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Abstract 

Screw piles have been used widely in engineering applications. They can be 

used to provide structural stability against axial compression, uplift, overturning, 

and iateral forces. The complexity of Alberta soil, due to past glaciation history, 

creates uncertainties in adapting many of the design methods proposed by 

previous studies. Therefore. to properly understand the axial load-carrying 

behavior of multi-helix screw piles installed in the Alberta soil, a field testing 

program was carried out. Eighteen pile load tests including axial compression. 

axial tension and lateral pile load tests were performed on full-scale multi-helix 

screw piles at the University Farm site (cohesive soil) and the Sand Pit site 

(cohesionless soil). Thirteen pile load tests were conducted using fully 

instrurnented research piles and the remaining five pile load tests were carried 

out using regular non-instrumented production piles. The pile load test results 

and the field measurements provided a detailed understanding of the screw pile 

axial loading behavior in compression and tension. 

. Capacity predictions using both direct and indirect methods were performed 

and the prediction results were compared to the field experiment results. At the 

end, recomrnendations and guidance are provided in order to aid in predicting 

the load carrying capacity of screw piles installed in typical soils of Alberta. 
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CHAPTER 1 INTRODUCTIO N 

1 .l SCREW PILE (ANCHOR) - GENERAL 

Helical piles, also known as screw piles, have been used in various 

engineering applications for decades. In particular, screw piles are selected 

for resisting large uplifling forces associated with transmission towers, guyed 

towers, utility poles, aircraf? moorings, and submerged pipelines. They can 

also provide structural support for excavations, tunnels. and hydraulic 

structures. Screw piles are prirnarily designed and constructed for anchoring 

purposes, hence, they are commonly known as "screw anchors". For this 

thesis, the term screw pile will be used. 

In Alberta, screw piles have been widely used in foundation applications to 

resist axial compression. tension and lateral loads associated with drill rigs 

used in hydrocarbon exploration. They have also been used as foundation 

support for purnp jacks, pipelines, and light structures that are subjetted to 

large wind loads. A review of the literature shows that past research has 

focused on predicting the uplift capacity of screw piles and that limited 

research has been carried out on pretiicting the pile capacity in compression 

and under lateral loading. In addition, the complexity and variability of Alberta 

sediments, due to its glacial history. creates uncertainties in predicting screw 

pile capacity in Alberta s o t  

With these problems in mind, the Department of Civil and Environmental 

Engineering of the University of Alberta. at the request of ALMITA 

Manufacturing LTD, conducted a field testing prograrn including axial 

compression, axial tension and lateral loading tests on full scale multi-helix 

screw piles installed in typical Alberta Soil. 



1.2 OBJECTIVE OF THE THESIS 

The objective of this full-scale field test program was to study the load 
transfer phenornena in compression, tension and lateral loading conditions for 

the purpose of developing a reliable design approach to assist in predicting 

the capacity of screw piles installed in typical local soils. The design method 

is supported by the interpretation of results from pile load tests, along with the 

results obtained from an in-situ test apparatus called the Downhole Cone 

Penetrometer test (DCPT). It is hoped that this thesis will achieve its 

objective of providing guidelines and recommendation for the design of the 

screw pile installed in Alberta. 

1.3 TEST PROGRAM 

A total of 18 full-scale pile load tests, were test-loaded to failure on two 

sites in the Edmonton area. The soi1 types were Lake Edmonton Clay at the 

University Farm site (cohesive material) and sand dunes at the Sand Pit site 

(cohesionless material). Ten tests including five compression tests, three 

tension tests and two lateral tests were conducted on the University Farm site in 

central Edmonton. In addition, eight tests, consisting of three compression, 

three pull out and two lateral pile load tests, were conducted at a Sand Pit site 

located at Bruderheim, northeast of Edmonton. 

1.4 ORGANIZATION OF THE THESIS 

This thesis is organized into a series of 8 chapters. After the introduction 

(Chapter l), Chapter 2 describes the literature reviews that has been 

undertaken on screw piles. Bradka (1997) provided a detailed survey, 

summarizing recent studies on screw piles. A condensed version of this work 

appears in Chapter 2. The design of the test program, including the test pile 

properties and design, its instrumentation, and data acquisition system 



selected, is highlighted in Chapter 3. Chapter 4 outlines the site 

investigation adopted in this program, and the results of the site 

characterization are summarized. Chapter 5 provides the documentation of 

the pile load test program. The design of the loading systern, as well as the 

test setup and procedure, are summarized. The results of the full-scale pile 

load tests and the analysis of these results are presented in Chapter 6. Test 

results obtained during the study, including the ultimate pile load capacities 

achieved, load-settlernent relationships, lateral test results and the axial 

stress distribution along the pile shaft under static load conditions. are 

documented. In addition, available design methods for predicting the loading 

capacity of the screw pile are investigated in Chapter 6. The conclusions 

drawn from the work carried out for this thesis are presented in Chapter 7. 

Based on the site investigation, pile load test results, and the capacity frorn 

the literature prediction. design recommendations are provided (see Chapter 

7) for future design of screw pile installed in Alberta soil. 

Appendix A includes information on calibration of the strain gauges, end 

load cell, and structural properties of the steel pipes used to manufacture the 

screw pile. Appendix B contains the original Cone Penetration test data 

collected on the University Farm site, the Sand Pit site and the Till site. 

Appendix C presents additional information obtained during the full-scale 

testing on the University Farm site, and the Sand Pit site. 

LIMITATIONS OF THE INVESTIGATION 

The level of detail and the examination of results from this extensive field 

test program was limited given the scope of a Master of Science thesis. 

Design, fabrication, calibration of the strain gages and load cells, as well as 

implementation of the instrumentation of the research piles used in the test 

program, were al1 cornpleted in approximately three months. The test piles 

were installed at the University Farm site at the end of November 1997. Only 



three sets of pile load tests could be performed between December 1997 to 

February 1998 because of the freezing temperature reigning at the site. The 

top soil, within an area of approximate ten pile diameters of the test pile, had 

to be thawed before testing. The heat supplied by burning coal ensured that 

soil to a depth of 2.0 m was sufficiently thawed prior to carrying out the tests. 

After spring 1998, testing resumed slowly whenever the weather perrnitted for 

testing. The field program was finished in late June 1998. A number of strain 

gauges were damaged because of the site conditions and the method used 

for thawing of the ground. 

1.6 Symbols and Definition 

Symbols used in the text are presented in the List of Symbols of this 

thesis. In general, the terms used herein are those recommended by the 

American Society of Civil Engineers or by the American Society for Testing 

and Materials (ASTM: D 653-64). All symbols used are not necessarily those 

used by their originator, however, they are defined wherever they first occur in 

the text. 



CHAPTER 2 SCREW PILE REVIEW 

2.1 INTRODUCTION 

The purpose of this chapter is to provide the background information 

regarding screw piles. A survey of the literature on the behavior of screw piles is 

presented. The topics reviewed are foundation design in compression, tension, 

screw pile design in tension, pile capacity prediction using direct method (Cone 

Penetration test), and geotechnical issues involved in designing screw pile 

foundations. There has been limited research carried out on predicting capacity 

of a screw pile in comptession, since most of the previous works concentwted on 

estimating the uplift capacity of the pile. In order to study the load carrying 

mechanism of a screw pile in compression loading, conventional theories 

available for obtaining the compression capacity of a deep foundation are 

reviewed here. These rnethods will provide a fundamental geotechnical 

framework for the design of a screw piie in compression. A design procedure 

can be recomrnended based on its confirmation by cornparing the predicted 

capacity using these direct or indirect rnethods to the field test data obtained from 

this study. 

Bradka (1997) provided a review on the pullout capacity of helical screw piles 

as a part of his Master of Engineering report. The historical background of screw 

piles provided an overview for this research program. Factors that affect the 

ultimate capacity of the screw pile including pile geometry, ground 

characteristics, installation procedure and depth of the pile embedment, were 

carefully examined. This chapter does not concentrate on these topics, but is 

focused mainly on design methods that are available for designing a screw pile. 

Therefore, a sumrnary of theories provided by current researchers on the design 

of screw pile in tension is presented. 



2.2 SCREW PILE AND ITS INSTALLATION 

A screw pile consists of a central steel shaft with one or multiple circular 

plates (helices) affixed to the main shaft. Figure 2.1 shows a sketch of a typical 

configuration for both single and multi-helix screw pile. There are a wide variety 

of shaft sizes available for design ranging from 89 to 200 mm diarneter shaft for 

axially loaded piles and up to 273 mm diameter shaft for laterally loaded 

applications (Hoyt and Clemence, 1985). The pitch and center to center spacing 

of the helices can be varied so that the upper helices will follow the lower one 

when advancing into the soil. The helix can be manufactured in single pitch, 

multi-variable pitch, and multi-equal pitch. They can be welded, riveted, or bolted 

to the steel shaft, and the helical blades can be knife edged to facilitate their 

installation and minimize disturbance to the soi1 during installation (Bradka, 

1 997). 

In Alberta, helical screw piles are typically installed to a shallow depth of less 

than 6.0 m. A typical set up for installing a screw pile is demonstrated in Figure 2.2. 

They are installed by applying an axial compressive force to the shaft while rotating 

it into the ground with a hydraulic torque head mounted on a boom. Fint. the pile is 

lifted and secured vertically inside of a detachable steel frame. The pile head is 

connected to the hydraulic torque head using steel shear pins (2 holes were pre-cut 

about 150 mm from the pile head allowing connection to the torque head). Then, 

the pile is lifted to the desire location and rotation commenced. The recommended 

rate of penetration should be equal to one pitch per revclution in order to avoid 

shearing of the soi1 (Bradka, 1997). The rate of penetration is typically monitored 

manually which required field experiences to control the installation rate. During 

the installation, a level is used to check and ensure that the piles are installed 

vertically as shown in Figure 2.3. 

Helical screw piles have many advantages. For example, the installation cost 

is relatively low, with a typical installation requiring only two people per crew. They 

are fast and easy to install. A 5 m pile installed into Lake Edmonton clay requires 



approximately 20 minutes. In addition. they can be easily transported, removed 

and reused; they allow immediate loading once installed; they can be installed 

under variable weather and site condition; and most irnportantly, relatively large 

capacity can be achieved using these screw piles. 

2.3 BEHAVIOR OF SINGLE PILE UNDER VERTICAL COMPRESSlVE 

LOADING 

The mechanism of load transfer from the deep foundation to the surrounding 

soi1 medium is cornplex. and to date, still not well understood by researchers. 

Methods available for designing deep foundations al1 contain a certain degree of 

empirical approximation. Thus, full scale load tests are still required to confirm 

the prediction of the pile capacity for most projects and to deterrnine the actual 

pile performance. Nevertheless, if a vertical pile is loaded with an axial 

compressive force in a homogeneous soil, the load is assumed to be carried 

partly by skin friction and partly through the pile bearing resistance as shown in 

Figure 2.4. The general development of pile capacity in soi1 mass is 

demonstrated in Figure 2.5. 00th cornponents depend on the properties of the 

soi1 and the characteristics and method of installing the pile. In general, most of 

the design theories proposed for estimating the ultimate pile capacity, Qc, consist 

of the basic cornponents: the end bearing load (or point resistance), Qb, and the 

shaft or skin friction load Qs. The general form for axially loaded single piles can 

be expressed as follow: 

Equation 2.1 

where 

Qc = the ultimate pile compression capacity 
Qb = end-bearing resistance of the displacernent pile 
Os = skin friction developed along the pile shaft 
q b  = the unit bearing capacity of pile point of area Ab 
f, = the average unit skin friction on shaft of area As 



2.3.4 Ultimate Pile Point Resistance 

Methods used to obtain the ultimate static pile point capacity are further 

extensions of the bearing capacity theory developed for shallow foundations. 

Major work done on shallow foundations by Terzaghi (1943), Skempton (1951) 

and Meyerhof (1968) have provided the framework for estimating the bearing 

capacity of a deep foundation. Nevertheless. methods proposed to obtain the 

ultimate bearing capacity by current researchers still incorporate many 

uncertainties. Bowles (1988) stated that Vesic (1973) tabulated 15 theoretical 

solutions since 1940, but there is no single method in current use that Vesic 

considered as a more outstanding method. The major reason is the high cost 

involved in performing full scale testing, which directed most of researchers to 

carry out model tests. Little experimental verification of the methods is available 

from prototype foundations. Consequently, all the bearing capacity theories 

proposed involve using empirical factors to take this scale effect into account. 

Despite al1 the uncertainties, some major theories proposed in the literature have 

demonstrated great success in foundation design when these methods are used 

with local experiences of foundation engineers. 

2.3.1.4 The Tenaghi Bearing Capacity Equation 

The most important contribution for analyzing the behavior of a shallow 

foundation using theory of plasticity was proposed by Terzaghi (1943). Terzaghi 

extended the Prandtle-Reissner theory to analyze strip footings placed on a level 

ground surface where foundation depth (H) is less than the minimum width (B) 

(see Figure 2.6). Terzaghi ignored the shear strength of the soi1 located above 

the depth of the excavation and assumed the shape of the lines Iimiting Zone II 

could be modeled as a logarithrnic spiral, and the stress conditions in Zone III 

corresponded best to Rankine's Passive state. In addition, Terzaghi also 

assumed that the shear strength was simultaneously mobilized along the entire 

failure surface. Based on these assumptions, Terzaghi obtained the following 



expression for the failure stress that could be transmitted by the foundation 

where the soi1 failed in accordance with Coulomb's law: 

Equation 2. 2 

where 

9~ = ultimate unit bearing capacity in compression 
c = unit cohesion of the soi1 
1' = unit weight of soi1 above water table or buoyant weight if below 

water table 
N,, N,, and N, = dimensionless bearing capacity factors 
Hf = depth of foundation to the bottom of the footing 
8 = breadth of the foundation 

As expressed in Equation 2.2, the first term of the bearing capacity equation 

relates to the cohesion of the soil. The second component takes into account the 

surcharge effect of the soi1 above the base of the foundation, and the third part 

takes into account the weight of the soi1 and the passive earth pressure block. 

The terms N,, IV,, and N, are the bearing capacity factor in Terzaghi's theory. 

Terzaghi indicated that these factors are used to characterize the bearing 

capacity of the soil, and they depend only on the cohesion cl and angle of 

interna1 friction, #, of the soil. To correct for the effect of the local shear failure, 

Terzaghi provided solution by empirically reducing the cohesion and the tangent 

of the angle of shearing resistance to 2/3 of their test value. In addition, Terzaghi 

also provided adjustment for square and circular foundations by applying shape 

correction factors. Terzaghi's bearing capacity equation was intended for 

'shallow" foundation. For deep foundations, Terzaghi extended the analysis for a 

surface footing plus the effect of shearing forces along the pile surface and on an 

outer cylindrical shear boundary CE as shown in Figure 2.7. The resulting 

equation for a circular base deep foundation can be expressed as: 



where 

Equation 2. 3 

D = diameter of a circular footing 

2.3.1.2 Skernpton and Meyerhof s Bearing Capacity Theory 

Skempton investigated a case where the foundation penetrates the bearing 

stratum in a purely cohesive soi1 based on the sarne frarnework set by Terzaghi. 

Terzaghi's approach does not take into account the depth, Hl to which the 

foundation penetrates the bearing stratum. He assumed that N, is only related to 

the cohesion of the soi1 and is independent of the excavation depth. However, 

cases where the foundation punches through the bearing stratum. the foundation 

will have a larger shear surface. which results in greater total effect of cohesion, 

and therefore, should result in a larger N, value. Skempton carried out 

experiments to quantify these ideas and found that N, increased with the depth of 

the footing. For the bearing capacity of cohesive soils. he proposed an 

expression similar to Terzaghi's. The difference is that here N, is not always 

5.14. but varies with the embedrnent relation (WB), where H is the depth at which 

the foundation is ernbedded in the firm stratum and B is the width of the 

foundation. The formula and coefficients can in principle be applied to shallow 

foundations and deep foundations in insensitive clay. 

Following Skempton's work on the bearing capacity factor N,, Meyerhof 

undertook a series of investigation on the bearing capacity factors that were 

proposed by Terzaghi's theory. Assumptions were made similar to those 

proposed by Terzaghi. In Meyerhofs model (see Figure 2.7). the solution 

considers correction factors for eccentricity, load inclination, foundation 

roughness and foundation depth. N,. N, and N, in the Meyerhof equation are 

now known as General Bearing Factors which depend upon depth and shape of 

the foundation as well as the roughness of the base and friction angle of the soil, 



4. At shallow depth, Meyerhofs unit bearing capacity, qc, is not greatly different 

from the Terzaghi value. The difference is more pronounced at larger 

embedment ratios. For deep foundations, Meyerhof extended the analysis of 

Prandtle-Reissner' theory for surface loading to the condition of deep foundations 

by employing the mode1 shown in Figure 2.7. The semi-empirical bearing 

capacity factors Nc and N, for round or square driven piles with 60" points are 

shown in Figure 2.8. 

In Meyerhof s model, the ultimate pile point resistance in homogeneous sand 

may be represented by: 

q, = ,v'HNp Equation 2.4 

For piles installed in homogeneous saturated clay, the ultimate unit bearing 

capacity of a pile or the ultimate unit pile point resistance under drained loading 

condition may be sirnplified as: 

Equation 2. 5 

For undrained vertical loading condition in homogenous cohesive soil, 

equation 2.5 can be expressed as: 

Equation 2. 6 

Where 

c = the average unit cohesion of soi1 near pile point 
NC = the bearing capacity factor with respect to cohesion 
N, = the bearing capacity factor with respect to overburden pressure 
Y' = the effective unit weight of the soi1 
H = the embedment depth 



The relationship between the embedment depth ratio, Hb/D, and the angle of 

internal friction, +, of the soi1 is shown in Figure 2.8, where D = pile diameter, Hb = 

bearing depth, and H, = critical depth of penetration of pile. Meyerhof (1976) 

indicated that the factor Nq increases almost linearly with Hb /D and reaches a 

maximum value at a depth ratio of roughly % of the critical depth ratio HJD. The 

conventional bearing capacity theory no longer applies for ratio greater than H,/D. 

If piles are driven into homogenous sand to more than the critical depth, the pile 

point resistance is independent of the overburden pressure and it depends on the 

value of q,, the limiting unit point resistance. The relationship between q, and # 

rnay be directly derived from the lirniting static cone resistance, q, as shown in 

Figure 2.9, or may be represented in the form of: 

q1 = O . W q  tan # Equation 2.7 

Where 

A/, = the bearing capacity factor for pile with Hb/D ratio less than the critical 
qi = the limiting unit point resistance, in tons per square foot (1 00 khl/rn2) 
4 = the angle of internal friction angle 

Meyerhof indicated that the limiting unit point resistance, q, corresponds only 

to a limiting effective vertical stress near the pile base at failure, and is 

independent of the effective overburden pressure and ground water conditions. 

A typical value shown by tests varies from approximately 0.25 tsf (25 k ~ / r n ~ )  for 

loose sand to 0.5 tsf (50 k ~ l r n ~ )  for dense sand. 

For a pile instailed in homogenous saturated clay, theory and laboratory 

experiments have shown that the value of Nc, under undrained conditions, varies 

with the sensitivity and deformation characteristics of the clay. It has a typical 

value of 5 for very sensitive brittle normally consolidated clay to about 10 for 

insensitive stiff overconsolidated clay (Meyerhof, 1976). A typical value of 9 is 

often used for estimating bearing capacity of driven and bored piles in clay. 



2.3.1.3 Other Bearing Capacity Theory 

The works of Terzaghi, Skempton and Meyerhof laid the basiç for a great 

deal of research on pile foundations, and analyses of field test results. Other 

theories were developed by different investigators, in which the basic form of the 

equations is maintained. The only difference between the theories is the values 

of the bearing capacity factors N,, N, and N, Bowles (1988) summarized some 

of the major works carried out on bearing capacity (Table 2.1), with computed 

bearing ca pacity values presented in Table 2.3. Hansen's bearing capacity 

method (1970) is a further extension of the earlier Meyerhof (1951) work. 

Hansen 's method simply adopted many of the more complicated situations such 

as the factor for the footing being tiited from the horizontal surface and other 

shapes other than square. strip and circular. The Hansen equation implicitly 

allows any H/D and thus can be used for both shallow (footings) and deep (piles, 

drilled caissons) bases. Vesic (1975) calculated the bearing capacity factors Nc 

and N, based on cavity expansion theory. He indicated that the failure pattern 

below the base of a pile consists of a highly compressed conical wedge of soil 

that forms beneath the base as the pile is driven or pushed down into the soil. In 

a loose soi1 the wedge pushes down without forming a definable failure surfaces. 

