )} 

T)2 

and is of form 

(10.4) J(t) 

In addition they proposed a creep function of the form 

(10.5) J(t) A + B log (1 + at) 

for soils that appear to creep indefinitely, where A, B and a are exp-

perimentaly define parameters. 

Booker and Poulos indicated how the application of a Laplace 

transform converts a viscoelastic problem to an equivalent elastic pro-

blem. If it is possible to find an explicit solution of this trans-
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form, the solution of the viscoelastic problem may be found by inversion 

of the Laplace transform, via the correspondence principle. They solved 

the pile problem (Fig. 10.2) using the method of influence coefficients 

or Boundary Element Method in Laplace transform space. They then invert 

the solution into real time to obtain engineering quantities of interest. 

Booker and Poulos proposed solutions for the soil model in Fig. 

10.1. The creep function for the soil is given by equation 10.5. 

For a creep function of the general form of equation 10.4. 

Booker and Poulos stated that "larger settlements occur for the more com-

pressible piles (smaller Ec/Eo)' but the rate of increase of settlement 

with time does not appear to be sensitive to Ec/Eo. The proportion of 

load transferred to the base increase as Ec/E increase, and that for a 
o 

given Ec/E o' this proportion increases with time, i,e., a gradual trans-

fer of load occurs from the shaft to the base due to creep." Where Ec 

is Young's modulus of concrete and Eo is the instantaneous Young's modu-

Ius of soil. 

When the creep function was taken to be of the form of equation 

10.5, Booker and Poulos noted that "the settlement of a pile in such a 

soil increases indefinitely while the proportion of base load and the 

stress distribution along the pile asymptotes to that for a rigid pile 

in an elastic soil." 

Furthermore it was observed that the total settlement, Set), at 

any time, t, of the pile in such a soil can be simply written as: 
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(10.6) Set) I J(t) 

d 

where Qa is applied load, 

d is pile diameter, and 

I is settlement influence factor for rigid pile in elastic soil 

(See Mattes 1969; Mattes and Poulos 1969). 

"Because, with the soil model considered here, the settlement eventually 

increases linearly with log time, it is useful to characterize the creep 

settlement behaviour by the logarithmic creep settlement rate, Cr i.e., , 

the slope of the settlement versus (natural) log time relationship." 

From equations 10.5 and 10.6 

dS Qa I B 

d(log t) d 

Equations 10.6 and 10.7 can be used to estimate the time-

dependent settlements. The parameters in the equations can be deter-

mined from tests. Booker and Poulos suggest the following procedure for 

determining the parameters, A, B and a: 

1) The Parameter "AI! maybe determined as: 

1 

(10.8) A 

E' 

where E' is drained Young's modulus. 
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2) The parameter "B" can be determined from the logarithmic 

creep rate obtained from field test on the pile using equa-

tion 10.9. 

(10.9) B 

Q I a 

3) The parameter "a" may be estimated with sufficient accuracy 

as: 

1 

(10.10) a 

where ta is the time obtained by extrapolating the linear 

portion of the settlement versus log time curve back to the 

horizontal line representing the sum of the immediate and 

consolidation settlements. 

10.3 ADAPT ION OF VISCOELASTIC ANALYSIS TO CREEP IN SOCKETED PIERS 

The observed settlement versus log time curves were found to be 

linear for the model test piers (Figs. 10.3 to 10.7), an attempt is, 

therefore, made here to apply the results of the logarithmic creep func-

tion to long-term behaviour of socketed piers in weak rock. 

The following important aspects were taken into account: 

The calculation of parameters A, B and a for this case was done 

as follows. 
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1 
(10.11) A 

where Er is the Young's modulus for weak rock back calculated 

from the pier load test as per Pells and Turner (1979). 

Cr D 
(10.12) B 
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as in equation 10.9 but the settlement influence factor, Is, as 

given by Pells and Turner (1979) was used (Figs. 10.8 and 10.9). 

1 

(10.13) a 

was calculated for each pier from the settlement versus log time 

plots as in equation 10.10. 