In a dense soil. the wedge pushes the radial shear zone into the surrounding 

plastic zone and the failure pattern can be rnodeled in terms of a spherical cavity 

expansion theory. Thus, the bearing capacity factors can be calculated based on 

the interna1 friction angle of the soi1 and a reduced rigidity index, 1, as: 

where 

Equation 2. 8 

Ir = the reduced rigidity index 
1, = the rigidity index which can be determined using method outlined in Section 

4.3.2.2- 
E~ = volumetric strain 



When the soi1 is failed under the undrained conditions or the soi1 is in a 

dense state, the volumetric strain. E, may be taken as zero and I, can be taken 

as 1, Bowles (1988) provided some estimates for /,as listed in Table 2.5. Janbu 

(1976) cornputes N, based on angle <p (see Figure 2.5). Table 2.6 provides 

selected values of Ai, and N, used in Vesic's and Janbu's equation. Kulhawy 

(1984) reviewed and extended Vesic's concepts. The rigidity index. shape and 

depth factors are related to the angle of interna1 soi1 friction, 4. A simplified 

equation for square or circular pile embedded in a cohesionless soi1 under 

drained loading condition is provided as follow: 

Equation 2.9 

qb  = the ultirnate unit base resistance 
D = the pile diameter 

J 

~ V O  = effective overburden pressure 
'i ' = the density of the soi1 
N, and N, = bearing capacity factors 
,', and Gr = rigidity factors 
* 
iqs = a shape factor 
e 

iqd = a depth factor 

Figure 2.10 presents the bearing capacity factors Nr' = 0.3N4;,,, and Nq* = 

N&C&& - - -  proposed for the design method. As shown in Figure 2-10. the N,' 

values decreases with decreasing values of the rigidity index, and the rigidity index 

decreases with increasing penetration depth. As a result, the method applies a 

reduction in the bearing capacity factor with increase in penetration depths. For 

loose sands, Kulhawy (1 984) provided the following equation for determining the 

rigidity index: 

Equation 2. 10 

Similarly, for dense sands, the rigidity index can be estimated using following 

equation: 



where 

Equation 2. t 1 

a,,' = the effective overburden pressure, is expressed in ton/ft2 

For a pile installed with penetration depth greater than five pile diameters, the 

first term in equation 2.9 is found typically less than 10% of the second term. 

Therefore, for deep penetrations the first term can be neglected. 

Nevertheless. there are substantial differences proposed by different theories 

in terms of evaluating the bearing capacity factor N,' = N,S, in which S, is the 

shape factor. As demonstrated in Figure 2.1 1, design curves were proposed by 

different authors under assurnptions of different failure surfaces. 

2.3.1.4 Other Factors 

In cohesive soil, reduction of the bearing capacity factor, Nc, should be applied 

with respect to pile toe diameter as suggested by CFEM (1992). Values of N, are 

recommended as in Table 2.7. CFEM (1992) provided a summary for typical 

ranges of values N, for piles instalied in cohesion less soi1 which is related to 

installation method of the foundation and property of the material (see Table 2.8). 

2.3.2 Shaft Skin Friction Capacity 

Shaft resistance develops with relative movement between the soi1 and the 

surface of the pile (shaft) once the foundation is loaded. The maximum side 

resistance is developed after srnail displacement less than 0.5 in (13 mm), and 

increases with increasing depth to a maximum, then decreases toward the pile 

toe. Side friction is hard to estirnate accurately, especially for foundations 

constructed in augered or foundations in stiff, fissured clays where installation of 



the foundation can reduce the soi1 shear resistance to much lower value due to 

remolding of sensitive clay. Nevertheless, side friction often contributes the most 

pile capacity in practical situations unless the base is bearing on foundation 

material that is much stiffer and stronger than the overlying soi1 (ASCE, 1993). 

The skin resistance capacity may be estimated by following expression: 

Q, =x AA, Equation 2. 12 

where 

QS = ultimate capacity contribute from skin friction 
AS = effective pile surface area on which q, acts and commonly computed 

as perimeter x embedment increment AL. 
AL = increment of embedrnent length (to allow for pile shaft variations and 

soi1 stratification (layering) 
4s = skin resistance rnobilized along the pile shaft for given soi1 layer 
r 
j = summation of contributions from several strata or pile segments 

The unit shaft resistance for foundations installed in cohesive soils is often 

approximated by empirically applying a reduction factor (adhesion factor) to the 

shear strength of the adjacent soi1 in which 

where 

a = adhesion factor 
Cu = undrained shear strength 

Equation 2.13 

The dificulty of predicting the shaft resistance in cohesive soils arises from 

the difficulty of determining the adhesion factor. Often, local experience with 

existing soils and load test results should be used to predid the appropriate 



adhesion factor. Estimates of adhesion were provided by a number of 

researchers, and following methods are listed for design consideration: 

Recommendation provided by Reese and O'Neill (1988) for drilled shafis in a 

cohesive soi1 (see Table 2.9). Estimation of a may be used accordingly in the 

absence of load test data and for preliminary design. 

Recommendation provided by Canadian Foundation Engineering Manual 

(1 992). A chart to reduce the undrained shear strength for anchorage design 

is provided as shown in Figure 2.12. 

Recornmendation provided by ASCE (1993). Based on the data from Stewart 

and Kulhawy (1981), ASCE provides an estimation of adhesion factor for 

drilled shafts constructed dry. by relating a to the plasticity index PI. The 

method is outlined as follow: 

Overconsolidated: u = 0.7 - 0.01 x PI 

Slightly overconsolidated (OCRs2): a = 0.9 - 0.01 x PI 

Normally consolidated: u = 0.9 - 0.004 x Pl 

Recomrnendations provided by Tomlinson (1 957) for special case, where the 

foundation is driven into stiff to very stiff soil. Tomlinson (1957) showed that the 

observed adhesion, expressed as a percentage of the undisturbed cohesion of 

the clay, falls with increasing stiffness of the clay from approximately 100% in 

very soft clays to 20% in very stiff clays (see Figure 2.13). For fim and stiff 

clays, the loss of adhesion is not related to loss of strength by remolding, but it is 

believed to be due to the presence of a partial gap between the pile and the soi1 

formed by installation method. In soft clays, the soil heaved dunng installation 

will reconsolidate and close the gap, thus giving 100 percent adhesion, but, fim 

and stiff clays will only partially re-consolidated. At present, no general law is 

available to detemine such reducüon in adhesion. As a guideline, Tomlinson 

(1 994) oroposed recornrnendation listed in Table 2.10. Fiaure 2.14 ~rovides 



charts for estimating shaft resistance for deep foundations driven into stiff and 

very stiff clay and can be used in combination with Table 2.1 0. 

5. Chart recommended by Weltman and Healy (1978) as shown in Figure 2.15. 

The results of a number of loading tests on driven and driven and cast-in-place 

piles in glacial till have been reviewed. 

6. Procedure recommended by Randolph and Wroth (1982) based on a very 

large number of pile load tests (see Figure 2.16). The method shows a 

correlation between the CJo,' ratio and the adhesion factor, a. In addition, 

the method takes into account the flexibility and slenderness ratio of the pile 

by applying a length factor, F. The total skin friction takes the expression as: 

Q, = F d u A ,  Equation 2. 14 

where 

Qs = ultimate shaft resistance 
a = adhesion factor 
Cu = average undrained çhear strength of the soi1 along the pile shaft 
As = area of the pile shaft 

7. Mooney et al.. (1985) found that the shaft adhesion for screw piles in uplift 

condition ranged from 0.3 Cu (for stiff clays) to 0.9 Cu for soft clays 

Burland (1973) suggested a ,û method to estimate shaf? resistance for 

deep foundations installed in cohesionless soil. 

Equation 2. 15 

where 



cho = effective overburden pressure in soil at pile base level 
KS = lateral earth pressure coefficient 
6 = soil-shaft effective friction angle, a 9'. degrees 

The value of the lateral earth pressure coefficient, KSI is critical to evaiuate 

the skin friction and is the most difficult to determine reliably because it is 

dependent on the angle of shearing resistance, the compressibiiity and the stress 

history of the soil. In addition, the installation process can also influence the 

value of Ks significantly. As indicated by Tomlinson (1994) driven piles displace 

the surrounding soil, thus, increases the horizontal soi1 stress. For bored pile, the 

driiling involved in installing can loosen dense sand and thus, decrease the 

horizontal stress. Kulhawy (1984) provided typical values of Ks in relation with 

the original soil stress K, value as shown in Table 2.1 1 and Table 2.12. CFEM 

(1990) suggested that Ks is usually assumed to be equal to the coefficient of 

original earth pressure. Ka, for bored piles, and twice the value of K, for driven 

displacement type piles. The relationship between Ks and the angle of interna1 

soi1 friction, 4. for driven and bored pile is demonstrated in Figure 2.17 provided 

by Meyerhof (1982). The chart is only applicable for piles with length less than 

15 to 20 pile diameters. Similar to the bearing capacity theory, Meyerhof 

suggested that conventional shaft capacity theory in terms of Ks should not be 

applied to piles longer than 15 to 20 pile diameters because the corresponding 

shaft friction becarne practicaliy independent of the average overburden pressure 

along the shaft. 

Kulhawy (1984) provided typical value of the angle of friction, 6, developed 

between the pile surface and the soil (Table 2.13). Canadian Foundation 

Engineering Manual (1992) suggested some typical value for a combined shaft 

factor, p coefficient for Cast-in-Place piles and Driven Piles where ,û = K,tanG. 

The values are summarized in Table 2.14. 



2.3.3 Estimate Pile Capacity by Cone Penetrorneter 

Design of deep foundations based on direct in situ test data using static 

penetrometer is attractive because of the prominent advantages embedded 

within the method. The test is fast, econornic, reliable and repeatable. In 

addition, the Cone Penetration test define not only a continuous soi1 profile but 

also provide a simple and direct correlation between cone tip resistance and 

cone shaft resistance to the pile toe resistance and pile shaft resistance. As 

stated by Lunne et al. (1997), alrnost al1 CPT methods use reduction factors to 

empirically account for influences caused by the "scale effect. rate of loading 

effects, difference of insertion technique, position of the CPT friction sleeve and 

differences in horizontal soi1 displacements". Nevertheless, methods are 

developed based on a large number of pile load tests with consideration of many 

different pile types, such as the LCPC-CPT method (Bustamante and Gianeselli. 

1982). Lunne et al. (1997) compared case studies where CPT was used to 

predict capacity of a single pile including Robertson et al. (1988a), Briaud (1 988), 

Tand and Funegard (1 %9), Sharp et al. (1 988). These case studies investigated 

a large database where full-scale pile load tests were performed and a number of 

different in-situ test data were available. For example, Robertson et al. (1988a) 

illustrated the results of predicting ultimate capacity for eight steel pipe piles 

driven into deltaic soil. Thirteen methods including both static and dynamic 

methods were used in the exercise. The author illustrated that the static cone 

penetration methods gave much better prediction cornpared to methods that did 

not use the penetrometer method. Similarly, Briaud (1988) investigated 78 pile 

load tests in different soi1 types using different models including six CPT 

methods. Sharp et al. (1978) examined 28 pile load results with two CPT 

methods and three SPT rnethods. In al1 cases, the best method to predict the 

pile capacity was that of Bustamante and Gianeselli (1982) followed by methods 

by Ruiter and Beringen (1979) and by Schmerhnan (1978). 



The review shows that CPT methods proposed by Bustamante and 

Gianeselli (1982) and Ruiter and Beringen (1979) give better predictions of pile 

capacity, hence. these methods are summarized here. 

2.3.3.1 Bustamante and Giasenelli (1982) Method 

The method is also known as the LCPC method that was developed based 

on the analysis of 197 full-scale compression and tension pile load tests with a 

wide variety of foundations and soi! materials considered. The method is 

summarized as fcllow: 

Equation 2. 16 

where 

6 = pile unit side friction 
QP = pile unit end bearing 
QC = cone tip resistance 
q, = equivalent average cone resistance 
WCPC = friction coefficient 
k~ = end bearing coefficient 

Bustamante and Giasenelli (1982) only adopted the measured CPT tip 

penetration resistance, q,, for the calculation of both side friction and pile end 

bearing resistance. Lunne et al. (1997) stated that using only qc could be 

considered as an advantage because interpreting f, was difficult and could be 

unreliable. The method involved a procedure to calculate the equivalent average 

cone resistance, q,, to smooth conservatively the cone tip resistance qc profile in 

order to eliminate local irregularities (see Figure 2.19). In the procedure, the 

equivalent cone resistance, qc, is calculated in several steps as follows (Lunne et 

al.. 1997): 



First, values of the cone tip resistance, qc are averaged along a distance 

between +a and -a from the pile tip where a is taken as a length equivalent to 

1.5 x Pile Diameter (D). As the result, an arithmetic tip resistance mean. q,' 

is produced. 

Then, values greater than 1.3 q;, along the length of - a to + a, and values 

lower than 0.7 q:, along the length - a, are eliminated which produced a 

smoothed out thick curve as demonstrated in Figure 2.19. 

At last, the mean tip resistance q,, is calculated. 

As stated before, the method used the point bearing capacity coefficient k, 

and the friction coefficient, a, to account for the scaling effect because of the 

difference in size between the cone penetrometer and the pile. The choice of 

point bearing capacity coefficient, kc, and friction coefficient, a, was based on the 

various types of soils as illustrated in Table 2.15 and Table 2.16. Values for 

maximum unit shaft friction f,, were also recornrnended unless local experience is 

available. Bustamante and Gianeselli (1983) updated these tables to include the 

screw-in type of foundation. The descriptions of deep foundations are listed in 

Table 2.1 7, and the curves for determine the skin friction for different pile types 

based on the cone resistance, q, are shown in Figure 2.20. 

2.3.3.2 De Ruiter and Beringen (1979) Method 

De Ruiter and Beringen (1979) proposed a method that uses both the cone 

tip resistance, q,, and cone sleeve resistance. q, in relation to the undrained 

shear strength, Cu of the soit. The procedure is self-explained and presented in 

Table 2.18. In cohesive soi1 material, the undrained shear strength Cu is 

calculated from the cone tip resistance, qc. Then, pile shaft capacity and end 

bearing capacity are computed by applying empirical factors to Cu obtained. In 

cohesionless material, pile end bearing is determined by a procedure proposed 

by de Ruiter and Beringen (1979). They had found that an influence zone of 0.7 

to 4.0 pile diameter below the pile tip governs the pile end bearing. The steps 



involved to compute the pile bearing resistance, q,, is self-explanatory as 

presented in Figure 2.21. In overconsolidated sands, reduction in capacity c m  

happen due to pile driving. Figure 2.22 shows recommended corrections for 

sand relating to the OCR ratio for sand. 

2.3.4 Helical Pile Under Compression Condition in Clay ($ = 0) 

Limited researches have been focused on the compressive capacity of screw 

piles. Narasimha Rao et al (7991) suggested that the load transfer phenornena 

for screw piles installed in clay can be described using a cylindrical shearing 

method as shown in Figure 2.23. The formulae proposed to approximate the 

ultimate compression capacity could be expressed as: 

Equation 2.17 

where 

= cross sectional area of the pile stem at the toe level = xd2/4 
= area of cross section of the helical plate = rr ( D ~  - d2)/4 
= surface area of cylinder between top and bottom plates = x D L, 
= distance between top and bottom helical plate 
= surface area of shaft 
= bearing capacity factor 
= cohesion of soi1 around pile toe 
= average cohesion of soi1 around cylinder of soi1 between top and bottom 

helical plates 
= average cohesion of soi1 along the pile shaft 
= adhesion factor 

For uniform clay, it can be assumed that C, = Ca' = Ca = Cu. Equation 2.17 

was used to predict the model experirnent results carried out by Narasimha et al. 

(1991). In general, the agreement is good for screw piles with helical plates 

welded at close intervals, such as, for a S/D ratio of 1.0 to 1.5 where S is the 

space between two helices and D is the helix diameter. The equation over 



predicts the ultirnate compression capacity for higher S/D ratio. This aspect is 

exarnined in detail in Section 2.4. 

2.4 BEHAVIOR OF SCREW PILE UNDER VERTICAL UPLIFT LOADfNG 

2.4.1 Introduction 

Research on predicting the ultimate uplift capacity of individual plate anchors 

and shallow foundations was initiated with the development of the transmission 

line industry in the 1950's (e.g. Meyerhof and Adams, 1968; Adams and Hayes. 

1967). During the last thirty years or so, a number of increasingly sophisticated 

theories have been developed to predict the ultimate uplift capacity of horizontal 

anchor foundations embedded in various types of soils. These researches set 

the framework for later works on predicting the uplift capacity of screw piles. 

Therefore, this section provides a brief review of major work carried out on 

predicting the uplift capacity of horizontal anchor and subsequently, the uplift 

capacity of screw pile. 

2.4.2 Theories of Uplift Resistance for Anchors in Sand 

Figure 2.24 shows a plate anchor having a width D installed to a depth of H. 

The embedment ratio (WD) is defined as the ratio of the depth of the 

embedment, H, to the width of the anchor, D. If such an anchor is placed at a 

relatively shallow depth, the failure surface will extend to the ground surface at 

ultimate load. This type of behavior is referred to as shallow anchor condition. 

With increasing installation depth, the compressibility and deformation of the soi1 

mass above the anchor prevent the failure surface from reaching the ground, and 

local shear failure in soi1 located around the anchor will take place. This is 

referred to as deep anchor condition. As stated by Meyerhof and Adam (1968), 

the ultimate uplift capacity can be estimated as the sum of the effective weight of 



the soil located in the failure zone and the shearing resistance developed along 

the failure surface. However, the diffÏculties of estimating the uplift capacity of an 

anchor lie in the difficulties of predicting the geometry of the failure zone. 

Das (1990) has summarized some of the early theories for predicting the 

uplifi capacity of shallow anchor in sand as shown in Figure 2.25. Such theories 

include the Soil Cone method as proposed by Mores (1959), Friction Cylinder 

method proposed by lreland (1963). In the Soil Cone theory. the dope surface 

rising at about 30 degrees from the vertical, forming a truncated cone with an 

apex angle of 8 = 90" + 0/2. The dead weight within the frustum was considered 

to predict the ultimate uplift capacity. For the Friction Cylinder method. the failure 

surface is assumed to rise vertically from the edge of the anchor, and the shear 

resistance developed along the cylindrical shear surface and the dead weight of 

the soil within the failure surface contributes the ultimate capacity of the anchor. 

Tuner (1962) suggested that the cone method is conservative at shallow depth 

but over-predicts at greater depth. Parr and Vanner (1962) indicated that the 

friction cylinder method works in cases where the strength of the soi1 medium can 

be effectively mobilized, therefore. the method might only apply to backfilled 

footing but not to flared-out footing. Balla (1961) established a more complicated 

failure surface for shallow circular anchors installed in dense sand. ln Bella's 

theory, the failure surfaces composed with arcs of a circle which exit the ground 

surface at an angle of approxirnately 45" - '12 to the horizontal. Daç (1990) 

indicated that Balla's theory is in good agreement for the uplift capacity of 

anchors embedded in dense sand at an embedment ratio of H/D r 5. However, 

for anchors located in loose to medium sand and with embedment ratio H/D > 5, 

the theory overestimates the net ultimate uplift capacity. The main reason for 

this overestimation is that the failure surface does not extend to the ground 

surface in these cases. Balla (1 961) suggested a simple non-dimensional factor, 

named the break out factor Fqt plotted with respect of the embedment ratio H/D, 

to detemine the embedment ratio at which deep anchor condition is reached. 

The break out factor F,, is developed based on the results of several laboratory 



mode1 and full-scale field tests. The breakout factor increases with H/D up to a 

maximum value at H/D = (H/D),. For H/D > (MD),, the breakout factor rernains 

practically constant. Therefore, anchors located at an embedment ratio less than 

the critical embedment ratio (H/D), are shallow anchors and those located 

greater than the critical are the deep anchor. The ultimate capacity of an anchor 

installed at shallow depth takes the following expression: 

Equation 2. 18 

where 

Qt = ultimate uplift capacity 
H = the depth to the top helix 
F,(+b,,H/D), F3 (4, H/D) = non-dimensional factors, deterrnined using Figure 2.26 

Similar to Balla's method, Macdonald (1963) demonstrated that the failure 

surface could be approximated by a parabolic function that produces a conical 

failure surface in shallow depths. Unlike Balla's method, for greater depths, he 

predicted a vertical failure surface as a cylinder with the diameter of the cyiinder 

formed being about 1.75 times the base diameter of the footing. Mariupol'skii's 

(1965) extended Macdonald's model and proposed a theory that incorporates the 

progressive failure rnechanism for shallow anchors and cavity expansion theory 

for deep anchor. According to this model, the progressive failure mechanism 

commences with compression of the soi1 located above the anchor plate. This 

compression occurs within a column of soi1 the same diameter as the anchor 

plate as shown in Figure 2.27. Compaction of the soi1 continues as pullout 

progresses, and this leads to an increase in the vertical compressive stress. 

Thus, there is a continued increase in the frictional resistance along the surface 

of the soi1 column. The increase of the frictionai resistance progresses to the 



adjacent rings of soil. Ultimately sufficient tensile stress is developed and the 

failure occurs as soil above the anchor separates in the form of a core with a 

curvilinear geneatrix. The net ultimate tension capacity can be given as: 

Equation 2. 19 

where 

QI = ultimate uplift capacity 
D = the diameter of the anchor plate 
d = the diameter of the shaft 
C = cohesion and for sand C is equal to zero 
n = an empirical coefficient s 0.025 $J 
4 = angle of interna1 soi1 friction 
H = embedment depth 

For deep anchors. the concept of cavity expansion for a cylindrical cavity of 

height L and diameter D concept is used. The equation takes the following forrn: 

Equation 2. 20 

where 

q, = radial pressure under which the cavity is expanded 
f = unit skin resistance aiong the stem of the anchor 
h = effective length of anchor stem 

However, in this model. the authcr recommended using the lower bound 

value calculated by both equations because there is no clear distinguishable 

guideline that can be established between shallow and deep anchor. 

As a summary to these early studies, Meyerhof and Adam (1968) stated that 

there is a clear indication that the uplift behavior of deep footings is distinctly 



different from that of shallow footings. In addition, for shallow footings installed in 

dense sand, the shape of the failure surface has been found to be generally 

parabolic in section near the footing edge. A vertical or cylindrical shape failure 

surface has been shown to provide better prediction for the ultirnate uplift 

capacity, as the footing depth becornes greater. Based on these conclusions, 

Meyerhof and Adam (1968) proposed a semi-theoretical theory for estimation of 

the ultimate uplift capacity of strip footings. Solutions for rectangular and circular 

anchors are also derived with modifications on the principles developed for strip 

footings with consideration of the shape factors. Meyerhof and Adams (1 968)'s 

model simplify the actual cornplex failure surfaces using a number of 

assurnptions for both shallow and deep footing as shown in Figure 2.24. 

For anchors installed in shallow depth (H < H,,), at ultimate load, the 

truncated pyramidal shaped failure surface reaches the ground surface with an 

average angle varying between '13 and 2'~3 with the vertical. General çhear 

failure is assumed to occur along the failure surface which a cohesive resistance, 

C and frictional resistance. F mobilized. In general, the theory considers the 

following components for predicting the ultimate uplift capacity of a strip footing 

installed in shallow depth. The ultimate capacity of a shallow footing would be 

simply the summation of the vertical component of the following forces: 

1. The weight of the soil. W, bounded inside the failure surface 

2. The total passive earth pressure P, per unit length along the failure surface. 

The force P, is inclined at average angle S to the horizontal. For an average 

angle of '12 between the failure surface to the vertical, 6 has an approximate 

value of 24/3. 

Based on the purposed failure surface, for circular shallow anchor, the uplift 

capacity can be obtained by the expression as: 



with a maximum value of s taken as: 

Equation 2. 21 

Equation 2. 22 

Equation 2. 23 

Equation 2.24 

where 

W = weight of the soi1 above the circular anchor 
D = diameter of the anchor plate 
s = shape factor governing the passive earth pressure on a convex 

cylindrical wall 
nDCH = cohesion along vertical plane through circular footing edge 
h = nominal uplift coefficient of earth pressure on vertical plane through 

footing edge 
4 = angle of interna1 friction of soi1 
rn = coefficient relating to the embedment depth (Table 2.19) 

The failure surface for deep footings does not reach the ground surface 

because of the cornpressibility and deformation of the soi1 mass above the soi1 

mass as the embedment ratio increases beyond a critical number, (H/D), This 

phenornenon, named the local shear failure, was modeled by limiting the vertical 

extent, H of the failure surface and adding the surcharge pressure above the 

level of the failure surface oVo1 = y (H - H,) to Equation 2.21. Therefore, for deep 

circular anchors, the ultimate uplift capacity can be predicted using the following 

equation: 



Ir 
Q, = r D C H c r + W + S  S;Y D (2H-H, )H,k ,  tan# Equation 2. 26 

where 

Hm= limiting embedment depth where the failure mechanism transfen from 

shallow to deep 

The magnitude of Hm was determined by laboratory observation on the 

failure surface and the values are given in Table 2.20. The magnitude of sKU = 

[I+m(H/D)]K, for a given friction angle. 4, increases with the embedrnent ratio 

H/D to a maximum value of (MD), and remains constant thereafter as shown in 

Figure 2.28. 

Das (1990) further simplified Meyerhof and Adam's formula in terms of 

breakout factor, F,, and Equation 2.21 c m  expressed as: 

Equation 2.27 

For a shallow circular anchor, the breakout factor, F, variation with 

embedment ratio (Hm) for a given value of internai friction angle of soil, 4, is 

shown in Figure 2.29. Similarly, the breakout factor, F,' variation with a given ( 

for a deep circular anchor is plotted in Figure 2.30. Das (1990) summarized that 

for shallow anchors, the uplift capacity is the sum of the uplift capacity of the 

anchor plate and the weight of the anchor, W,, which can be expressed as: 

Q, = F,yAH +wu Equation 2. 28 

For deep anchors, the uplift capacity consists of three major camponents: the 

uplift capacity of the anchor plate, the frictional resistance along the anchor shaft, 

and the weight of the anchor. The equation takes the fonn as: 



Equation 2. 29 

where 

6 = perirneter of the anchor shaft 
H - Hcr= effective length of the anchor shaft 
Zo = average effective stress between Z = O to Z = H - H, = ' l z y ( ~  - H,) as 

shown in Figure 2.31. 
KG = coefficient of earth pressure at rest = 1 - sin 4 

Vesic (1965) studies the breakout resistance of objects embedded in the ocean 

bottom. He rnodeled the breakout force required to expand a spherical cavity in a 

semi-infinite, homogeneous, isotropic solid medium at shallow depth. Vesic 

indicated that the solution could be used to determine the ultimate uplift capacity of 

shallow circuiar anchor embedded in sand. Vesic's theory is fairly accurate in 

estimating the new ultimate uplift capacity for shallow anchon in loose sand. 

However, laboratory tests have shown that the theory can under estimate the actual 

mpacity by as much as 100% or more for shallow anchors ernbedded in dense 

sand. The breakout factor for Vesic (1965)'s mode1 is provided in Figure 2.32 for 

cornparison with Meyerhof and Adam's theory. 

Saeedy (1987) introduced a compaction factor for circular plate anchors 

embedded in sand. For shallow anchor, the failure surface is similar to Meyerhof 

and Adam (1968)'s theory. However, for deep anchors, the failure surface is 

assumed to have a shape of an arc and can be rnodeled as a logarithmic spiral. 

According to the author, the soi1 located above the anchor gradually becomes 

compacted during the pullout process. This compadion causes increase of 

shear strength of the soil, hence, increasing the net ultimate uplift capacity. An 

ernpirical compaction factor is introduced in order to model this phenornenon 

which is given in the form: 

Equation 2.30 

The actual net ultimate uplift capacity can be expressed as: 



where 

Equation 2- 31 

p = compaction factor 
Dr = relative density of compaction 
F, = breakout factor as shown in Figure 2.33 

Veesaert and Clemence (1977) rnodified the Meyerhof and Adam's uplift 

capacity theory on shallow circular anchors. Based on laboratory experiments on 

mode1 anchors, the results indicated that the failure surface rnay be modeled as 

a truncated cone with an apex angle of 900-~/~ frorn horizontal. For deep 

anchors, Veesaert and Clemence (1977)'s rnodel is essentially the same as the 

Meyerhof and Adam (1968)'s theory. Therefore, the breakout factor, F,, takes 

the following form: 

and 

Equation 2. 32 

Das (1990) provided a simpler chart plotting the breakout factor F, against the 

embedment ratio, Mû. for sand with coefficient of lateral earth pressure K, = 1, 

and the results are shown in Figure 2.34. 



2.4.3 Anchor in Clay under Undrained Loading 

Research has shown a number of anchor responses when it is subjected to 

an uplift force in soft saturated clay. The soi1 located above the anchor will be 

compressed and at the same tirne, the soi1 below the anchor will be relieved 

causing a decrease of stress. Consequently, this results in an increase of the 

pore water pressure above the anchor accompanied by a decrease of pore water 

pressure below the anchor. The difference results in a suction force that will 

increase the short term uplift capacity of the anchor. Nevertheless, the 

magnitude of the suction force and its variation with depth and type of clay soi1 is 

not properly understood by current research. Secondly, tension cracks at ground 

level have been reported for anchors typically installed to shallow depths. These 

tension cracks are created by substantiated tension force in the clay mass when 

the anchor is subjected to uplift forces. At greater depths, the overburden 

pressure above the anchor plate prevents the flexing of the clay mass, therefore. 

a failure surface begins to develop during uplifl but disappears within a few 

anchor diameters from the anchor plate. In this case, the uplift capacity of an 

anchor plate can be determined by the shear strength of the clay. Therefore, the 

limiting uplift capacity of a plate can be approximately equal to the bearing 

capacity of the clay (Meyerhof and Adam 1968). Based on these obse~ations, 

the uplift capacity can be given by the expression: 

where 

Qt = ultirnate uplift capacity 
Qbeanng = bearing capacity of the anchor in pullout loading 
W = weight of the soi1 mass above the anchor 
U = suction force below the anchor 

Equation 2.33 

For design purpose, the suction force is often neglected because of the 

difficulty in determining this force. Meyerhof and Adam (1968) indicates that the 



failure surface is difficult to predict due ta the formation of horizontal cracks 

caused by the tension stress in the soi1 mass is complicated to formulate. 

Therefore, an ernpirical procedure was adopted relating the uplift coefficient of 

clay to the undrained shear strength of the soil. Based on experimental results 

provided by Meyerhof and Adam (1968). Adams and Hayes (1967). Spence 

(1 965) and Langley (1 967), Meyerhof (1 973) proposed the following relationship: 

Qr = A ( y 1 H + N U C u )  Equation 2. 34 

Equation 2. 35 

where 

Qt = ultimate uplift capacity of an anchor 
A = area of an anchor plate 
NU = uplift capacity factor 
Cu = undrained shear strength of the clay 
ï' = unit weight of the clay 

Experimental values of Nu were calculated from the model and field test with 

correction for the suction force below the anchors and plotted against the 

embedment ratio, H/D as shown in Figure 2.35. The uplift capacity factor, Nu 

increases with depth to a maximum value of approximately 9 or 10. A semi- 

theoretical line is determined based on the available data where the undrained 

shear strength of the clay is fully mobilized. However, for shallow anchors the 

uplift capacity may be as low as about one half the estimate from the theory. 

This is due to the influence of tension cracks fomed due to the tensile stress in 

the soi1 mass. In addition, the undrained shear strength mobilized in fissured soi1 

mass, such as stiff till material, rnay be considerably less than the peak value 

and possibly as low as the residual value. In such case, the uplift capacity factor 

Nu should be much lower. Detail discussion regarding this effect is provided in 

Section 2.5. 



2.4.4 Failure Models of Screw Pile in Soil 

A survey of literature indicates that a number of failure models are available 

for the analysis and design of individual screw piles subjected to axial uplift 

forces. Two methods. the cylindrical shear method and individual bearing 

method, are most cornmonly used as indirect methods to predict the uplift 

capacity of multi-helix screw piles with the support of conventional geotechnical 

engineering principies. A third method called the installation torque method is 

empirically developed based on a large database of over 2500 installed screw 

anchors. This method is currently used in the industry. 

2.4.4.1 Cylindrical Shear Method 

The cylindrical shear method assumes that a cylindrical shear failure surface, 

connecting the uppermost and lowermost helices, is forrned as show in Figure 2.23. 

The uplift capacity is mainly derived from the shear resistanœ along this cylindrical 

surface and beaing resistance above the top helix. The adhesion developed along 

the steel shaft is considered in cases where suffident installation depth (deep pile) is 

provided. For a saew pile installed in shallow depth, the adhesion may not be reliably 

predicted. hence, it is ignored in many theories. The influence of installation depth on 

the screw pile's ultimate uplift capacity is discussed in a later section. The failure 

resisbnce can be summarized as follows: 

Equation 2.36 

where 

Qt = ultimate uplift capacity 
Qshan = adhesion developed along the steel shaft 
QheIix = shearing resistance mobilized along the cylindrical failure surface 
Qbeanng = bearing capacity of the top helix 



2.4.4.l. f . Helical Pile Under UpliîV Condiüon in Sand 

Vesic (1971) has shown that there is a weak zone surrounding the screw 

anchor in soi1 that is mainly caused by the screw action when installing the 

anchor. This disturbed zone causes a slip surface to develop in the shape of a 

cylinder around and above the anchor. Laboratory model tests performed by 

Mitsch and Clemence (1985) verified these observations. The sand around the 

helices was sheared and displaced laterally when the pile was screwed into the 

soil. This lateral movement introduced lateral stress to the surrounding sand, 

thus, densified the soil. Laboratory tests established that this increase in lateral 

stress during installation increases the potential for a cylindrical failure surface to 

develop as shown in Figure 2.36 and Figure 2.37. 

Two distinct failure behavior patterns were observed for screw pile at failure 

under uplift loading. Similar to Meyerhof and Adam (1968)'s theory, the failure 

mechanism observed in the laboratory experiments could be approximated either 

to be shallow or deep depending on the relative density (Dr), the interna1 soil 

friction angle, 4, and the embedment ratio (MD) of the sand. The maximum 

embedment ratio (H/D) ,  where the failure mode changes from shallow to deep, 

increases with an increase in the relative density (Dr) and the intemal soi1 friction 

angle, 4. For laboratory tests on sand with relative densities ranging from 47% 

to 90%. the screw pile behaves as a shallow anchor with an embedment ratio 

(WD) less than 5. A truncated shape failure surface propagates from the top 

helix to the ground surface as shown in Figure 2.36. The central angle of the 

tnincated cone is approxirnately equal to the soi1 friction angle, 4. A cylindrical 

failure surface is formed below the top helix General shear failure occurs along 

this inter-helical cylinder failure surface. For sand with the same relative 

densities and embedment ratio (H/D) greater than 5, the screw pile is defined as 

a deep anchor where a failure zone develops directly above the top helix. 

However, this failure surface is confined by the overburden pressure, and 



therefore the failure zone does not propagate to the ground surface as shown in 

Figure 2.37. 

Based on the above obsewations, Mitsch and Clemence (1985) sirnplified 

the failure surfaces for shallow and deep screw pile under uplift loading condition 

as shown in Figure 2.38 and Figure 2.39. 

Embedment ratio (Hl /Dl) is defined as the depth to the top helix, Hl divided 

by the top helix diameter, Dl. For a shallow circular screw pile with Hl /Dl s 5, 

the ultimate uplift capacity of multi-helix screw pile in sand can be predicted by 

summing the uplift capacity of the top helix, the friction along the cylinder of soi1 

between the helices. Frictional cylinder theory proposed by Meyerhof and 

Adams (1968) sets the basis for detennining the bearing capacity of the top helix 

plate and the frictional resistance on the intra-helical cylindncal failure surface. 

Hence, the uplift capacity of a shallow anchor can be given as: 

4 D,H', 
4 

H'I  tan(-) 
d 7  

Q =;r/ 'K,  tan- 
7 {y + ) + - D J ' ( H ' ~  - H', ) K, tan 4 + W, Equation 2. 37 - 3 2 

For deep anchors with H7/D1 > 5,  shaft resistance developed along the screw 

pile shaft can be considered since it can significantly contribute to the ultimate 

uplift capacity. The equation for estimating the shaft friction in homogeneous 

sand is provided by Meyerhof and Adam (1968). For deep anchors, the ultimate 

tensile capacity can be derived from: 

Q, = y' H, A I N ,  +%J'(H'~ - H ' I ) K ,  tan 4 
2 

y'Ht K,, tan 4 + PX (?) Equation 2.38 

where 



Qc = ultimate screw pile uplift capacity 
r' = effective unit weight of soi1 
KU = coeffkient of lateral earth pressure in uplift for sands 
4 = friction angle of the soi1 
Ar = area of the top helix 
A/,, = uplift capacity factor for cohesionless soils 
Hl = depth to top helix 
Da = average helix diameter 
DI = diameter of the top helix 
H3 = depth to the bottorn helix 
PS = perimeter of the screw pile shaft 

The lateral earth pressure coefficient during uplift. Ku and uplift capacity factor, 

N,,, derived from this study is also provided in Figure 2.40 and Figure 2.41. The 

major variable in the above equation is the lateral earth pressure coefficient in 

uplift (Ku). This coefficient is used to empirically quantify the lateral stress acting 

on the failure surface as the screw pile is pulled out from the mil. As indicated 

before, the lateral stress outside the cylindrical failure surface increases to a 

passive state due to the screw action during the installation process. The 

magnitude of the increase is dependent upon the amount of disturbance and the 

changes in stress level during the installation. Mitsch and Clemence (1985) 

provided the coefficients of lateral earth pressure Ku for screw piles and the values 

are listed in Table 2.21. The recommended values of K u  were calculated based on 

the mode1 and field tests, and are 30% to 40% lower than those provided by 

Meyerhof and Adam (1 968) which is mainly a result of the installation disturbance. 

Das (1990) expressed the ultirnate bearing capacity proposed in Mitsch and 

Clemence's theory in terms of breakout factor F, for shallow anchor conditions 

and F,' as shown in Figure 2.42 and Figure 2.43. This approach simplifies 

cornputing steps involved in Mitsch and Clernence's method. Thus, for shallow 

anchor, equation 2.37 becornes: 

Equation 2.39 



For deep anchors, equation 2.38 can be expressed as: 

K ,  tan 4 + PF, Equation 2. 40 

2.4.4.1.2. Helical Pile Under Uplift Condition in Clay (4 = O) 

Mooney et al. (1985) proposed idealized failure surfaces for shallow and 

deep anchor conditions for helical piles in clay and silt based on laboratory model 

tests. A cylindrical failure surface was verified by rneasuring soi1 surface 

deflection in mode1 experiments as shown in Figure 2.44. A procedure similar to 

the work conducted by Meyerhof and Adams (1968), Adams and Hayes (1967), 

Adams and Klym (1972), and Mitsch and Clemence (1985), was adopted in 

Mooney's model (see Figure 2.45). A simplified bearing capacity equation, 

similar to the bearing capacity equation used for deep foundation in compression, 

was used to predict the tension capacity of the screw pile. The common bearing 

capacity factor N, is replaced by an uplift factor Nu. Research done on uplift 

anchor capacity by Ali (1 968) and Kupferman (1 971), Das (1980) and Narasimha 

Rao and Prasad (1 989, 1991 ) indicated that the uplift bearing capacity factor Nu 

increases with the embedment ratio (H/D) to a constant maximum value of 9.4 at 

(WD)), as shown in Figure 2.46. Therefore, the helical plate failure in tension is 

similar to the bearing capacity condition in compression for deep screw piles. 

The critical value of the embedment ratio is a function of the undrained shear 

strength Cu of the material. Mooney et al. (1985) indicated that the critical 

embedment ratio (HIC))), was approximately 5 for the soi1 tested in the 

experiment. Das (1990) proposed a design chart to approximate the critical 

embedment ratio in relation with the undrained shear strength Cu as shown in 

Figure 2.47 and the relationship can be expressed as follow: 



Equation 2. 41 

A model that approximates the short term screw pile uplift capacity is shown 

in Figure 2.45. Similar to the model proposed by Mitsch and Clemence (1985). 

the pile uplift capacity is the sum of the bearing resistance on the top helix, the 

cchesion and frictional resistance on the cylindrical surface formed between the 

helices, and friction and adhesion on the pile shaft. For a shallow screw pile with 

an embedment ratio (WD) of less than 4, the model does not consider the shaft 

resistance because it is considered insignificant, therefore, the uplift capacity 

equation for helical piies in clay under shallow condition can be given as: 

For deep anchors with embedment ratio (WD) greater than 4, the 

contribution of the soil adhesion along the pile shaft can be substantial especially 

for those with enlarged central shafts. Therefore, the uplift capacity equation is 

expressed as: 

Q, = AlCuNu +zD,C,(H, - H l ) +  P,H,C, Equation 2.43 

Qi = ultimate uplift capacity of the multi-helix screw pile 
H7 = depth to top helix 
HJ = depth to bottom helix 
Da = average helix diameter 
P, = perimeter of anchor shaft 
Al = area of top helix 
Nu = uplift bearing capacity factor for cohesive soils 
C, = undrained shear strength of the clay 
Ca = average cohesion of soi1 along the pile shaft 



Narasimha Rao and Prasad (1993) conducted a series of laboratory model 

tests to study the behavior of multihelix screw anchor installed in soft marine 

clays. The study focused on the failure mechanism for different embedrnent ratio 

(H/D) and the impact of varying the space between the helices on the ultimate 

uplift capacity of a screw anchor. An empirical factor, named the spacing to 

diameter ratio (S/D). is used to estimate the resistance derived from the 

cylindrical failure surface formed by the top and bottom helices. The results of 

the study indicated that uplift capacity of screw piie increases with increasing 

embedment ratio, and this capacity increase is caused by different failure 

surfaces formed as the depth of embedment increase as shown in Figure 2.48. 