Table 10.1 summarizes the value of creep parameters determined 

for each test pier. Settlement were calculated for each test pier using 

equation 10.6 

It can be seen that the predicted settlement-log time curves 

(Figs. 10.3 to 10.7), are above but approximately parallel to the obser­

ved values. In addition the test piers show a secondary creep curve 

which is not predicted by equation 10.5. 

The following modifications were introduced to adjust the pre­

dicted settlements to the observed values. Modified creep function, 
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TABLE 10.1 SUMMARY OF CREEP FUNCTION, Jet), PARAMETERS FOR TEST PIERS IN QUEENSTON 

SHALE. 

D \alllOur Llnr;th 
Creep function Paramlter 

Factor R.ference. 
LaiD EC/E r 

J. B do. 
Pier No, D La Ec Er 

( ... 2/1d~) 
n 

( .... ) ('''ft ) (CPa) (~Pa ) (JI.2/lcN) ( I.'t) 

CW.SL( 0, 02~} 76,2 152 ,~ 2,0 )1,9 879 )6, ) 1.1)7?xI0·6 2,455)xlO·6 1.0 2,50 Thi. Study 

CW-CL(O,025) 76,2 152, ~ 2,0 )1,9 157) 20,) 6.J570xI0·? 1.7470xlO·6 1.0 2.)5 TId. Study 

CW.SL( 0, 0111) 76,2 152.4 2,0 )1.9 1116 28.€- 8.9610xI0·7 1.0890X10·6 1.0 I,B5 Th\. Study 

CW.SL( 0, )0) 76,2 152,4 2,0 JI,9 8)0 )8,4 1,2048xI0·6 1,587Jx10·6 J.) 1,70 Thll Study 

CW-CL( 0, )0) 76,2 152,4 2,0 )1,9 BOO 39,8 1.2500xI0·6 I,JJ90x10·6 1,0 1,62 Thi. Study 

P2(O,025} 710 1)70 1,9 41,4 290 146.9 J.448Jxl0·6 1.68410x I 0·6 2.5 2,4) Horvath (19~2) 

P4( 0, OBI} 710 137O 1.9 41.4 )10 I 3J. 5 J.2258xI0·6 4.4J200xIO·7 1.0 1,70 Horvath (1982) 

Ee • Concrete Pi.r Youn.·, Modulul 

Er . SacK·Calculatld Rock Younr;" Modulu. 
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J(t)*, is given by: 

(10.14) nA + B log (1 + at) 

and the settlement time relationship is given by: 

Qa 
(10.15) Set) for t < tp 

D 

It may be point out that the settlement- log time behaviour of 

socketed piers is composed of two parts: primary and secondary. Figures 

(10.3 to 10.7) indicate that secondary creep rate is significantly lower 

than the primary creep rate. Disregarding this break in the settlement-

log time curve would, therefore, lead to a gross overestimation of the 

prediction of long-term settlements. The average secondary creep rate 

for Queenston Shale has been found to be 0.033 mm (0.0013 in) per log 

cycle of time (Table 9.1), while primary creep rate varies between 0.1 

mm (0.0039 in) per log cycle of time to 0.292 mm (0.0115 in) per log 

cycle of time. The following equation is now proposed to take this into 

account: 

(10.16) Set) Is J(t)* + 0.033 (log t 

D 

for t > tp 

where tp is the time of termination of primary creep in days. For test 

piers of the study tp is given in Table 9.1. 

The factor, n, introduced in equation 10.14 is found to vary 

between 1.62 to 2.50 and is given in Table 10.1. The factor, n, appeared 



153 

to be a function of the Roughness Factor CRF) and is plotted against RF 

in Fig. 10.10. 

To conclude, from the results of model test, the creep function 

parameters A, B and a were calculated from test data. It was found that 

test results could be reasonably predicted using equations 10.15 and 

10.16. 

10.4 SUGGESTED METHOD FOR ESTIMATING LONG-TERM SETTLEMENTS IN SOCKETED 

PIERS 

Data from a variety of field and laboratory test may be used to 

provide useful informations of long-term settlements in the field. 