The cylindrical failure surface method proposed by Narasimha Rao and Prasad 

(1 993) followed a similar procedure outlined by Mooney (1 985). Therefore, the 

method considers bearing resistance from the top of the helical plate, the shear 

resistance between top and bottom helical plates and the shaft adhesion as the 

major components that contributes to the uplift capacity of screw pile. The 

suction force below the helical plate and the weight of the screw pile can be 

neglected for a conservative design procedure. The diverence between 

Narasimha Rao and Prasad's method and the those proposed by Mooney's 

procedure is that more detail works were perforrned on the embedment ratio 

(H/D) and the space to diameter ratio (S/D), and these factors are incorporated 

into the design. The general formula can be expressed as: 

SF = 1.0 for SID 5 1.5 
SF = 0.683 + 0.069 (3.5 - SR) for 1.5 s S/D 5 3.5 
SF = 0.700 + 0.148(4.6 - SR) for 3.5 r S/D s 4.6 

Equation 2.44 

Qt = ultimate anchor uplift capacity 
SF = spacing ratio factor 
LC = is the distance between top and bottom helical plates 
Hen = effective length of the shaft, typically 8.W 



a = adhesion factor 
d = shaft diameter 
D = average helix diameter 
Y' = unit weight of soil 
Nu = uplif? bearing capacity factor for cohesive soils 
Cu = undrained shear strength of the soi1 

Narasimha Rao and Prasad (1993) classified three different failure surfaces 

based on the laboratory observation. First, shallow condition occurs with an 

embedment ratio H/D up to 2. The characteristics of a shallow anchor failure are 

that tensile cracks and surface heave and a clear gap formed between the 

anchor shaft and the soi1 at the ground surface. There is no shaft adhesion 

because no relative movement between shaft and soi1 occurred because the 

tensile cracks and large deformations at the failure. Thus, the uplift load is 

transferred to the soi1 rnainly by the bearing resistance of the top plate and the 

cylindrical cohesive resistance developed between the top and bottom helical 

plate. For embedment ratio between 2 and 4, the helical anchor is classified as 

transition anchor. The failure surface extents to the ground surface with 

observation of minute tensile cracks and a slight heaving-up of the soi1 surface. 

Shaft adhesion may contribute to the pile uplift capacity as the uplift bearing 

capacity factor, Nu approaches to the maximum value of 9. For an embedment 

ratio greater than 4, the helical anchor are consider as a deep anchor with no 

tensile cracks or surface heave can be observed during testing. For both 

transition and deep anchor conditions, the uplift capacities are derived from the 

bearing resistance above the top helix plate, the intra-helical cylindrical shearing 

resistance, and shaft resistance. 

Narasimha Rao Prasad (1993) stated that there was an ineffective length of 

the pile shaft that could not be mobilized. The reason is supported by research 

done by Adams and Hayes (1967), Adams and Klym (1972), and Meyerhof and 

Adams (1968) which they assumed the soi1 above the top helix mobilized in uplift 

could be evaluated similar to that below a deep foundation in bearing. Zeevaert 

(1 983) had shown that the failure zone extends over a depth of almost twice the 



diameter below the tip of the pile loaded in compression. Based on the 

laboratory test results, Narasimha Rao and Prasad (1993) provided some values 

for estimating the effective shaft length that can be considered in design. For 

transition anchor with H/D of 3 and 4, the effective shaft length (He#) ranges from 

0.7P0.9D and 1.70-2.50. For deeper anchor, the Hef values are in the range 

2.90-8.60. 

Laboratory studies conducted by Narasimha Rao et al. (1 991) investigated 

the effect of the spacing of helical plates on the ultimate uplift capacity of screw 

pile installed in soft to medium stiff clay. Spacing ratio (S/D) is defined as the 

spacing between any two adjacent helical plates divided by their average 

diameter. The results of the investigation showed that a near cylindrical shear 

surface could be forrned for anchors with spacing to diameter ratios of 1.5 or less. 

With S/D ratio greater than 2, bearing failure occurs above each individual anchor 

helix and the cylindrical shear does not fully develop. The anchor capacity 

reduces with higher S/D ratio because less shearing resistance can be 

developed on a smaller shearing surface area. The study showed that as the 

spacing ratio (S/D) increases above 1.5 a significant uplift capacity reduction was 

observed (Narasimha et al., 1991). A reduction factor SF is used to approximate 

such reduction of the resistance along the cylindrical failure surface with higher 

S/D ratio. Nevertheless, author suggested that at S/D ratio less than 1.5, the 

cylindrical failure surface method is valid. For a spacing ratio greater than 1.5, 

Hoyt and Clernence (1989) and Narasimha Rao et al. (1990) suggested that 

individual plate bearing method provides a better capacity prediction. 

2.4.4.2 Individual Plate Method 

The individual bearing method assumes that bearing failure occurs above 

each individual helix (Figure 2.49). The total uplift resistance is the sum of the 

individual capacities. Sirnilar explanation of adhesion resistance along the pile 

shaft as discussed above is also applied here. The method depicts as: 



where 

Equation 2.45 

Qt = ultimate uplift capacity 
Qshafi = adhesian developed along the steel shaft 
LQi(r(bea"ngl = sum of the bearing capacity of each individual helix 

The individual bearing method estimates the ultimate uplifî capacity by 

assuming bearing failure had occurred above each individual helix. Therefore, 

the total capacity is the sum of the individual capacity. The theory is simply an 

extension work of the analysis and design of individual plate anchors and shallow 

foundations subjected to uplift forces (Adams and Hayes, 1967; Meyerhof and 

Adams, 1968; and Vesic, 1971). The method was adopt for predicting screw pile 

uplift capacity by Adams and Klym (1971). Johnston and Ladanyi (1974), 

Trofimenkov and Mariupolskii (1965), and Adams and Radhakrishna (1971) and 

results were well supported by full scale field tests conducted by these authors. 

Researchers have shown that at higher space to diameter ratio (S/D > 2), 

individual bearing method should provide better prediction of ultimate uplift 

capacity for screw pile. Adams and Klym (1971) stated that at S/D > 2. each 

helix plate can be assumed to be behaved independently of the other. 

Narasimha Rao et al. (1993) suggested that at higher S/D ratio, for example, S/D 

> 2. adhesion over a shaft length of 1.5D - 2.50 above each plate should be 

considered for rnulti-helix screw piles installed in cohesive soil. The modification 

of the individual bearing method provides much better agreement with field 

results obtained by previous researchers with maximum underestimation of 20%. 

For cohesionless soil, Adams and Klym (1971) suggested that the shaft 

resistance and weight of the screw pile should be neglected due to the relatively 

low magnitude of load involved. Methods to calculate the bearing capacity of 

each individuai bearing plate are listed in Section 2.4.4.1 .l. 



2.4.4.3 Empirical Method 

This method ernpirically correlates the torque monitored during the 

installation of the pile with the ultimate uplift pile capacity achieved, analagous to 

the reiationship of pile driving effort to pile capacity. The method was developed 

empirically and lacks geotechnical explanation. Nevertheless, it is statistically 

analyzed based on a large database, and the method has been used 

successfully in the construction of thousands of anchors over the past hiventy 

years as indicated by Hoyt et al.. (1989). Due to the fact that this method is 

simply to use. therefore, it is widely accepted by the screw pile industry. The 

empirical relationship can be expressed as (Hoyt and Clemence, 1989): 

Q, = K,T Equation 2-46 

where 

Kt = empirical factor 
T = avera e installation torque ? Kt = 33 m- for al1 square shafts and round shaft anchors less than 89 mm in 

diameter 
Ki = 23 m.' for 89 mm round shafl anchors 
Kt = 9.8 m-' for anchors with 219 mm diameter extension Shafts 

2.5 THE EFFECTS OF TlME ON PILE RESISTANCE 

The vertical capacity of rnultihelix screw piles installed in cohesive soi1 is 

governed by one major factor, the shear strength of the material. The shear 

strength of the clay can be difficult to detemine because it depends on the rate 

of loading, the installation procedure and the type of soi1 tested. 

When the pile is loaded rapidly, the soi1 next to the pile is failed under the 

undrained condition where the soi1 strength mainly consists of cohesion and the 

frictional resistance is assumed to be zero. If a pile is loaded with a sustained 



force and failed over a long period of time allowing pore pressures to dissipate, 

the soi1 is assumed to fail under drained conditions where the soi1 strength 

consists of both the frictional and cohesive components. Bjerrum (1973) has 

reported such phenornenon on the skin friction of piles driven into soft clays. He 

observed that if a pile is loaded with a sustained load over a long period of time 

(Le. permanent working load) the shearing stress in the clay surrounding the pile 

is carried partly by effective friction and partly by effective cohesion. The ultimate 

pile capacity increases with long temi loading as a result of the consolidation of 

the clay in the stressed zone adjacent to the pile. However, creep behavior is 

often observed when the rate of loading was reduced from 10 mm per minute to 

0.001 mm per minute. Bjerrum reported a reduction of 50 % in the adhesion for 

piles installed in soft clay in Mexico City. Skempton (1959) reported similar 

behavior for the skin friction of bored piles in London clay. Therefore, for friction 

piles installed in a soft clay where a substantial proportion of capacity is 

contributed by the skin friction, the softening behavior should be taken into 

account in assessing the safety factor. In addition, in the case of soft clays 

sensitive to remolding, the undrained shear strength used for design should be 

reduced to as low as its residual strength in order to account for soi1 disturbance 

caused by pile installation (Mooney et al., 1985). 

Mooney et al., (1 985) performed laboratory and full scale field tests on screw 

piles installed in clay and silt. Two types of tests were performed including rapid 

load tests and sustained load tests. These tests were designed to investigate the 

effect of loading rate on the uplift capacity of screw piles. The results indicated 

that the long terni (drained loading condition) uplift capacities were approximately 

20% higher than short terrn (undrained loading condition) tensile capacity. In 

long term tests for anchors installed in remolded and norrnally consolidated 

clays, a well defined stiff bulb of soi1 was formed above each helix, and a cavity 

filled with water was found below each helix. This observation suggests that 

consolidation occurred during the long term tests, which contributes to the 

increase in total uplift capacity. Nevertheless, the drained shear strength 

parameters are dificult to obtain from field samples due to sample disturbance 



and complexity of recreating the field stress condition in the laboratory settings. 

For engineering applications where screw piles were used, it is uneconomical to 

perform drained tests to determine drained strength parameter. Therefore. the 

undrained shear strength parameters are commonly used which provides a more 

conservative prediction of the uplift screw pile capacity installed in normally 

consolidated clay . 

For piles driven in stiff clays as described by Tomlinson (1994), the effects of 

sustained loading on piles are not well known, however, the author suggests that 

there rnay be a reduction in resistance with time. The pile installation procedure 

may create a softening of the soi1 in the fissure system surrounding the pile. 

Experiment data collected on reductions in resistance with time for piles in stiff 

clays. These data are cornpared with the results obtained from rapid pile loading 

tests and the results are shown in Table 2.22. Comparing the experiment data, 

Tomlinson suggests that there is a small change in pile resistance for periods of 

up to one year, therefore, there is little significance cornpared with other effects. 

Skempton (1959) indicated that for soils like fissured stiff clay, the measured 

values of shear strength might differ greatly, depending on the method of test or 

size of test specimen. The strength determined along a fissure plane is usually 

much lower than the intact strength and may be close to the residual strength. 

Laboratory compression tests may Vary over a fairly wide range, depending on 

the size of the test samples and on the spacing and orientation of the fissure 

planes in relation to the potential failure surface. The strength of fissured clay 

mobilized for a bel1 shape footing loaded in uplift condition as described by 

Adams and Radhakrishna (1971), was found to be much iess than the intact 

strength. An approximation of the strength mobilized is about 30% of the intact 

strength as measured by the field vane. about 60% of the strength based on 

laboratory peak values, and about 100% of the undrained residual values from 

laboratory triaxial tests. As indicated by the author, the strength rnobilized at the 

shallow depth is largely the fissured strength, whereas at greater depth a portion 

of the intact strength is rnobilized. Therefore, adjustment to the uplifî coefficient, 



Nu proposed by Meyerhof and Adams (1968) is required for screw pile installed in 

stiff clay (see Figure 2.50). Adams and Hayes (1967) reported similar findings 

which they stated that the calculated Nu from the field tests are generally only 

about half the laboratory values. Most of the field tests carried out by Adams and 

Hayes (1967) were anchors installed in shallow depth in stiff clay. The soi1 was 

desiccated and was thus fissured. Therefore, the strength of these soils under 

pullout loads could be much less than the intact samples. 

For the case where triple helix anchors were installed in medium dense to 

fine sand, Mitsch and Clemence (1985) investigated the effect of short and long 

term loading on the ultimate uplift capacity of pile. Uplift capacity of rnultihelix 

screw piles for both shallow (H/D =4) and deep (H/D = 8) conditions were tested 

for short and long term conditions. The results indicated that the behavior of the 

screw piles in long term loading was essentially the same to that for short term 

conditions because the pore pressures in cohesionless material dissipates very 

quickly. Therefore, for free-draining material such as sand, long term and short 

term capacity should be the same. The author suggested that there were no 

discernible effects from creep or plastic deformation. Therefore, screw piles in 

sand can be designed for the short term loading as the critical condition. 

2.6 EFFECT OF INSTALLATION METHOD 

The installation method can affect the suil shear strength significant 

especially for piles installed in sensitive marine clay and fissured over- 

consolidated clay. The screw action involved when installing the screw pile in 

these materials will drive the soi1 shear strength from peak to a much lower 

residual value. This is due to the fact that the rotating motion continuousiy 

churns and remolds the surrounding soi1 during pile installation. For sensitive 

soft clay and fissured clay, there is a pronounced difference in the undrained 

strength detemined at small strain comparing to strength at large strain as 

indicated by Adams and Radhakrishna (1971). The undrained shear strength of 



fissured clays has a maximum difference of up to 35% between the peak and 

residual strength of the fissured clay. 

Rigden, et al. (1 979) performed a comparative study on open and closed end 

457 mm diameter steel pile driven into stiff glacial till ta a depth of 9.0 m. A clay 

plug was formed in the open end pile. The failure loads of the clay-plugged and 

steel plate closed piles were 1160 kN and 1400 kN. The author evaluated the 

ultimate skin friction and the base resistance of the piles and suggested that the 

skin friction on the open ended piles was 20 % less than that on the closed end 

piles. Therefore, it is recornmended that if a clay plug is fomed inside the pile 

tube, the skin friction obtained from Section 2.3.2 should be multiplied by a 

reduction factor of 0.8, and the dtimate base resistance, Qb, reduced by a factor 

of 0.5. If an interna1 stiffening ring, such as a steel plate welded inside of the 

steel tube, is provided at the toe of a steel pile the base resistance should be 

calculated using the net cross sectional area of the steel. 

If helical piles are placed too close to each other, the average net ultimate 

uplift capacity of each anchor may decrease due to the interference of the failure 

zones in soi1 located around the anchors. Das (1990) conducted Laboratory 

mode1 test to study the group effect on the ultimate capacity of the pile. The 

results have shown that, for the non-interference of the anchor failure zones, the 

optimum center-to-center spacing in loose and dense sand should be 6 Dl and 

10 Di, respectively. In any case, it is recommended that the minimum center-to- 

center spacing of the anchors should be about 5 0,. Trofimenkow and 

Mariupolskii (1965) conducted field load test on full scale screw piles. Twelve 

pile groups were tested each consisting of three small piles placed in one row at 

a distance from 1.5 D to 5 D. The pile plate was at a depth of 8 D. The 

experirnents showed that the pulling out resistance of a deep installed pile group 

placed at a distance not less than 1.5 D is equal to that of the single pile in the 

sarne soi1 and at the same depth. 



2.7 COMPRESSION CAPACITY VS. TENSION CAPACITY 

Narasimha Rao, et al. (1991) investigated the compression and tension 

capacity of model screw pile installed in soft marine clay. The soils properties 

used in the laboratory testing are listed in Table 2.23. The undrained shear 

strength results were determined using the in situ vane shear apparatus. Al1 

the testing was carried out with a range of moisture contents of 26 % to 50.4%. 

with variation of pile length, number of helices and size of the shaft and helix 

diameter. Test results are presented in Table 2.24. It is concluded that the 

reduction of moisture content increases the capacities both in compression and 

tension. In addition, the number of plates also increases the capacities. The 

test results also indicate that the ultimate compression to tension capacity ratio 

(Qc/  Qt) decreases with a decrease in moisture contents. At higher moisture 

content, w, such as 40.2 % to 50.4 %, the Q,/ Qranges from 1.44 to 1.71, and 

at lower w, the Qc / Qt ratio decreases to a range of 1 .O3 to 1.17. The effect is 

independent on the installation depth, number of helices and pile diameter. 

Trofimendkov and Mariupolskii (1965) conducted a series of field 

compression and tension tests using screw piles with various soi1 types. About 

two hundred piles were installed in soft to hard clays as well as loose to medium 

dense sands with pile helix diameter D ranging form 0.45 to 1 .O rn to a depth up 

to 7 m. The test results indicated that the compression capacity was 1.4 to 1.5 

higher than the uplift capacity. The author concluded that in the compression 

tests, the bearing plate was pressing on undisturbed soil, and the density of a 

typical soi1 increases with depth. A design procedure was proposed based on 

the test results and the author concluded that for the ultimate bearing capacity is 

1.3 times more than that of a screw pile in the pulling out tests. Therefore, the 

compression to tension capacity ratio can be expressed as: 



For engineering application such as surface vessels, the screw pile is 

subjected to a combination of sustained and repeated loads. Adams and 

Radhakrishna (1971) reported that for repeated loading cycles within a stress 

range comparable to trmsrnission-load variations, the loading-unloading cycles 

did not show a marked influence on the ultimate uplift capacity of the test footings 

installed in stiff clay. 

Strain softening response behavior under cyclic loading is a major concern 

for structures constructed on sand and sandy silt. Very few studies are available 

the influence of cyclic loading on the ultimate capacity of screw piles. Andreadis 

et al. (1978) carried out model studies on circular plate anchors with embedment 

ratio H/D = 12 installed in a medium uniform saturated sand. The type of tests 

were performed including a cyclic load test with sinusoidal 10 second duration 

cycle (N) and a sustained-repeated load test. The cyclic load test was performed 

with a sinusoidal duration cycle (N) of 10 second. In the sustained-repeated load 

test, the anchor was first load with a sustained static load (Qsmtain1 and then a 

cyclic load (Qcyciic). The author defined the relative anchor movement as: 

Uplfl Movement of Anchor,A 
AA = Equation 2.48 

Anchor Diameter, D 

The relationship in terms of sinusoidal duration cycles (N). relative anchor 

movernent A X, and relative cyclic load, Qs,tair/QUIt is presented in Figure 2.5 1. 

Figure 2.52 presents the relationship of QcycIidQUR with the number of cycles 

applied to the pile for various values of AA. Based on the results of the model 

test, Andreadis et al. (1978) suggested that there is almost no reduction in 

ultimate uplift capacity obtained from static pile load test if the cyclic relative 

anchor displacement is maintained below about half of the relative movement to 

failure in static pullout test. Therefore, the relationship can be expressed as 



where 

Equation 2.49 

LU = allowable cyclic relative anchor displacement 
A, = ultimate displacernent obtained from static pile load test 

One can calculate maximum allowable value of M. based on field pile load 

test, then, the ratio of Qcyclic / Qull can be obtained from Figure 2.52, and the 

ultimate pile capacity used be determined corresponding to the number of load 

application cycles during the lift span of the pile. 