Since socketed piers are constructed in different types of weak rock, 

the creep rate is affected by many factors, the most important of which 

are stress level, pier-rock interface and rock material properties. In 

order to account for these variation of properties, creep rates deter-

mined from published data as well as model test were normalized as per 

equation 9.2. This normalized creep rate, Crn , is plotted as a function 

of the compressive strength of weak rock in Fig. 10.11 and Table 9.3 and 

9.4 

The following method is suggested for estimating long-term set-

tlement of weak rock in practice. 

1) Determine the Young's modulus of weak rock, Er back figured , 

from pier load test as per Pells and Turner (1979). The 

value of "A" can be calculated using equation 10.11. 
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1 
A 

2) Dependant on the compressive strength of weak rock, a normal­

ized creep rate, Crn, is obtained from Fig. 10.11. Calculate 

"B" using Crn in equation 10.12, the parameter "B" is, there­

fore, calculated as per the following relation: 

Crn D 

(10.17) B 

3) The value of parameter '~" may be determined from the settle­

ment versus log time curves as: 

1 

The model tests of present study indicated that for the weak 

rock (Queenston Shale), the value of a can be taken as 1.0 

(Table lO.l). 

4) The factor, n, for use in equation 10.14 can be estimated 

from Fig. 10.10. Roughness Factor CRF) can be calculated by 

equation 2.1 as per Horvath (1982). 

I::.r 

RF x 



5) The time for the completion of the primary creep, t p , for 

piers in weak rock maybe estimated from Fig. 9.15. 

157 

6) The modified creep function, J(t)*, may then be calculated 

using equation 10.14 and the calculated values of parameters, 

A, B and a and factor, n, and time, t. 

nA + B log (1 + at) 

7) The estimated total settlement, Set), may then be determined 

using equations 10.15 and 10.16 using the socket pier settle­

ment influence factor, Is, as per Pells and Turner (1979). 

Set) for t < tp 

Set) Is J(t)* + 0.033(10g t - log t p ) 

D 

for t > tp 



CHAPTER 11 

CONCLUSIONS 

11.1 GENERAL 

This study was undertaken to obtain a better understanding of 

the long-term behaviour of drilled piers socketed in weak rock. The 

results of this study clearly indicate that for short-term and long-

term conditions, the performance of grooved socketed piers are better 

than that of conventional socketed piers. 

11.2 LONG-TERM TEST 

11.2.1 Settlement Behaviour 

The settlement performance of the grooved socketed piers was 

found to be superior to that exhibited by the conventional socketed 

piers. Based on normalized settlement, Sn the total settlement (200 , 

days) of conventional concrete piers (RF = 0.025) was about 1.5 times 

the settlement for the grooved socketed piers (RF = 0.303) (Figs. 9.13 

and 9.14). 

The ratio of the long-term and short-term settlement was found 

to be about 3.3 and 2.3 for the conventional (RF = 0.025) and grooved 

(RF = 0.303) socketed piers respectively (Table 9.4). 

The present study indicates that although satisfactory from the 

load point of view, the design method based on short-term load test may 

158 
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not be satisfactory from the settlement point view. 

11.2.2 Rate of Creep 

Primary and secondary creep rate was observed for the concrete 

model piers. These creep rates were found to largely depend on the 

stress level, the compressive strength of weak rock and the roughness 

of the pier-rock interface. Based on normalized displacement, Sn, the 

initial displacement and the creep rate for piers were found to increase 

with decreasing roughness of socket wall CTable 9.1 and Figs. 9.13 and 

9.14). 

Test on the concrete model piers showed that the rate of creep 

decreased after a certain period of time. The time for the transition 

from primary to secondary creep was found to be greater for piers with 

lower roughness of the pier-rock interface CTable 9.1). 

11.2.3 Load Transfer Behaviour 

Both the steel and the concrete model piers exhibited load-

redistribution effect under sustained loading. Tests on steel model 

pier, SP-CLCO.033), showed that the magnitude of the load transferred to 

the base increased with time. The average increase in base load due to 

load-redistribution effect was found to be around 3.0 % of applied load, 

Qa for up to the elastic loading range CQa = QE) (Table 8.3). , 

For steel model pier, SP-CL(0.033) , the measured value of load 

transferred to the base were found to be reasonably agreement with the 
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values obtained using the elastic analysis. As pointed out earlier, the 

discrepancies observed between the measured value and the estimated 

values from the elastic analysis in case of concrete piers are believed 

to be due to the lower sensitivity of the load measuring system with 

flat jack load cells. However, the qualitative comparison of the values 

confirm that percent load transfer to the base is greater for conven-

tional pier than for grooved pier (Fig. 9.12). 

11.3 ESTIMATING LONG-TERM BEHAVIOUR OF SOCKET PIER 

The settlements calculated using the Booker and Poulos (1976) 

method for piles in clay soils were compared with those obtained for the 

concrete model socketed piers in weak rock. The Young's modulus of rock, 

Er and settlement influence factor, Is for the socket pier (Pells and , , 

Turner 1979) were used in the calculations. The predicted values were 

found to be in all cases smaller than those observed values (Figs. 10.3 

to 10.7). The original Booker and Poulos method was, therefore, modi-

fied. The suggested method for the estimation of the long-term settle-

ment of socket pier is given in section 10.4. 

11.4 SHORT-TERM TEST 

The major conclusions obtained from short-term tests on model 

piers are given below: 

11.4.1 Shaft Resistance 

The value of the shaft resistance at failure, q f for the gro­s , 
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oved piers was found to be about 3 times the value of the shaft 

resistance compared to the conventional piers (Table 6.4). The shaft 

resistance to failure occured at the displacement of 0.29 % of pier di­

ameter for concrete conventional pier and 0.85 % of pier diameter for 

grooved pier (Table 6.4). 

11.4.2 Load Transfer 

The load transfer data for the model steel pier were found to 

agree with the elastic analysis (Table 7.2). However, the system used 

for the measurement of base load in case of concrete model piers did not 

function as anticipated. The test results for the concrete piers were 

found to be not in agreement with the values estimated using the elastic 

analysis. 



CHAPTER 12 

RECOMMENDATIONS 

The present study indicates that additional studies should be 

carried out in order to obtain further understanding of socket pier 

behaviour under long-term loading condition. The possible research 

areas are briefly outlined in the following sections. 

12.1 TIME-DISPLACEMENT 

Time-settlement behaviour of full-scale socket piers should be 

studied using long-term field loading tests. The results obtained from 

full-scale tests could then be compared with the available published 

results. Creep parameters obtained from this model study and the analy­

tical methods proposed in this study for predicting long-term behaviour 

could be verified. 

12.2 LOAD DISTRIBUTION AND LOAD TRANSFER 

The long-term behaviour of load distribution along the pier shaft 

and load transfer to the base of the pier should be studied further both 

for model and full-scale socket piers. 

12.3 ROUGHNESS OF PIER-ROCK INTERFACE 

Further study should investigate the effects of roughness of 

pier-rock interface on the long-term behaviour of socket piers. Also, 
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at a given Roughness Factor (RF), the effects of shape of grooves should 

be examined. 

12.4 RADIAL STRESS 

Grooved socket piers may induce a large amount of radial stress. 

It is, therefore, be of interest to study the distribution of the radial 

stress affected by the loading conditions, grooves and roughness of pier-

rock interface. 

12.5 MEASURING DEVICES 

Experience gained in the present research show that the load 

measuring system used, comprising of flat jack load cells and pressure 

gauges, were not sensitive enough for the small-scale model tests. The 

load measurements were found to be affected by the room temperature. 

Further studies are, therefore, suggested to improve load measur-

ing technique or to modify the existing ones for use in the long-term 

testing of socket piers. 

12.6 FACTOR, n, AND NORMALIZED CREEP RATE, Crn • 

The relationships for factor, n, (Fig. 10.10) and normalized 

creep rate, Crn (Fig. 10.11) presented in this report are based on a , 

very limited amount of data. Further study is suggested to better de-

fine these parameters for successful application to the actual design 

problems. 
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A.1 PSEUDO-ROCK 

The pseudo-rock was mixed in single batches. Twelve standard 

control cylinders, 152.4 mm (6.0 in) in diameter and 304.8 mm (12.0 in) 

in hight, were cast and tested to determine the compressive strength and 

the rate of strength gains with time. The compressometer and four elec-

trical resistance strain gauges were used to measured the axial and cir-

cumferential displacements of pseudo-rock concrete cylinders during the 

uniaxial compression tests. 

o 
All standard control cylinder were cured in a curing room at 23 C 

and 100 % relative humidity. Three such cylinders were, however, taken 

out from the curing room and kept in laboratory near the set up when the 

model tests were started. These cylinders were stored as long as the 

model tests with steel piers were run and were then tested for compres-

sive strength tests as usual. 