Trofimenkov and Mariupolskii (1965) performed pile load testing on 200 

screw piles installed in various soi1 conditions. Different loading methods 

inciuding rapid loading test, sustained loading test, pulsating loading test were 

used to perfom both compression and tension tests. Typical uplift test results 

using single 0.8 m diameter helix with 0.22 rn diameter shaft instailed to a depth 

of 5.0 rn under different loading methods are shown in Figure 2.53. Based on the 

field results, author suggested that reduction factor m should be applied to 

ultirnate capacity Qu and the values of the reduction factor m are presented in 

Table 2.25. 

2.9 FACTOR OF SAFETY USE FOR DESIGN 

As discussed at the beginning of the chapter, in the present state of 

knowledge, a design method, that c m  be used to generally apply to all pile types, 

has not been developed. Empirical factors are embedded in the design methods 

to account for uncertainties, such as the dificulties of determining properties of 

the subsurface condition over the site, variation in the construction and 

installation procedure, and differences in rates of loading during the pile load test 

as cornpared to the service loading. Therefore. the usual approach to the 

problem is to apply a factor of safety to the uitimate capacity obtained by field pile 



load testing and the result. called the allowable pile capacities, is typically used in 

design. The allowable net ultimate uplift capacity can be expressed as follow: 

= allowable net ultimate capacity used for design 
= ultimate capacity of the pile 
= factor of safe 

Equation 2. 50 

The selection of the appropriate factor of safety depends on many factors. 

Lunne et al. (1998) stated that the selection of factor of safety is affected by "the 

reliability and sufficiency of the site investigation data, confidence in the method 

of calculation, and previous experience with similar piles in similar soils and 

whether or not pile load test results are availablen. Tomlinson (1994) states that 

a factor of 2.5 should be apply to the predicted ultimate capacity in order to 

ensure that settlernent of more than 10 mm will not occur under working load. 

This recommended factor of safety is concluded based on a very large number of 

loading tests taken to failure with piles of diameters up to about 600 mm installed 

in clays and sands. For any cases, the factor of safety should not be taken as 

less than 2 even if the ultimate pile capacity is determined by the pile load test 

results (Terzaghi and Peck, 1996) 

Das (1990) recommends that in most cases of screw pile subject to uplift 

force, a factor of 2 to 2.5 should be applied to the ultimate capacity as the safety 

factor. For screw pile group under uplift loading, the factor of safety should be 

taken as minimum of 2.5 to estirnate the allowable uplift capacity of the pile 

group. 



For the two direct methods using Cone Penetration test as outlined in 

Section 2.3.3, the values for the factor of safety provided by the authors are listed 

in Table 2.26. 

For group piles, Terzaghi and Peck (1996) stated that the factor of safety 

shouid be taken as minimum of 3 in order to prevent base failure to occur. 
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Table 2.1: Bearing Capacity Equations by Several Authors (after Bowles 1988) 

For: strip round quzn 
s c = t . O  13 1.3 
s . 0  0.6 0.8 

Meyertiof (1 976) - see Table 2.2 for çhape, depth, and indination factors 

Vertical ioad: q,, = cNj& + q'N& + O.SyBN,s,û, 

Inctined load: ~ U I ,  = cN& + q'N,d,i, + O.SyBN#,i, 

N, = (N, - 1) cot t$ 

N, = (NI - 1) tan (1.44) 

Hansen (1970) - see Table 2.4 for shape, depth, and other factors 

General: qui4 = cNa&~h, + qNSpJg&, + Q.S~BN+&P#, 

whcn d m 0  

w quii 5.14~,(1 + I, + d l  - i; - & - &) + q' 

N, = samc as Meytthol above 

N, = sune af Meycthor abovt 

N,= I.YN,- t ) t u i t #  

Vestc (1 973) - see Table 2.4 for shape, depth. and other factors 

Use Hanscnk equaïions above 

N, = same as Mcycrbof above 

Ne = urne u Mtycrhof above 

N,=2(N,+ l ) - @  



Table 2.2: Shape, Depth, and Inclination Factors for the Meyerhof Bearing Capacity (after 
Bowles, 1988) 

-- -- 

Ficton Value For 

0 
Shape: s, = I - O . X ,  -- 

L 

Inclination: 

10 

4 - 0  

Any i~ 

Table 2.3: Bearing Capacity Factors foi Shallow Foundations for the Meyerhof, Hansen, 
and Vesic' Theory (after Bowles, 1988) 

Note that N, and N, are same for al1 ihrte methods; subscnprs idcntify authot for N, 



Table 2.4: Shape, Depth, lncllnation, Ground and Base Factors for Use in Either the Hansen (1970) or Vesic (1973) Bearing Capacity 
Equations. Factors Apply to Either Method Unless Subscripted with (H) or (V). (after Bowels, 1988) 

N. B 
SI. = 1 + -.- 

fi, L 

% = 1 for slrip 

4 

B 
s, = 1 + - lan @ 

L 

n D 
li - ian- '  - for - > 1 (rad) a B 

c. = idhcnan io bas  = cuhcaron or a icducxd vuluc 
D = dcpth d fooiiny in #round ( u 4  with I and no1 8') 

en, r~ = ccccn\nuty d load witb rcrpcct i o  œntcr ul footing arra 
H = horitonlml componrnl of footing tond wiih H I; Y iun 8 + c.A, 
Y 1 inirl vcniul lord on looi iq 
$ = dope d~cound i w a )  h m  brsc wi ih downrord - ( + ) 
b .z ftuiion angle b t t w t t n  bue and coi1 usually J a t$ for 

cowcic on coi1 
ir iilt ande d k from hotirontal wrih ( 4 ) upward as 

wual case 

G'riwrui. I. Do noi use r, in cornhination wirh t , .  
2. Can ucc r, in combinaiion wi ih  J , ,  8.. and h, 
3. Fnr Llf )  5 2 uw 4, 

F u r L ; B > 2 w + , , =  (.)a,, 17 
For65  W'uu:&,,-4, 

. . 1 - 4  
1, = l ,  - - (Hansen und Vcsic) 

A', - 1 

1' + Ale, coi d, 

N o w  i,. r ,  :, O 

for Vaic use N ,  = - 2 sin II for 4 - O 

- - 

i~,,~, = h,(,., c ( 1  - q iiin (b)2 

Ntt1e.c fl 1- rl 90" 

6 9 



Table 2.5: Estimates for the Rigidity Index, Ir (after Bowles, 1988) 

Soil 

1 Sand (Dr = 0.5-0.8) 75-150 I 

Table 2.6: Bearing Capacity Factors for Shallow Foundations for the Meyerhof, Hansen, 
and Vesic' Theory (after Bowles, 1988) 

Note: a shape factor of s, 1.3 may be used with Janbu's N,' 



Table 2.8: Range of N, Factors (after CFEM, 1992) 

Table 2.7: Bearing Capacity Factor N, Related to the Pile Diameter (after CFEM, 1992) 

Pile Toe Diameter 
(m) 

Smaller than 0.5 m 

Nc 

9 

Soil Type 

1 Silt 

0.5m to 1.0m 1 7 

Cast-ln-Place Pile 

10-30 

1 Loose sand 

Larger than 1 .O m 

Driven Piles 

20 - 30 

Medium sand 

Dense sand 

6 

] Gravel 

b 

30 - 60 

50 - 100 

80 - 150 / 150-300 1 

50 - 120 

100 - 120 



Table 2.9: Adhesion Factors for Drilled Shafts in a Cohesive Soil (after Reese and O'Neill, 
1988) 

Shaft diameter from bottom 
of straight shaft or from top 
of underream 

Shaft Depth 
(fi* 1 

All Other Points 1 0.55 

Ad hesion 
Factor 

CL 

Note: skin friction Gi should be limited to 5.5 
ks f 

0s  
a = O at top of 
underream 



Table 2.10: Design Value of Adhesion Factors for Piles Driven into Stiff to Very Stiff 
~ohësive Soils (aiter Tomlinson, 1994). 

Case 

Penetration rz 

Soil Conditions Penetration Adhesion 
Ratioa ~ a c t o r ~  

Sands of sandy gravels 
overlying stiff to very stiff 
cohesive soils Figure 2.14 

Soft clays or silts overlying 
stiff to very stiff cohesive soils 

20 0.70 

a 

1 

I l 
b 

io: Depth of penetration into stiff to very stiff soillDiameter of pile. 

Stiff to very stiff cohesive soils 
without overlying strata 

btofal ultimate skin friction on length of pile ernbedded in stiff to very stiff 
cohesion soi1 = Adhesion factor x Undrained shearing strength x Embedded 
surface area. 

Table 2.11: Values of the Coefficient of Horizontal Soil Stress, Ks (after Kulhawy, 1984) 

8 
20 
20 

Installation Method 

O. 40 

Figure 2.14 

- - -  

Driven piles, large displacernent 

1 Bored and cast-in-place piles 1 0.7Oto1 1 

1 to 2 

Driven piles. small displacement 

1 Jetted piles 

0.75 to 1.25 

Table 2.12: Typical Values of K. for a Nonnally Consolidated Sand (after Kulhawy, 1984) 

1 Relative Density 1 KO 1 
1 Loose I o. 5 I 

1 Dense 1 0.35 1 



Table 2.13: Values of the Angle of Pile to Soil Friction for Various Interface Conditions 
(after Kulhawy, 1984) 

1 PilelSoil Interface Condition 1 Angle of PilelSoil Friction, 6 1 

Table 2.14: Range of p Coefficients (after CFEM, 1992) 

Smooth (coated) steellsand 

Rough (corrugated) steellsand 

Precast concretekand 

Soil Type 

0.5 $ to 0.7 41 

0.7 4 to 0.9 41 
0.8 4 to 1.0 0 

/ Cast-in-Place Piles 1 Driven Piles 

Silt 

Loose sand 

Medium sand 

0.2 - 0.30 

Dense sand 

Gravel 

0.3 - 0.5 

0.2 - 0.4 
0.3 - 0.5 

0.3 - 0.8 

0.6 - 1 .O 

0.4 - 0.6 
0.4 - 0.7 

0.8 - 1.2 

0.8 - 1.5 



Table 2.1 5: Bearing Capacity Factors, k. (after Bustamante and Gianeselli, 1982) 

Nature of Soil 
(MPa) Group l gr ou^ I I  l a 

Group I - 

Group II - 

Soft clay and rnud 

Moderately compact clay 

Silt and loose sand 

Compact to stiff clay and compact silt 
Soft chalk 
Moderately compact sand and grave1 
Weathered to fragmented chalk 
Compact to very compact sand and 
grave1 

I 

Plain bored piles 
Mud bored piles 
Micro piles (grouted under low pressure) 
Cased bored piles 
Hollow auger bored piles 
Piers 
Barrettes 

Cast screwed piles 
Driven precast piles 
Prestressed tubular piles 
Driven cast piles 
Jacked metal piles 
Micropiles (small diameter piles grouted under high 
pressure with diameter < 250 mm) 
Driven grouted piles (low pressure grouting) 
Driven rnetal piles 
Driven ramrned piles 
Jacked concrete piles 
High pressure grouted piles of large diameter 

c 1 

1 to 5 

15 

> 5  
15 

5 to 12 
> 5 

>12 

0.4 

0.35 

0.4 

0.45 
0.2 

0.4 
0.2 

0.3 

O. 5 

0.45 

0.5 

0.55 

O. 3 
O. 5 
0.4 

0.4 





Table 2.17: Descriptions of Deep Faundations Used in Combination with Figure 2.20 (after 
Bustamante and Gianeselli, 1983) 

Pile 

1 

Screwed - 
in 

Description 

Screw type tool 
placed in front 
of corrugated 
pipe that is 
pushed or 
screwed in 
place; reverse 
rotation to pull 
casing white 
placing 
concrete 

q, c 53 ksf 
-- 

1 Slow penetration 1 > 94 1 &ay-siit 1 3 ] 

1 

Remarks 

I / slow penetration 1 
1 

anY 1 Sand-Gravel 1 1 1 

- 

any 
> 25 

Cone 
Resistance 

9 c  
(ksf) 

-- - 

~ ~ a ~ - s i l t  1 1 

~ lay -s i l t  ( 2 

Curve 

Fine Sands with 
, load test 

Coarse gravelly 
sandlgravel 
Coarse graveliy 
sandlgravel 
q, < 146 ksf without 
load test 
q, < 146 ksf with 
load test 

1 Above water table; 

Above water table 
with load test 1 >250 / Chalk / 4 1 

1 immediate concrete 
placement; slow 

Table 2.18: European CPT design method (after de Ruitet and Beringen, 1979) 

Unit skin 
friction, f, 

I 

> 73 

> 153 

anY 

> 63 

> 63 

, 

, penetration 

> 94 

bearing, q, 

Sand 

! 

Sand-Grave1 

Sand-Gravel 

Chalk 

Chalk 

Chalk 

I 

Chalk 

Clay 

1 

2 

3 

1 

2 

3 

I 

3 

Minimum of: 
fi = 0.12 MPa 
4 = CPT sleeve friction, f, 
f3 = q, 1 300 (compression) 
f4 = q, 1 400 (tension) 

Minimum: q, from Figure 2.22 

f=Ctsu  
where 
a = 1 for N.C. clay 

= 0.5 for O.C. clay 



Table 2.19: Coefficient rn and Maximum Factor, S used in Meyerhof and Adam's Theory 
(after Meyerhof and Adam, 1968) 

1 Max factor, S 
I I 

1 1.12 1 1.30 / 1.60 12.25 13.45 15.50 / 7.601 

Friction angle, 4 
Coefficient. m 

Table 2.20: Critical Embedment Ratio, (H/B),,for Circular Anchor (after Meyerhof and 
Adam, 1968) 

20" 1 25" 
0.05 1 0.1 

Table 2.21: Recomrnended Uplift Coefficients, Ku for Helical Anchors (after Mitsch and 
Clemence, 1985) 

Friction angle, 4 

Table 2.22: Reduction in Ultirnate Capacity with Time (after Tomlinson, 1994) 

30" 
0.15 

25' 

3 Depth (HIB),, 

f Soil 
Friction Angle 

tmr 

1 Type of Pile 1 Type of Clay ( Change in Resistance 1 Reference 

40" 
0.35 

35" 
0.25 

2.5 

Meyerhof s Coefficient Recommended Coeficients 
for Foundation Uplift i for Helical Anchors 

30" 

4 

I Driven precast 
concrete 

45" 
0.5 

Oriven precast 
concrete 

Aarhus 
(Septarian) 

48" , 

0.6 

35" 

5 

Decrease of 10 to 20 % at 3 
rnonths over first test at 1 rnonth 

London 

Ballisager (1 959) 

40" 

7 

Decrease of 10 to 20% at 9 
months over first test at 1 month 

Decrease of 4 to 25 % at 1 year 
over first test at 1 month 

45" 

9 

Meyerhof andpp 
Murdock (1 953) 

1 Driven steel tube Tomlinson (1 970) 

48" 

11 

London 



Table 2.23: Soils - lndex f roperties Used in Test (after Narasimha Rao et al., t9W) 

Soil 
Designation 

Table 2.24: Measured Ultimate Load Carrying Capacities for Model Piles Tests (after 
Narasirnha Rao et al., 1991) 

Soil 1 
Soii 2 
Soil 3 

Liquid 
Limit 
(%) 

75 
38 
65 

S. 
No. 

Note: Type I pile has a shaft diarneter of 44 mm and helix diameter of 100 mm installed to a 
depth of 640.0 mm. 

Plastic 
Limit 
(%) 

Type 1, 

SoB 1, Set 
I 

1 

Type 1, 
Soi1 1, Set 

II 
I 

Type 11, 
Soil2, Set 

I 

Type II, 
Set II, Soil 

2 

Type If pile has a shaft diameter of 25 mm and helix diameter of 75 mm installed to a 
depth of 1000.0 mm. 

25 
16 
23 

Screw Pile 
Desfgnation 

Set I pile has shaft diarneter of 44 mm and helix diarneter of 100 mm installed to depth 
of 1000.0 mm. 

Plasticity 

(%) 
Index 

Set II pile has shaft diameter of 60 mm and helix diameter of 150 mm installed to depth 
of 1000.0 mm. 

50 
22 
42 

Helical 
Pfates 

1 

1 
2 
3 
4 
5 

1 6  
7 
8 
9 
1 
2 
3 
1 
2 
3 
1 
2 

Grain ~ i z e  Distribution 

1 

P 1 
P 2 
P 3 
P 4 
P 5 
P 6 
P 7 
P 8 
P 9 
P 4 
P 5 
P 6 
P 7 
P 8 
P 9 
P 10 
P I l  

(%) 
'la' 

62 
20 
59 

Placement 
Molstuie 
Content 

W 

(W 

2 
3 
4 
2 
3 
4 
2 
3 

Ultimate Capacity 

Index 

ml 
Si't 

20 
43 
22 

40.2 
40.2 
40.2 
45.2 
45.2 
45.2 
50.4 
50.4 

0.696 1.44 0.84 1.71 
0.696 1.74 0.97 1.79 
0.696 1.94 1.34 1.45 
0.596 1 .O4 0.67 1.55 
0.596 1.36 0.91 1.49 
0.596 1.45 0.97 1.49 
O. 492 0.84 0.55 1.53 
0.492 0.93 0.63 1.48 

Fine 

(%) 
Sand 

15 
36 
17 

0.492 - 1 .O5 0.73 1.44 
0.596 2.38 1.48 1.61 
0.596 2.60 1.67 1.56 
0.596 2.71 1.72 1.58 
0.545 0.81 0.69 1.17 
0.545 0.93 0.83 1.12 
0.545 0.99 0.90 1.10 
0.545 0.68 0.65 1.05 
0.545 0.73 0.71 1.03 

4 
2 
3 
4 
2 
3 
4 
2 

Undrained 

Cu (kPa) 
Shear Strength, 

4.8 to 9.3 
6.2 
13.5 

50.4 
45.2 
45.2 
45.2 
26 
26 
26 
26 

3 1 26 



Table 2.25: Reducing Coefficient, m 

l 
- 

Hard, very stiff and stiff clay ( 0.8 0.7 0.7 

Soif Type 

I I I 

Saturated sand 0.8 0.5 1 0.3 

Type of Load 

Medium stiff clay 
Soft clay 
Very soft clay 
Partlv saturated sand 

Table 2.26: Recommended Factors of Safety for Axial Capacity of Piles from CPT (after 
Lunne, et al., 1998) 

lncreasing by 
Stem 

1 Method 1 Factors of Safety 1 

0.8 
O. 8 
0.8 
0.8 

Pulsating Alternate 

0.7 
0.6 
0.5 
O. 7 

l Bustamante and Gianeselli (1 982) 

0.6 
0.4 
0.3 
0.7 

2.0 (Qs) 

3.0 ( Q b )  

De Ruiter and Beringen (1979) 
2.0 (static loads) 

1.5 (static + stom loads) 







Figure 2.4: Stress Around Piles (after Winterkorn and Fang, 1975) 

Qualitative zone of 

interest for ultimate 

point capacity 

I 
Qualita~ivc load / 
transfcr curvc 

Figure 2.5: General Development of Pile Capacity (after Bowels, 1988) 



W2 BI2 
! 
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Surcharge avov)l)H 

1 C 

Rough 

Figure 2.6: Boundaries of Zone of Plastic Equilibriurn after Failure of Soil Beneah a 
Continuous Footing with Rough ûase and Surcharge (after fenaghi, 1943 and 
Bowles, 1988) 



Previous Theory Current Theory 
Tenaghi' Mode1 MeyerhoT Mode 

SHALLOW FOUNDATION 

Previous Theory 1 Current Theory 
Terzaghi' Mode1 Meyerhof" Mode 

DEEP FOUNDATION 

Figure 2.7: Temghi 8 Meyerhofs Pile Capacity Theories (after Meyerhof, 



Figure 2.8: Bearing Capacity Factors and Critical Oepth Ratios (aftei Meyerhof 1976) 



Figure 2.9: Approximate of Limiting Unitroint Resistance Based on the Static Cone 
Resistance (1 tsf = 95.8 kNlm , after Meyerhof 1976) 



Figura 2.10: Bearing Capacity Factors of N, and N, for Deep Foundations in Drained Loading: a) Values of N, b) Values of N, (after 
Kul hawy, 1 SU) 



Figure 2.1 1 : Bearing Capacity Factors vs. Angle of Interna1 Friction According to Various 
Authors (after Winterkorn and Fang, 1975) 



Figure 2.1 2: Reduction of Undrained Shear Strength foi Anchorage Design (after CFEM, 
1992) 

1 .O0 

0 . 7 5  

0 0.50 

0 . 2 5  

O 

Concrete piles 0 
3d0' 

e-- 
-- 

,/ Average for all piles 1 

O 2 0  40 6 0  8 0  100 120 1 4 0  160 180 
Undraln Shear Strength, KPa 

I F 1 I I I I r 1 

N O1 
APPLICABLE - - 

- - 
I 

- - 

1 I I 1 I I 1 1 1 .  

Cohesion. tonlm2 

Figure 2.13: Limiting Adhesion for Soft to Stiff Clays. (after Tomlinson, 1957) 



Figure 2.14: Design Curves for Adhesion Factors for Piles Driven into Clay Soils (after 
Tomlinson, 1994) 



Figure 2.15: Adhesion Factor for Pile Driven in Till (after Weltrnan and Healy, 1978) 

Figure 2.16: Adhesion Factors for Piles Driven to Deep Penetation into Clays: a) Peak 
Adhesion Factor vs. Shear StrengthlEffective Overburden Pressure; b) 
Length Factor (After Randolph and Wroth, 1982) 



Figure 2.17: Coefficient of Earth Pressure on Shaft cf  Piles above Critical Depth in Sand 
(After Meyerhof, 1982) 

DRIVEN 
PILES 

0 . d - . ' - J  
JO 3s 4a 

FRICTION ANGLE 4'. DECREES 

Figure 2.18: Latenl Earth Pressure and Friction Angle Factor, p as a Function of Friction 
Angle Prior to Installation (after ASCE, 1993, Data from Meyerhof, 1976 and 
Poulos and Davis, 1980) 



Figure 2.19: CPT Method to Detemine Equivalent Cone Resistance at Pile Base (aftei 
Bustamante and Gianeselli, 1982) 



CONE RESISTANCE qc, KSF 

a. CLAY AND SILT b. SAND AND CRAVEL 

CONE RESISTANCE qc, KSF 

c .  C H A U  

Figure 2.20: Pile Capacity Prediction Based on CPT - Cuwes Used with Table 2.17 (after 
Bustamante and Gianeselli, 1983) 
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Figure 2.21: Predict Pile Capacity Using CPT - De Ruiter and Beringen Method (after De 
Ruiter and Beringen, 1979) 
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Figure 2.22: Correction for Over-Consolidated Sand for De Ruiter and Beringen Method 
(after De Ruiter and Beringen, 1979) 
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Figure 2.23: Screw Pile in Compression and Tension Loading (after Naasimha Rao et al., 
1991) 
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Figure 2.24: Failure of Soil Above a Strip Footing Under Uplift Load (after Meyerhof and 
Adam, 1968) 
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Figure 2.25: Ptevious Uplift Bearing Capacity Theories (after Das, 1990) 
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Figure 2.26: Variation of F, + F, Based on Balla's Theory (after Bella, 1961) 
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Figure 2.27: Mariupol'skii's Uplift Capacity Model for Plate Anchor (after Das, 1930) 



Figure 2.28: Uplift Coefficient sK. used in Meyerhof and Adam's Uplift Capacity Theory 
(after Meyerhof and Adam, 1968) 

Figure 2.29: Plot of Breakout Factor, F, for Shallow Circulai Anchors Based on Meyerhof 
and Adam's Theory (after Das, 1990) 



Figure 2.30: Plot of Breakout Factor, F,*, for Deep Circular Anchors Based on Meyerhof 
and Adam's Theory (after Das, 1990) 
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Figure 2.31: Failum Mechanism for Deep Anchor used in Meyerhof and Adam's Theory 
(after Das, 1990) 



Figure 2.32: Variation of F, for Shallow Circulai Anchors Based on Vesic's Model (after 
Das, 1990) 
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Figure 2.33: Breakout Factor Based on Saeedy's Theory (after Dar, 1990) 
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Figure 2.34: Breakout Factor, F, for Shallow Circulai Anchon Based on Veesaert and 

Clemence's Theory (after Das, 1990) 

Figure 2.35: Uplift Coefficient Nu Based on Meyerhof and Adam Theory (after Meyerhof 
and Adam, i968) 



Figure 2.36: Shallow Model Screw Anchor Test with Marker Lines (after Mitsch and 
Clemence, 1985) 

Figure 2.37: Deep lodel Screw Anchor Test with Marker Lines (after Mitsch and 
Clemence, 1985) 
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Figure 2.38: Failure Surface for Shallow Multihelix Anchor in 
Sand (after Mitsch and Clemence, 1985) 

Figure 2.39: Failure Surface of a Deep Multihelix Anchor in 
Sand (after Mitsch and Clemence, 1985) 
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Figure 2.40: Recommended Lateal Stress Values, Ku for Helical Anchors and Foundations 
in Uplift (after Mitsch and Clemence, 1985) 
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Figure 2.41: Uplift Capacity Factor, N ,  vs. Embedment Ratio, HID Raüo for Helical 
Anchors in Sand (after Mitsch and Clernence, 1985) 



Figure 2.42: Variation of Breakout Factor with Embedment Depth for Shallow Anchor 
Condition based on Mitsch and Clemence's Theory (after Das, 1990) 

Figure 2.43: Variation of Breakout Factor with Embedment Depth for Deep Anchor 
Condition based on Mitsch and Clemence's Theory (after Das, 1990) 



Figure 2.44: Cornparison of Maximum Shear Stain Measured and Proposed Failure 
Surface for a) Shallow Model Tests in Clay and b) Deep Model Test in 
Lacustrine Silt (after Mooney et al., 1985) 
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Figure 2.45: Proposed failure Mode for Multihelix Anchors in Clay and Silt (after Mooney, 
et al., 1985) 



Figure 2.46: Uplift Capacity Factor, Ncu (after Mooney et al., 1985) 
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Figure 2.47: Variation of Uplift Capacity Factor Ncu with (HID)I(HID), Ratio (after Das, 1990) 



Figure 2.48: Behavior of Helical Anchoi at Various Embedment Ratios: a) Shallow; b) 
Transitions; c) Deep (after Narasimha Rao and Pasad, 1993) 
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Figure 2.49: Individual Bearing Method 



Figure 2.50: Comparison between Theory and the Results of the FullScale Tests of Belled 
Footings. (after Adams and Radhakrishna, 1971) 

Figure 2.51: Relative Anchor Movement Versus Number of Cycles (aftar Andreadis et al., 
1978) 



Figure 2.52: Relative Cyclic Load Versus Number of Cycles (after Andreadis et al., 1978) 

Figure 2.53: Resuks of Pile Load Tests: a) Continuous Uplift Tests in Various Soils; b) 
Uplift Test Under Different Loading Condition in Medium Stiff Clay; c) Uplift 
Tests Under Different Loading Condition in Saturated Loose Sands (after 
Trofirnen kov and Mariupols kii, 1 965) 



CHAPTER 3 PILE DEVELOP MENT 

3.1 SCOPE 

This chapter describes the design, instrumentation and construction of the 

screw piles used for the field program. The test piles were designed to measure 

and study the following during the load testing of the pile: 

1. The total load applied and settlernent of the pile, 

2. The distribution of load (stress) along the pile shaft as it was loaded, 

3. The load carried by the end helix of the pile (end bearing), 

4. The influence of installation depth (H) to helix diameter (D) ratio on the 

ultimate pile capacity, and 

5. The influence of inter-helical space (S) to helix diameter (D) ratio on 

the ultimate pile capacity. 

3.2 PILE GEOMET RY AND INSTRUMENTATION 

ALMITA Manufacturing LTD. requested that tests be performed on the most 

cornmonly used screw piles used in engineering applications where large pile 

capacity are required. The company wanted to test large diameter screw pile for 

Mure use in foundation applications in which compressive load dominate. 

Therefore, the choice of the pile diameter and material thickness was pre- 

determined by the manufacturer. The length of the pile was lirnited by the 

installation equipment. The maximum length of the pile that the current installation 

ûuck can install is 6.10 m (20 ft). Figure 3.1 through 3.3 illustrate the geometry of 

the screw anchor piles used in the test program. Table 3.1 contains a surnmary of 

the pile characteristics. The steel properües used to manufacture these piles are 

provided in Appendix A. 



The multi-helix screw pile adopted for the compression and tension test 

consisted of a 229 mm diameter pile with 6.71 mm thick steel shaft and three 356 

mm diameter helices welded to the steel shaft, a typical screw pile geometry used 

in Alberta. The study wnsidered two major geometnc factors, the embedment 

ratio (MD) and the inter-helix spacing or the spacing ratio (W), as the main 

variances that would significantly influence the ultimate load canying capacity. 

Therefore. fuliy instrumented piles were installed to a depth of 3.05 m and 5.18 m 

to investigate the influence of the embedment ratio on the screw pile failure 

mechanism and load carrying capacity. The ratios were chosen based on the 

considerations of the installation equipment limitation and a review of the literature 

(Bradka, 1997). The instrumented piles are designed with 3 halices and they were 

to be compared with the standard production pile (non-instrumented) which had 2 

helices. Figure 3.4 shows a schematic of the research piles with three helices 

installed to a depth of 3.05 m, 5.18 m, with a typical production pile having double 

helices installed to a depth of 5.1 8 m. 

The helical piles used in lateral tests were designed to have the same 

geometry. and were installed to a depth of 5.18 m. Two types of wall thickness (f) 

were chosen 6.71 mm and 8.18 mm respecffully. The shaft wall thickness of the 

anchor was varied in order to compare the difference in ultimate capacity under 

lateral loading due to the structural stiffness. 

Research screw piles were instrumented with five levels of strain gauges and a 

load ceil at the base of the pile to evaluate the load transformation phenornena 

during the installation and load testing of the screw pile. Strain gauges were 

installed inside of the 219 mm diameter steel. The pipes were cut into short 

sections allowing strain gauges to be mounted inside to protect the instrumentation 

during installation. The sections were then welded together with the 356 mm 

diameter helices fully affixed to the central shaft at last Al1 the strain gauges were 

protected by a silicon shell and fiberglass insulation to avoid extreme heating 

during assembly of the pile and from excessive moisture during tesüng as shown 



in Figure 3.5. The assembling and welding stages of preparing the research piles 

are presented in Figure 3.6, Figure 3.7, and Figure 3.8. 

A systematic design was created for the strain gauge installation, wiring, and 

data collection. At each level. #ree strain gauges were installed 120" apart 

around the diameter to capture different loading conditions both for axial and 

lateral tests. Strain rosettes were used, with each rosette having three gauges 

whose axes are 45" apart. In addition, load cells were installed inside of the tip of 

the pile as demonstrated in Figure 3.9 and Figure 3.10. However, to proted the 

load cell from damage during installation, the load cell could only be installed about 

0.3 rn from the bottom of the screw pile. Consequently, there was a total of 49 

channels. including 45 sensors from the 5 levels of strain gauges. 2 displacement 

transducers and 2 load cells, that al1 require monitoring during the test. A data 

logger system. CRI O with 3 multiplexen (AM416). was adopted to control the real 

time collection, and retfieve the stored data. Figure 3.11 shows the data 

acquisition system used. A laptop cornputer was connected to the data acquisition 

system as shown in Figure 3.12. The cornputer program provided real tirne plot 

data on screen for use in controlling the loading process. 

3.3 STRAIN GAUGE AND END LOAD CELL CALlBRAf ION 

The strain gauges and the end load cell were pre-calibrated at the University of 

Alberta. Sections of steel pile shaft with strain gauges installed inside were loaded 

in an unconfined compression machine. The output data are colleded via the 

Data Acquisition system. The result were cornputeci and wmpared to the load 

apply by the loading systern (see Figure 3.13). The end load cells were calibrated 

in a same manner. The detailed results of the calibration are presented in 

Appendix A. 
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Figum 3.6: Mm ara Pmtocted by Fiber Glas8 InsuMion Prior ta Wslding of Sections 

Fiiun 3.6: Pik m b k d  at Manufacture's Floor Shop 



Figure 3.7: Protecting Stnin Gauge during Wslding by Water Cmling of Sections 
being Welded 

Figurs 3.8: Research Pik aftw Assembly 



Figure 3.9: Pile End Load Ceil fnstalbd Inside of Compression Piles 

Fium 3.10: Size of Remarch Pihs usad in the Test Program 



Figure 3.1i: Data Acquisition Systam Used to C o l k t  Test Data 
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Chapter 4 SITE INVESTIGATION OF TEST SITES 

INTRODUCTION 

The main objective of this research program is to test screw piles capacity 

installed in typical soi1 of Alberta. Therefore, it is important to determine the 

materials that are considered as representative soi1 for testing. The review of 

the geological literatures on Alberta soi1 indicated that the surficial deposits of 

Edmonton area consist mainly of well-sorted pre-glacial sands and gravels, 

glacial till and proglacial lake sediments. Based on the geological information, 

three "typical" test sites were proposed for the program. The soils chosen 

were: Lake Edmonton Clay at the University Farm site, Sand Dune at the 

Sand Pit site and Glacial Till at the Highway 14 Extension. These sites are 

located in the Edmonton area, allowing easy access for the test equipment. 

However, as outlined in section 4.3, the glacial till site was not used because 

the soi1 profile was determined as similar to the University Farm site. 

Nevertheless, the site investigation results for the glacial till site are included 

for future references. The following Chapter describes the geology of the field 

testing site and site investigation results. 

SITE GEOLOGY 

4.2.1 Glacial Lake Edmonton Sediments (University F a n  Site) 

Glacial Lake Edmonton deposits are lacustrine sediments, laid down in a 

large proglacial lake at the close of the Wisconsin glacial period (Bayrock and 

Hughes, 1962). The general composition of the material includes varved silts 

and clays, with pockets of till, sand, or sandy grave1 found in the sediments 

(Godfrey, 1993). The lake deposits are more clayey in the upperrnost 0.6 m 

than in the lower bed. The lower lake sediment beds consist of fine sand and 



till-like lenses of clay with scattered pebbles. The University Farm site. 

marked in Figure 4.1, is located in central Edmonton near 115 Street. and 58 

Avenue. 

4.2.2 Sand Dunes (Sand Pit Site) 

The sand dunes are of minor loess that composes of medium- to fine- 

grained sand with silt. The material consists of dried sediments of the glacial 

lake, mainly lake-bed muddy silts and beach sand which were transported by 

wind and re-deposited in a nearby sand dune field after the drainage of the 

glacial lake. The testing site is located outside of Bruderheim, northeast of 

Edmonton. The Sand Pit site is approximately 7.5 km north of Bruderheim 

town center. Figure 4.2 illustrates the test site location. 

4.2.3 Glacial Till 

Sediments deposited by the glacier without washing or sorting make up 

the glacial till. Till is composed of rnixed clay, silt and sand, with pebbles and 

boulders, lenses of sand, grave1 and local bedrock. This material is the most 

significant parent material from which Alberta soi1 has developed (Bayrock 

and Hughes, 1962). 

Cone Penetration tests were perforrned on a site located near 17 Street, 

and the highway 14 extension. The material is defined as lacustrine till but 

this site was later eliminated as a test site due to the similarity of the CPT 

profile with the University Farm Site. 



4.3 Sl f  E INVESTIGATlON 

4.3.1 Site Investigation Program 

The site investigation for the field test program compriseci both Cone 

Penetration tests (CPT) and Standard Penetration test (SPT) at each site. 

ConeTec Investigation Ltd. sponsored the in situ site investigation program by 

performing the Cone Penetration test with their cone truck with a penetration load 

mpacity of 10 tons as illustrated in Figure 4.3 at the University F a n  site and the 

Till site. Mobile Auger and Research Ltd. performed the SPT and a modified CPT 

test. called the Downhole Cone Penetrorneter Test (DCPT), at the University Farrn 

site and the Sand Pit site (see Figure 4.4). 

Cone Penetration tests were performed at each site to a minimum depth of 

7.5 m to assist in determining the soi1 stratigraphy and variation in shear strength 

within the soi1 profile. Two types of Cone Penetrometer were used for the site 

investigation. The conventional eledric piezometer, a cone with an apex angle 

of 60". 10 cm2 base area, and a standard friction sleeve with surface area of 150 

cm2 (refers to Figure 4.5 and Figure 4.6), was used at the University F a n  site 

where the rnaterial was cohesive, and uniform. The procedure to perform a CPT 

test is outlined in ASTM D3441-86. At the Sand Pit site, a simple but rugged 

electric cone penetrorneter (DCPT) was used. Figure 4.7 compares the design 

of a standard Cone Penetrometer (CPT) and a Down Hole Cone Penetrorneter 

(DCPT). The new m e  developed at the University of Alberta. has a diameter of 

46 mm with a projected area of 16.6 cm2 (Treen et al., 1992). The DCPT 

modifies the equipment and procedure of the standard CPT and c m  be 

perfomed by using locally available drilling ngs (see Figure 4.8 and Figure 4.9). 

The DCPT is a useful and econornic in situ test developed for regions where stiff 

glacial soils are the dominant sufical rnaterial. The robust and simple design 

allows the cone to be pushed through much stronger soi1 rnaterial ranging from 



very stiff soils to soft bedrock. Treen et al. (1992) described the basic procedure 

of performing the DCPT as follows: 

1. The electric Downhole Cone Penetrorneter, attached to a 1.5 rn length of 

standard AW drill rod (see Figure 4.10), is set up in the same manner as 

the SPT split spoon sampler. The penetrometer is then lowered to the 

bottom of the open borehole where the properties of the soi1 material are 

being investigated. 

2. The Downhole Cone Penetrometer is pushed into the base of the 

borehole at a nearly constant rate of 2 cmlsec for a length of 1.5 m (see 

Figure 4.1 0). Data are recorded using a data acquisition system. which 

records a continuous cone tip penetration resistance over a length of 1.5 

m. For soils that are more uniform and less stiff, the greater push force 

available allows a continuous cone tip resistance profile to whatever 

penetration depth is desirable. In this case, 1.5 m extension rod is 

attached to the AW rod and DCPT is pushed for another 1.5 m. The test 

continues to a depth where the DCPT meets refusal. 

3. For stronger and non-uniform soi1 that might damage the cone, the 

penetrometer is removed from the borehole after the data are transferred 

to the computer. The borehole is then advanced using drilling and the 

above process is repeated. In this case, a near continuous, repeatable 

profile of cone penetration resistance profile is generated with gaps 

through the stiffer zones. 

Treen et al. (1992) indicated that the equipment and procedures for 

perfoming the DCPT should not deviate signifcantly from the standard CPT in 

order to utilize eMsting research correlations developed for CPT. At the 

University F a n  site, both cone penetrometen were used in order to compare 

the consistency of the field results. It can be seen frorn Figure 4.16 that the 

results from DCPT produced an almost identical profile of penetration resistance, 



qc, as compared to the standard CPT. This indicates that DCPT test can still 

maintain a degree of sensitivity in soft soils despite its robust and simple design. 

At the Sand Pit site, the DCPT was performed continuously to a depth of 7.5 m 

because the push f o r e  provided by the drill rig was suffcient to penetrate the 

medium dense sand deposit. Therefore, a continuous cone penetration profile 

that is comparable to CPT profile was generated. 

One conventional boring using a solid stem auger was advanced at the 

University Farm site and the Sand Pit site. The Standard Penetration Test 

(SPT) was performed to a depth of approximately 6.0 m at intervals of about 

0.76 rn using a safety hammer as shown in Figure 4.12. 

4.3.2 Site Investigation Result 

4.3.2.1 Stratigraphic lnterpretation 

One application of the Cone Penetration Test (CPT) is to provide an estimate 

of the soi1 stratigraphy at a site. A typical summary report is shown in Figure 4.13 

where the continuous CPT profiles of cone penetraticn resistance (q,), sleeve 

friction (f,), and friction ratio (Rf) are presented. Figure 4.13 to Figure 4.15 present 

a wrnplete summary of the CPT soundings performed at three testing sites. The 

results for the Standard Penetration Test and the SPT "N' counts at various 

depths are show in the figures. 

In reœnt years, charts have been developed to classify soi1 type based on 

CPT data (Robertson and Camanella, 1983, Robertson, 1990). Researchers 

have shown that there is a relationship behiveen the CPT friction ratio, the fines 

content and soif plasticity. Based on this observation, most classification chart 

proposed to use the friction ratio (ratio of the CPT sleeve friction f, and the cone 

ti p resistance q J to classify the soi1 type since this ratio increases with increasing 

fines content and soi1 plasticity. Robertson (1990) proposed a soi1 behavior type 

chart based on the normalized tip resistance. Q, and the normalized friction ratio, 



F, as shown in Figure 4.17. Nine zones are used to define nine soi1 behavior 

types. In addition, a zone that represents norrnally consolidatec! soi1 is defined to 

provide an estimation of stress history of the material. In conjunction with the soi1 

behavior type chart. Table 4.1 can be used to estimate the unit weight of the soi1 

from each zone. Figure 4.18 to Figure 4.20 plots the result of CPT data for three 

sites on the soi1 behavior type chart. 