The rate of strength gains for the pseudo-rock concrete is shown 

in Fig. A-I. 
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Fig. A-l Compressive strength versus pseudo-rock age relationship. 
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B.1 QUElliSTON SHALE 

The Queenston Shale of Southern Ontario is red in colour, argil­

laceous and arenaceous. These sedimentary shales were formed during the 

upper Ordovician age. The Queenston Shale samples for the present in­

vestigation were obtained from the National Sewer Pipe Quarry in Burling­

ton, Ontario. The thickness of the shale formation in the surrounding 

area has been reported to be around 180.0 m (590.6 ft) (Guillet 1977). 

The Queenston Shale samples were found to have thin beds of lime 

rich calcareous shale. These thin beds were found to be green in colour 

and were 10 mm - 150 mm (0.4 in - 5.9 in) in thickness. The green cal­

careous shale were found to be much hader than Queenston Shale and were 

thus, less affected by the weathering actions. The samples were col­

lected in such a way that the green beds could be removed and the test 

for the present research were conducted on the red Queenston Shale only. 

The Queenston Shale is reported to be fairly uniform in chemical 

and mineral compositions. The mineralogical composition of this shale 

as per Guillet (1977) is given in Table B-1. 
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TABLE B-1 MINERAL ANALYSES ON QUEENSTON SHALE 

(AFTER GUILLET 1977) 

Non-Clay Minerals Clay Minerals 

Name % Retain Name Index 

Quartz 26.0 Illite A 

Calcite 11.0 Chlorite B 

Dolomite 1.8 Expanding * 
Minerals D 

Feldsper 1.3 

-l:- Vermiculite 

A Abundant B Moderate D Trace 
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TABLE C-l TYPICAL PROPERTIES OF V-3 GROUT SUGGESTED BY 

MANUFACTURER, 

PROPERTIES (typical for pourable consistency) 

PROPERTY 

Comprs .. l.e Strength' (ASTM 
C 109 lOT) 
cl;:tp..,pd TlfTllJ 24 hours 

3 (jays 
7 days 

28 (lays 
91~ days 

Controlled Expansion 
(unrpstralned) 

Controlled Internal Pressure 
Development 

Tensile Strength 
(after 28 days) 

Pull Out Resistance 
,-- re-bar grouted to 4 7"' depth 
314-- re-bar grouted to 4" depth 

Flow Index 
(10 drops) 

Initial Set Time 
(Lahoratory Tesls) 

Final Set Time 
ILaboralory Tesls) 

V-I GROUT 

psi (MPa) 
5800 40 
8700 60 

10500 70 
12000 BO 
12000 BO 

10% 

(dPproX) 

1 0 P5117 Kpa) 
(dPproX) 
------~----

625 PSI (43 MPa) 

27200 pSI 
(12300 Kg) 

125 

3h 

4h 

V-3 GROUT 

PSt (MPa) 
4~>OO JO 
6:,00 4S 
moo 50 
900(J 50 
9000 60 

-----
04% 

(approx) 

05 pSI (3 5 Kpa) 
(approx ) 

540 PSI (3 7 MPa) 

20800 PSI 
(9400 Kg) 

115 

4h 

fih 

• Plasl(c mixes up to 10% higher Damp pack up 10 20% h(gher 
Chemical AnalysIs No metalliC elements_ 

No evidence of corrosives 

Dynamic LoadIng Increase of 5% In compressive 
strength to 10 million load plays 

FreezefThaw Resistance DenSity of V-' and V-3 grouts 
allows little water absorptIOn resulting in only slight sur­
face scaling after 180 cycles from -60°F to 40°F (-51°C to 
4°C) 
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