The soi1 profile is interpreted according to the CPT data using the soi1 

behavior type chart and the borehole information available. At the University 

F a n  site, the top 0.45 m of the soil consists of clay mixed with gravels that are 

the result of the site being used as a snow dump for the University of Alberta. 

The CPT profile shows that the upper 4 m of soi1 consists of uniform clay. For 

the depth of 4.0 - 7.5 m. the soi1 consists of interbedded siity clay and clay silt. 

The soi1 becomes more siity and sandy beyond 7.5m. The ground water level 

was located around 3.0 m in depth. At the Till site, the top 0.8 m was drilled to 

avoid having the electronic cone darnaged by pebbles. The zone. 0.8 m to 1.2 m 

consists of mainly clay. There is a thin layer of silt, approximately 0.3 m, located 

beneath the clay layer. From 1.5 rn to 5.5 m. the soi1 profile was mainly clay. 

Between 5.5 m to 8.5 ml the soi1 consists of interbedded siity clay and clayey silt. 

The ground water table was found to be at approximately 3.5 m depth. For the 

Sand Pit site, the top soi1 are clean sand to a depth of 0.75 m. Between 0.75 m 

to 2.75 m, the soi1 is medium grain sand to silty sand. From 2.75 m to 5.0 m. the 

soil is a sand mixture of silty sand to sandy silt. Below 5.0 m. the soi1 is a silt 

mixture of clayey silt to silty clay. The ground water level was encountered at 

approximately 4.5 m in depth. 

It can be seen from Figure 4.18 that the University Farm soi1 falls in zone 

4, which is a slightly over-consolidated clayey silt to silty clay mixture. The 

Sand Pit material is classified as clean sand to silty sand (see Figure 4.19). 

Comparing the soi1 behavior type charts for the University Farm site and the 

Till site (see Figure 4-20), the results demonstrated that the CPT profiles of 

the Lake Edmonton Clay and the Glacial Till around Edmonton area are very 



similar. The Glacial Till profile also falls in zone 4. which can be considered as 

a silt mixture wnsisting of clayey silt to silty clay. For zone 4 material found on the 

University Fam site, the unit weight estimated is approximately 18 k ~ l r n ~ .  For the 

Sand Pit site, the unit weight of the soil is around 18 to 19 kb4/rn3. 

4.3.2.2 Soil Strength Properties 

The tip resistance obtained from the cone penetration log can be used to 

evaluate the undrained shear strength, Cu of clays. Equation 4.1 is usually 

employed to estimate the Cu (Robertson and Campanella, 1988): 

where 

Equation 4.1 

C, = undrained shear strength of clay 
9 c  = tip resistance from CPT profile 
00 = the in-situ total overburden pressure 
4 = the cone factor 

The cone factor is an empirical factor that is generally obtained from 

correlations. Lunne and Kleven (1981) indicated that the cone factor Nk has a 

range between 1 1 and 19, with an average of 15 for normally consolidated 

marine clays based on the field vane strength. Figure 4.21 shows the result of 

the undrained shear strength profile for the University Farrn site and the Till 

site. At the University Farm site, the top 1.2 rn is considered as soft to stiff 

clay and has an average undrained shear strength of 50 kPa. The material 

becomes stiffer between 1.2 m to 7.5 m, with an average value of 100 kPa. 

The overconsolidation ratio (OCR) is used to describe the stress history of 

the material on site. It is typically defined as the ratio of the maximum past 

effective consolidation stress to the present effective overburden stress. If the 



plasticity index, PI, is not known, a quick calculation of Cu /noJ gives an 

estimate of overconsolidation ratio, OCR for clays. Schmertmann (1 978a) 

indicates that (Cu/uvJNC ratio for most normally consolidated post-pleistocene 

clay can be assumed be approximately equal to 0.33. The (Cu /a,')Nc ratio 

line, shown in Figure 4.21 indicating that the Lake Edmonton Clay is over- 

consolidated for the soi1 deposits found at the University Farm site. 

Schmertmann (1978a) suggested a chart for estimating OCR based on 

normalized Cu/%' ratio (see Figure 4.22). Based on this chart, the material at 

the University Farm site is over-consolidated in the upper 2.3 m having an 

OCR value, which ranges from 3.3 to 5.5. Below 2.3 m, the soi1 is less 

overconsolidated with a typical OCR value of between 1.1 to 3.0. 

Standard Penetration Test, N count can be used ta estirnate shear 

strength of the soils. Many empirical correlations have been developed based 

on the SPT N count value. However, the major concern with using SPT 

correlations is the variability in equipment and test procedures encountered in 

practice throughout the world. A reliable SPT test result can only be obtained 

under controlled conditions, and by standardized equipment with rneasured 

energy ratio (ER, = energy that is delivered to the drill stem) recorded during a 

SPT. N values rneasured with a known or estimated rod energy ratios (ERJ 

should be nonnalized to a standard by the conversion (Robertson and 

Ghionna, 1987): 

Equation 4.2 

Table 4.2 gives a procedure to correct the SPT N count according to the 

energy ratios and test pradices. To estimate the undrained shear strength of a 

cohesive matenal based on the mrrected SPT N value, Bhanot (1968) provided 

a relationship as follow: 

Cu = 0.87 N Equation 4.3 



Where 

Cu = undrained shear strength 
N = SPT IV count 

Bhanot (1968) provided a detail study on the index properties and the laboratory 

shear strength values of the Lake Edmonton Clay. As part of his Ph. D thesis, 

Bhanot was invoived in conduding a pile load testing program on a large diameter 

bored pile installed at the University Fami site. His test site was located 

approximately 1 .O km away from the current test site. The laboratory values that 

were presented in his thesis are considered as a valuable reference for the 

compaikon with the CPT data collected in this study. Figure 4.23 presents the 

classificatiun of the soi1 collected from various depths, based on the Casagrande's 

Plasticity chart. Soil composition, natural rnoisture content, liquid limit, plastic limit, 

degree of saturation and bulk density of the University Fam soi1 are shown in 

Figure 4.24. The upper 4.27 m (14 feet) is classified as mainly clay (r 50 % clay). 

with a bulk unit weight of approximately 18.5 k ~ / m ~ .  Below 4.27 m. the soi1 is 

predominantly sandy silt, with a bulk unit weight of 21.5 k ~ l r n ~  for the rest of the 

depth. In addition, the author indicated that the upper layer is overconsoiidated 

due to desiccation. In the lower layer tiil. soi1 is wnsolidated due to the weight of 

the receding glacier. Soil is highly plastic in the upper 4.27 m, but shows a rapid 

decrease in the value of plasticity index below this depth. Bhanot also presented 

the laboratory experiments results including unwnfined compressive strength 

tests, shear box tests and undrained triaxial tests, and field SPT results. The 

results are presented in Figure 4.25 and Table 4.3. Figure 4.25 shows the 

moisture content, N values and shear strength versus depth. Table 4.3 

summarkes the results of undrained triaxial compression tests on undisturbed and 

remolded recompacted samples of clay and till taken from the University Fam 

site. 

The strength profile for the Till site is provided to compare the material 

strength variation with that of the Lake Edmonton Clay (the University Farm 

site). The profile indicates that between 0.8 m to 3.0 m, the material has an 



undrained strength around 100 kPa. Below 3.0 m, the soi1 strength increases 

to around 140 kPa. The Glacial Till site is considered as stiff clay. On the basis 

of the results from soi1 classification and soi1 strength, the profile for the Glacial 

Till profile is comparable to the Lake Edmonton Clay with a slight increase of 

undrained shear strength. Therefore, no justification could be found for testing 

h o  cohesive sites with similar CPT profiles. Therefore, testing at the Glacial Till 

site was postponed until a more suitable location with a significantly greater cone 

resistance could be found. 

Evaluation of sand strength parameter was perfomed using in situ test data, 

the Cone Penetration test (CPT) and the Standard Penetration test (SPT). In 

general. the soi1 intemal friction angle, #, and soi1 density. Dr, are the h o  

important pararneters that are needed in designing of a deep foundation. 

Many theoretical and ernpirical correlations have been developed for 

estimating the friction angle, #, of uncementeci cohesionless soils by using cone 

tip resistance. q,. A simplified ernpirical method, named state parameter 

approach developed by Robertson and Campanella (1983b), correlates the soi1 

friction angle with the cone tip resistance qc as shown in Figure 4.26. 

Durgunoglu and Mitchell (1975) proposed a method to evaluate 4 based on the 

beaing capacity theory for sand with Ko = 1.0. The method is presented in a 

useful graphical fom as shown in Figure 4.27. Balidi et al. (1986) proposed a 

relationship between the relative density Dr and the cone tip resistance qc based 

on calibration chamber tests perfomed on Ticino sand. Figure 4.28(a) shows 

the correlation between Dr and q, for nonnally consolidated (NC). uncemenbd, 

unaged silica Ticino sand. Skernpton (1986) stated that the Dr versus q, 

relationships are dependent on the aging of the cohesionless soil. The use of 

Figure 4.28(a) will overestimate 4 when applied to natural aged sands. 

Therefore, it is recommended to use Figure 4.28(b) if the stress history of the soi1 

is unknown. Nevertheless, the correlations in Figure 4.28 should be used only 

as a guide to in situ relative density. Vesic (1975) indicated that the rigidity index 

1, can be used to estimate the bearing capacity of a deep foundation based on 



the cavity expansion theory (Vesic, 1975). Baldi et al. (1986) suggested that the 

pile tip behavior is sirnilar to that of the CPT and the following relationship c m  be 

used to estimate I,: 

where 

Equation 4.4 

Ir = rigidity index 
Rf = friction ratio in percent 

Several empirical correlations have been proposed to estimate the soi1 

friction angle, 4 of normally consolidated sands based on in situ SPT results. 

Figure 4.29 shows an empirical approach developed by Peck, Hanson and 

Thornburn (1974) by relating SPT N-count value, 4, and d,, for 

cohesionless soils. Similarly, De Mello (1 971 ) developed a correlation 

based on the experimental data from Gibbs and Holtz (1957) as shown in 

Figure 4.30. Robertson and Ghionna (1987) indicated that De Mello's 

approach gave reasonable but more conservative results. However, the 

correlation was developed based on data without knowing the energy level 

during the SPT, therefore, using Figure 4.30 to estimate @ should be viewed 

with caution. Figure 4.31 shows a correlation for relative density Dr 

developed by Gibbs and Holtz (1957) using SPT data. It is important to 

understand that the empirical relationships provided to estimate Dr using 

SPT results has many uncertainties, such as SPT energy corrections, 

compressibility and age of sand and the in-situ horizontal stresses 

(Robertson and Ghionna, 1987). Therefore, the correlations should be used 

as an estimate. Bowles (1988) provided correlations for unit weight, relative 

density, and angle of intemal friction angle, as shown in Table 4.4. The 

relationships shown in Table 4.4 for Dr and 4 are related roughly to = x 

Nso and for borehole depths in the order of 4 to 6 m. 



CPT profiles and SPT value are plotted on Figure 4.26 to 31. The 

estimated Dr and 4, based on Bowles (1988) method, is provided in 

Table 4.5 and Table 4.6 sumrnarized the results from SPT correlations. 

Estimation of Dr and #, based on CPT tip resistance q,, indicated that # 

ranges from 39' to 45' with Dr ranges between 80% to 90% for the 

upper 3.0 m of the soi1 stratigraphy. Friction angle 4 decreases to a 

value of 30' and Dr decreases to approximately 30 % at depth of 5.0 m. 

The high friction angle is a result of a desiccated soi1 crust. therefore. 

the lower bound average value of 39' to the depth of 5.0 m. and a value 

of 30' for depth below 5.0 m, is recornmended to use in design. 
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Table 4.1: Estimate of Unit Weights based on Soil Behavior Type Classification 
System (see Figure 4.17, after Lunne et al., 1997) 

Zone 
Approximate Unit Weight 

( k ~ l r n ~ )  



Table 4.2: Corrections for SPT Test (after Robertson and Ghionna, 1987) 

ER = ENERCY RATiO 

NspT C STANDARD SAMPLERJ 
Cs= = 1.2 

Nspr CSAMPLER WITHOUT LINERI 

= 1 : ROO LENGTH (RL)  2 10 m 
et : ROO CENGTH ( R U  c 10 m 

= 1 ; BOREHOLE OIAMETER Cd1 Ç 115 mm 

> i : BOREHOLE OtAMETER (dl ri15 mm 

SAFETY 2 T. of R. 1 1 AUTOMATIC 1 TRIP 1 

* 

2 T. of FI. = f WO TURNS OF ROPE 

NORTH 8 
SOUTH 

AMERlCA 

OONUT 
SAFETV 

AUTOMAT~C 

2 T. of R. 
2 T. of R. 

~ R I P  

45 
55 

Y CO 83 

0.75 
0.92 

CL92 CO 1.33 



Table 4.3: Results of Undrained Triaxial Compression Tests on Undisturbed and 
Remolded Recompacted Samples of Clay and Till (modified from Bhanot, 

Remolded Recompacted 
Samples Undisturbed Samples 

Depth 
below 

Ground 
Surface 

Very hard 
brittle clay 

Soil 
Description 

Undrained 

Stiff clay with 
some sitt 

Stiff highly, 
Plastic clay 

Cohesion: Resisunce: Co hesion: Resistance: 
Cu 

b u  
c m  

4ru 

Angle Of 
Sheaiing 

Stiff highly, 
plastic clay 

15 
Stiff highly, 
plastic day 

Silty-sandy 
clay 

Undrained 
Angle of 
Sheanng 



Table 4.4: Empirical Values for #, DD, and Unit Weight of Norrnally Consolidated 
Granular Soils Based on the SPT (after Bowles, 198%) 

Relative dcnsity D, 

SPT N;,: finc 
medium 
coam 

4: finc 
medium 
coarse 

t E x a v r r d  mil or rnrirri.1 dumpd fmm 8 truck witl d$ l i  I I  ta 14 kN/mJ r d  m u t  k guite dmir IO rQ# mu& 
a v n  21 kN/rn3. No cxYOn8 scd hu i 0, - O.bb nor 8 v d u t  of 1-00 mm ut Goa 03 to Q7. 

Table 4.5: Strength Determination of Sand Pit Soil Using SPT Data (after Bowles, 
1988) 

Table 4.6: Strength Determination of Sand Pit Soil Using SPT Data (after De Mello, 
1971 and Gibbs and Holtz, 1957) 

Oepth 

(ml 
O. 762 
1.524 
2.286 
3.048 
3.81 

4.572 
5.334 

SPT 
N 
11 
15 
14 
11 
8 
6 
4 

Relative Oensity 

Dr (%) 
37.7 
43.2 
37.5 
34.5 
18.3 
18 
15 

Friction Angle 
4' 
33 
35 
33 
32 
30 
30 
30 

y,, 
(k~lm') 

17.3 
17.8 
17.3 
17 
16 
16 
14 
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Figure 4.1: University Farm Pile Test Location (after Bhanot, 1968) 



Figure 4.2: Sand Pit Pile Test Location (after Godfrey, 1993) 



Figure 4.3: Cone Truck uwd to Perfom CPT (Sponsond by ConeTec Investigation 
Md.) 

Figure 4.4: DRII Rig used to hrtomi SPT and CPT 









Figure 4.10: DCPT Perfomed by Conventional Drill Rig ( rhr  Trœn et al., 1992) 

Figura 4.11: Mobik Auger Pwfonning DCPT at the Uniwnrty F a n  Site 



Figure 4.12: SPT Test Conducteci by Mobile Auger at the Sand Pit Site 
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Figure 4.15: Cone Penetration Profile for the Till Site (after Robertson and Campanella, 1983b) 
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Figure 4.17: Nomalized CPT Soil Behavior Type Chart (after Lunne et al., 1997) 
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Figure 4.18: Soil Classification Result for the University Fam Site 
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Figure 4.19: Soil Classification Result for the Sand Pit Site 
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Figure 4.20: Soil Classification Result for the Till Site 
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Figure 4.21: Undrained Shear Strength Profile for the University Farm Site and the Till 
Site 



Figure 4.22: Nomalized C./o,' Ratio vs. OCR for Use in Estimating OCR (after 
Schmertmann, 1978a) 

Note: The numbers appearing in the plat indicate the depth (R) at 
which the sarnple was removed. 

Figure 4.23: Plasticity Chait for Field Soi1 at the University Farm Site (modified from 
Bhanot, 1968) 
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Figure 4.24: Plots for Soil Composition, Natutal Moisture Content, Liquid Limit, Plastic 
Limit, Degree of Saturation and Bulk Density of Soil (modified from 
Bhanot, 1968) 
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Figure 4.25: Strength Characteristics of Field Soit (rnodified frorn Bhanot, 1968) 
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Figure 4.26: Correlation between Peak Friction Angle ) and qc for the Sand Pit Site 
(after Robertson and Campanella, 1983) 
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Figure 4.27: Conelation between Peak Friction Angle # and qc for the Sand Pit Site 
(after Ourgunoglu and Mitchell, 1975) 
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Figure 4.28: 9- d, Or Relationship for Tïcino Sand in Tenns of (a) Nomally and (b) 
Owrconsolidated Behavior (after Baldi et al., 1986) 
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Figure 4.29: Relationship between Standard Penetration Test N-Values and Angle of 
Shearing Resistance (after Peck, Hanson and Thornbum, 1974) 
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CHAPTER 5 TESTING PRO GRAM 

5.1 INTRODUCTION 

The original proposed field program induded a total of 27 pile load tests to be 

performed at three sites underfain by different soi1 types that are considered as 

typical Alberta soils. The soi1 types chosen are: Lake Edmonton Clay (cohesive 

material), Sand dunes (cohesionless material), and Glacial Tîll. Six fully 

instrumented pile load tests including two compression piles, two pullout piles and 

two lateral piles would be perfomed at each site. Furthemore, three non- 

instrumented standard production piles would be loaded in compression and 

tension at each site to compare the result with the instrumented research piles. 

However, Cone Penetration Test results demonstrated that the CPT profiles of 

the Lake Edmonton Clay and the Glacial Till found around Edmonton area are 

very similar. The Glacial Till behaves comparable to a stiff day according to the 

soi1 behavior type based on the interpretation of CPT data (Robertson and 

Campanella, 1983). There was no justification to test two cohesive sites with 

sirnilar CPT profiles. Therefore, the Glacial Till site was postponed until a more 

suitable location with a signifcantly greater cone resistanœ could be found. A 

total of 18 pile load tests, were performed at the two sites in the Edmonton area. 

Ten pile load tests induding five compression tests, t h e  tension tests and two 

lateral tests were conducted on the University Fam site. In addition, eight pile 

load tests, wnsisting of three compression, three pull out and two lateral pile load 

tests, were conducted at a Sand Pit site located at Bruderheim, northeast of 

Edmonton. This chapter describes the pile load tests perfomied induding the test 

layout, test setup system, test loading system and test procedures. 



5.2 TEST SITE LAYOUT 

The site for the test piles was arranged in a systematic layout in order to 

minimize the number of reaction piles required. The layouts of the test sites 

were designed to meet the standard set by the ASTM standards for 

performing the pile load tests. In addition, the test sites were set out so that 

the reaction beam could be relocated easily for the next test. Figure 5.1 

illustrates the site plan at the University Fam site with the indication of the 

location of the test piles, reaction piles, and in situ test locations. Sirnilarly, 

Figure 5.2 presents the site layout at the Sand Pit site. The test piles were 

installed in rows requiring only a total of six piles as the reaction system. Tirnber 

cribbing was also used for tension pile load tests. The use of tirnber cribbing 

provides flexibility for the set up of pullout tests. 

5.3 LOADING SYSTEM 

For the test program, adequate capacity was delivered by a hydraulic jack with 

a 90 tonnes capacity (Figure 5.3) and a 1500 kN capacity electronic load cell 

(Figure 5.4). Load cell seats shown in Figure 5.5 was also used to ensure no 

eccentric loading during eiaier the compression or the tension tests. Both the 

electronic load cell and the hydraulic jack were calibrated before use in field. The 

electronic load cell was loaded by an unconfined compression machine by 

applying incremental load steps to a maximum load of 600 kN and then, gradually 

unloaded to zero load. The maximum 600 kN was predicted to exceed the 

maximum ultimate capacity required in the field tests. The voltage output by the 

load cell was plotted against the load applied by the unconfined compression 

machine to produœ the calibration wrve for the load cell. The results can be 

found in Appendix B. The hydraulic jack was calibrated in the manufacturer's 

machine shop. The load applied by the jack was controlled by supplying fluid 

pressure through a manual hydraulic pump. The measurement of the axial 



compressive or tensile load applied to the test pile was collected based on the load 

cell output and the pressure gauge reading on the hydraulic pump as a backup. 

Two types of reaction beams were used in the program. At the University 

Farm Site, the reaction beam was a high strength hot rolled structure I-beam 

(S510 x 98.2) with a load capacity of 400 kN. At the Sand Pit site, higher ultimate 

load was expected for test piles installed in cohesionless material. Therefore, a 

high strength hot rolled w'de fiange structure beam (W 610 x 241) with a load 

capacity of 800 kN was used for testing. 

DISPLACEMENT MEASUREMENT 

The vertical pile movement was monitored by DNo elecfronic displaœment 

potentiometers attached to the two 300 mm H-section steel referenœ beams. 

These referenœ beams were placed at a dear distance of not less than 2.5 m 

fmm the test pile and the reaction piles or the timber cribbing. They were securely 

supported by the sand bags plaœd at the end of the beams to ensure no 

excessive variations in readings due to ground movement or vibration. The pile 

movements during the compression and tension test were monitored using 

displacement potentiometers. The two potentiometen calibrated prior to testing, 

were placed on each side of the test pile diametncally and attached to the test pile 

using the magnetic setting. The potentiometers were calibrated similar to the 

procedure used to calibrate the load cells. The voltage output by the 

potentiometers were collected by the data acquisition system and then plotted 

against the measured distance. The results of the calibration are shown in 

Appendix B. Vertical deflection of the test beam was measured manually by a 

dial gauge, accurate to 0.01 mm. In addition, a survey level reading on both 

reaction piles and the test piles was used as a backup measurement on the pile 

movement. Figure 5.6 shows the measuring equipment used to monitor the 

displacement of the test pile and Figure 5.7 demonstrates how these electronic 

displacement transducers were attached to the pile. Figure 5.8 shows the 



placement of reference beams from the test pile for the compression and 

tension tests. For the lateral pile load test, the pile head deflection was 

measured by one displacement potentiometers and one dial gauge attached 

to a 300 mm H-section reference beam located directly above the test pile 

(Figure 5.9). 

5.5 REACTION SYSTEM 

5.5.1 Axial Compression and Axial Tension Tests 

Reactions for the axial compression and tension pile load tests were 

developed from two screw piles with 219 mm shaft diameter and three 406 mm 

diameter heliœs, installed to a depth of 5.18 m. The reaction piles had at least 2.6 

times the mpacity of the test piles in vsrtical loading condition. The factor of safety 

incorporated assumes that capacity delivered by three 406 mm diameter helices 

pile gave 30% higher capacity than three 356 mm diameter helices test pile. 

For the compression tests, Load was transferred to the reacüon piles by using 

38 mm diameter, high strength steel bars as shown in Figure 5.10. The bars were 

bolted to the reaction frame and were conneded to the tension reaction piles. A 

20 mm thick steel plate was welded on top of the reaction piles and the test pile. 

As presented in Figure 5.1 1, four slots were cut from the plate allowing the steel 

bars to be conneded. The calibrated hydraulic jack was placed on top of the steel 

jacking plate. A 1500KN capacity electronic load cell with a set of spherical 

bearing plates was placed between the jack and the reaction frarne. Two 0.533 m 

tall spaœn were locateû on top of the loading plates that were welded to the 

reaction piles. The spacen were used to allow sufficient spaœ for placing the 

hydraulic jack, load cell, load cell seating and minimum of 50 mm vertical 

downward travel of the test pile. At the University Fam site, the ultimate pile 

capaciües were expected to be less than 200 kN, therefore, the reaction frame 

was sirnply four steel bars connected with two 20 mm thick steel plate with lower 

172 



plate bolted to the test pile. A typical setup at University Fam site is shown in 

Figure 5.12. Figure 5.13 demonstrates the loading stage during a compression 

test For system that requires higher loading capacity, the reaction frarne was 

designed using two structure C-Channels wnnected back to back by weiding to 

three 6.4 mm thick, 152 mm length square steel plates as shown in Figure 5.14. 

Figure 5.15 demonstrates the setup for the reaction piles including the use of 

spacer and structural frame. 

A similar setup as the axial compression test was used for the tension tests. 

The hydraulic jack and the load ce11 were placed on top of the test bearn as 

presented in Figure 5.16 and Figure 5.17. Similady, four 38 mm diameter high 

strength steel ban boited to the reaction frame were wed to tie the loading system 

with the test piles as illustrated in Figure 5.18. Unlike the compression test, the 

reaction beam was placed on two rollers which were placed on top of the loading 

plate welded to the readion piles. Figure 5.19 demonstrates details of the reaction 

system where the reaction was provided by timber cribbing. Figure 5.20 presents 

a schematic layout of the compression test setup and Figure 5.22 demonstrates 

the complete setup for the tension tests. 

5.5.2 Lateral Load Test 

The lateral load was delivered by pulling the test pile using a hydraulic jack 

connected to a reaction system with a tension member, such as a steel wire rope. 

The reaction system consisteci of two 6.35 mm thick structure C-Channel plates 

connected by four 20 mm diameter high strength steel bars (Figure 5.22). The 

wnnection between the reaction frarne and steel wire rope is demonstrated in 

Figure 5.23. The tension member was then connected to an adequate anchorage 

system. sucb as a structural I-beam supported by two readion piles. The tension 

mernber was seairely fastened so that the applied lateral load passed through the 

vertical central axis of the test pile as show in Figure 5.24 and Figure 5.25. 

Figure 5.26 shows a schematic arrangement of the lateral pile load test. 



5.6 PILE LOAD TESTING 

For both the compression and tension tests, the loading was camed out 

following a quick load test procedure, as describeci in ASTM D 1 143-81 and 

ASTM D 3689-90. Each pile was loaded to failure in increments of 10 to 15% of 

the proposed design load. Each loading increment was held until the rate of 

deflection was less than 0.25 mm per hour. Constant time intervals of a 

minimum of 5 minutes were used to permit adequate tirne for recording data 

manually in between readings. Electronic data were collected autornatically 

every 20 second by the data acquisition system and transferred to the computer 

screen. Load increments were added until "failure" defined as continuous 

jacking was required to rnaintain the test load. This maximum load is held for 5 

min and then removed. The load and settlernent were continuously monitored 

by the computer, therefore, the tirne to failure could be obsewed and measures 

were taken to ensure sufficient loading time interval at failure was maintained in 

order to clearly define the load-settlement curve at failure. A similar procedure 

was followed for the "reboundn or the unloading portion of the test. The load was 

removed in increments of at least 2.5 min time intervals (Crowther, 1988). AI1 the 

tests were camed out up to the ulfimate load that was defined as the load 

corresponding to a pile top settlernent greater than 10% of the helix diameter (Le. 

35.6 mm). 

For the lateral piles, the tests were conducted using the quick load test 

procedure as described in ASTM D 3966-81. Loading procedure was the same 

as the axial compression or the tension tests. Lateral load was applied in 

increments of approximately 5 kN. Each increment was maintained for penod of 

5 to 10 min. The 'failure" was assumed to be reached when more than 50 mm of 

lateral movement was obsemd (i.e. 23% of the shaft diameter). 
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CHAPTER 6 PILE LOAD TEST RESULTS 

6.1 INTRODUCTION 

This chapter presents the results obtained from the field test program 

conducted using full-scale screw piles. Ten pile load tests including five 

compression tests, three tension tests and two lateral tests were conducted on 

the University Farm site in central Edmonton. Eight pile load tests, including 

three compression, three pullout and two lateral pile load tests, were carried out 

on the Sand Pit site located near Bruderheim, northeast of Edmonton. A large 

amount of data were collected using the data acquisition system. It was difficult 

to present this data in their original format, therefore, the experimental data 

collected are summarized and are presented gra phically . The original field data 

are saved to a hard diskette which can be found in Appendix C. 

The results from the pile load test program are investigated to study the load- 

carrying behavior of screw piles installed in Lake Edmonton clay and sand. The 

discussion of the analysis is provided in this chapter. In addition, the predictions 

of the ultimate capacity in compression and tension of the screw pile using both 

indirect (theories) and direct (CPT) methods are presented. The predictions are 

compared to the field pile load test results. This cornparison assists in providing 

recommendations for the future design of screw piles installed in these soils. 

ALMITA Manufacturing Ltd. conducted an additional set of compression and 

lateral field pile load tests on the University Farm site in the winter of 1998 with 

assistance provided by the University of Alberta. The detailed test data are not 

included, however, the results obtained are compared to the first set of pile load 

test results presented in this thesis and these test results are used in the analysis 

on the ultimate capacity of screw piles at the University Farm site. 



6.2 PILE CAPACITY RESULTS 

6.2.1 Definition of Failure Load 

For al1 the axial compression and tension tests performed, the screw piles 

were loaded according to the quick test procedure, described in ASTM D 1 143 - 
81 and ASTM D 3689 - 90. All the tests were carried out up to the ultirnate load 

(failure) that was defined as the load corresponding to a pile top settlement 

greater than 10 % of the helix diameter (Le. 35.6 mm). A similar quick loading 

procedure as described in ASTM D 3966-81, was used for al1 the laterai tests. 

The "failure" was assumed to be reached when more than 50 mm of lateral 

movement was observed (i.e. 23 % of the shaft diameter). 

6.2.2 Axial Compression and Tension Test Results 

For the compression piles tested at the University Farm site and the Sand 

Pit site, measurements were taken for each applied load increment in order to 

obtain the load-settlement curves, and these data are plotted in Figure 6.1 and 

Figure 6.2. For the tension tests at both sites, the total loads applied to pull the 

screw piles are plotted against the pile heave and the results are given in 

Figure 6.3 and Figure 6.4. The ultimate capacities obtained at failure for each 

test are summarized in Table 6.1 along with the geometry of the screw piles 

and the torque needed to install these piles. 

As indicated in Table 6.1, the ultirnate capacity in compression reached at 

the University Farm site were: 160 kN for screw pile with 3 helices installed to a 

depth of 3.05 rn (CS test); 180 kN for screw pile with 3 helices installed to a 

depth of 5.18 m (CL test); and 210 kN for screw pile with 2 helices installed to a 

depth of 5.18 (Cprod.). Much higher capacities were obtained at the Sand Pit 

site with screw piles that have the same configurations, and the results were: 420 

kN for CS test, 470 kN for CL test, and 380 kN for Cprod. test. For the tension 

tests, the results show that both TL test (3 helices installed to 5.18 rn) and Tprod. 



test (2 helices installed to 5.18 m) had the same uplifi capacity, being 21 0 kN at 

the University Farm site and 360 kN at the Sand Pit site. For screw piles 

installed in shallower depth, the ultimate uplifi capacity of TS test (3 helices 

installed to 3.05 m) was 140 kN at the University Farm site and 190 kN at the 

Sand Pit site. 

6.2.3 Lateral Test Results 

In lateral tests, the helical piles used were designed to have the same geometry 

as the compression and the tension test piles, and were installed to a depth of 5.18 

m. The shaft wall thickness of the pile was varied in order to compare the difference 

in ultimate lateral capacity due to the change of the structural stiffness of the pile 

shaft. Two types of wall thickness (t)  were chosen for testing, 6.71 mm and 8.18 

mm. The load versus lateral movement cufves are presented in Figure 6.5 and 

Figure 6.6. The results indicated that the ultimate lateral capacity achieved at the 

University Farm site were 40 kN for the L264 test (t = 6.71 mm) and 44 kN for the 

L322 test (t = 8.18 mm). At the Sand Pit site, the ultimate lateral capacity were 62 

kN for the Lî64 test and 65 kN for the L322 test. 

6.2.4 Load Transfer Mechanism 

The distribution of the load along the pile shaft was established for each 

loading increment by analyzing the strain gauges installed at different locations 

inside of the pile shaft and end load cell installed inside the shaft at a distance 

approximately 0.3 m above the pile tip. The schematic of strain gauge and end 

load cell locations along with the site investigation results are presented in 

Figure 6.7 and Figure 6.8. The strain transducer output readings were used to 

determine the measured loads in the test pile at the strain gauge locations. 

Figure 6.9 and Figure 6.10 show the load distribution along the pile shaft at the 

various loading stages during the compression and tension tests carried out at 

the University Farm site. Figure 6.1 1 and Figure 6.12 present the load transfer 



results at the Sand Pit site. The data points that are plotted in the graphs 

indicate the locations of the five levels of strain gauges installed along the pile 

shaft. The results of the measured load at failure indicated by the strain gauges 

for the compression and tension tests at the University Farm Site and the Sand 

Pit site are sumrnarized in Table 6.2 and Table 6.3. The differences in measured 

load between strain gauge levels are presented in Table 6.4 and Table 6.5. 

In the compression tests. the analysis of the data file indicated that the end 

load cells had measured no load in bearing. The reason is that a very stiff soi1 

plug, consisting of a mixture of clay and grave1 (previously the site was used as a 

snow dump by the University of Alberta). formed within the pile tip during the pile 

installation. The frictional resistance developed inside the shaft during the 

loading of the pile prevented this soi1 plug frorn being pushed up against the end 

load cell. The results provided by the end load cells were considered as 

unreliable and thus, excluded from the analysis. In addition, as indicated by 

Figure 6.9 and Figure 6.1 1, for the CS test pile, the heat, resulting from the 

welding process when assembling the pile sections, rnust have caused damage 

to the strain gauges installed at level 2 and level 3. Four out of six strain gauges 

installed at these levels gave no readings and the results for the remaining strain 

gauges were unreliable, therefore, the data were removed from the analysis and 

the graphical presentation. 

By investigating the load from the strain gauges at various depths during 

each load increment, the load transfer mechanisrn to the surrounding soi1 can be 

studied. The observations, made on Figure 6.9 and Figure 6.10 (the University 

Farm site), indicated that the ultimate compression and tension capacity consist 

of three components: the shaft adhesion, the resistance along the cylindrical 

shear surface, and the bearing resistance from the bottom helix if loaded in 

compression or the top helix if loaded in tension. For piles installed in sand, 

sirnilar behavior, as indicated by Figure 6.1 1 and Figure 6.12, can be drawn. 

Shaft frictional resistance, frictional resistance developed along the cylindrical 

failure surface forrned around the helix area and bearing resistance contributed 

the ultimate capacity of screw pile installed in cohesionless soil. These 



observations from the field test results veriw previous studies carried out by 

Narasimha Rao et al. (1993) and Mitsch and Clemence (1985) in which they 

proposed a cylindrical failure surface to predict rnulti-helix screw pile capacity 

for piles with space to diarneter ratio (S/D ratio) less than 2. According to the 

results from this study, it is reasonable to assume a cylindrical failure surface 

developed at failure for the three-helix screw pile (S/D = 1.5) used in the field 

tests. Figure 6.13 outlines the purposed cylindrical failure surfaces used for 

predicting the capacity for both the compression and the tension tests. 

In order to assess the percentage of each component to the total ultimate 

resisted load, assumptions on the proposed cylindrical failure surface were 

made in ordar to evaluate the measured load according to each category (Le. 

shaft resistance Qshan, bearing resistance Qaearjng and cylindrical shearing 

resistance Qinrerheljx). For example, for the compression tests at the University 

Farm site, the difference in measured load in the pile at any two points is the 

load transferred to the surrounding soi! in the form of shaft adhesion or the 

cylindrical shear resistance. Since the surface area of the pile shaft and the 

cylindrical surface connecting the top and bottorn helices is known, the average 

value of unit shaft adhesion or the resistance along the cylindrical shear surface 

can be calculated. Similarly, for piles loaded in compression in cohesionless 

soil, the shaft friction and cylindrical friction resistance can also be cornputed 

under the same assumption. For the CL tests at the University Farm site and 

the Sand Pit site, the differences in measured load between two levels of strain 

gauges are summarized in Table 6.4 and Table 6.5. Based on these results, 

the variations of the unit shear resistance over the pile length can be plotted 

and the results are shown in Figure 6.14. By assuming a cylindrical failure 

surface was mobilized at failure for both compression and tension tests, loads 

measured at failure by the five levels of strain gauges can be categorized into 

each component as shown in Table 6.6. Then, the percentage contribution by 

each component can be compared to the ultirnate capacity, and these results 

are summarized in Table 6.7. Examining the values presented in Table 6.7, the 

following observation may be made: 



1. Resistance developed along the pile shaft increases with the installation 

depth. At the University Farm site, the shaft adhesion increases from 20 % 

(CS test) to 32 % (CL) and 37 % (CL2) as the embedment depth increases 

from 3.05 m to 5.18 m. At the Sand Pit site, the shaft resistance increases 

from 6 % (CS) to 26 %(CL) with the same increase in installation depth. 

At shallow depth (CS and TS tests with H/D = 4-69), the shaft resistance 

developed in tension was significantly higher than resistance in 

compression. At the University Farm site, the shaft adhesion contributed 

36 % of the ultirnate uplift capacity (TS test) comparing to 20 % to the 

ultimate capacity in compression (CS). At the Sand Pit site, 16 % of the 

ultimate capacity in tension was delivered by the shaft resistance and only 

6 % of the total compression capacity was measured by the shaft friction. 

However, at greater depth (WD = 1 O.?), there was no significant difference 

in shaft resistance due to loading direction. 

3. The bearing resistance in compression contributes 20 % to 39 % of the 

total capacity and 14 % to 19 % of the ultimate pullout capacity for the 

tension tests. The bearing capacities for the compression tests at the 

Sand Pit site are slightly higher than the bearing capacities obtained at 

the University Farm site. being 36 % to 45 % for the compression tests 

and 19 % to 22 % for the tension tests respectively. 

4. For the cohesive material (the Lake Edmonton clay), the load was mainly 

transferred to the surrounding soi1 by the shaft adhesion and the 

cylindrical shearing resistance. As indicated in Table 6.7, both 

components contribute 61 % to 80 % for the compression tests and 81 % 

to 86 % for the tension tests at the University Farm site. Similar behavior 

is obsewed for the screw piles installed in the cohesionless material (the 

Sand Pit site), 55 % to 65 % of the total compression capacity are 

obtained from the frictional components and 78 % to 81 % of total pull out 

capacity are developed from the shaft and cylindrical shear resistance. 



6.3 DISCUSSION ON THE PILE LOAD TEST RESULTS 

6.3.1 Effective Shaft Length, Hefi 

At the University Fann site, as shown in Table 6.4, Table 6.5 and Figure 6.14. the 

outputs obtained from the strain gauge level 1 and Levei 2 of the compression tests 

(CL tests) indimte the shaf& adhesion developed at failure. For a length of 

approxirnately 1 .O x D above the top helix, the shaft resistanœ was not rnobilized at 

faiiure. This behavior is demonstrated in Figure 6.14 where the field results show no 

differential load measured between strain gauge level 2 to level 3. These 

experirnrntal resuks support the study conducted by Trofimenkov and Maiupolskii 

(1 965) and Narasimha Rao and Prasad (1 991). These researchers indicated that the 

shaft adhesion along a length approximately equal to the helix diameter (O) could not 

be mobilized due to the formation of the shadow effect above the top helix in the 

compression test. Therefore. an effective shaft length (Hef = H - D), where H is the 

installation depth and D is the diarneter of the top helix, should be used to calculate 

the shaft adhesion. 

For the tension tests performed. as explained in Section 2.4.4.1. the soi1 above 

the top helix mobilized in uplift could be evaluated similar to that below a deep 

foundation in bearing. For a pile loaded in compression, the failure zone could extend 

over a depth of almost twiœ the diarneter below the tip of the pile. Similarly, a failure 

zone could form above the top of the helix when the screw pile is loaded in tension. 

For studies conducted using multi-helix screw piles installed in soft marine clay, 

Narasimha Rao and Prasad (1993) stated that there was an ineffedive length of the 

pile shaft that could not be mobilized at failure. Based on the laboratory test results, 

Narasimha Rao and Prasad (1993) provided some insights for estimating the effective 

shaft length that can be used in design. For a transition pile with H/D of 3 and 4, 

the effective shaft length (He%) ranges from 0.7D - 0.9D and 1.70 - 2.50. For a 

deeper pile, the Heff values are in the range of 2.90 - 8.60. The field test results 

performed by the current study indicated that for the shallow pile (TS tests) with 

H/D = 4.69 installed in stiff clay (Lake Edmonton clay), the Heff is approximately 



3.45 D and for the deep pile (TL tests) with H/D = 10.7, the Heff is estimated as 

9.45 O. Therefore, for the pile loaded in uplift, an effective shafî length (Heff = H - 
D) as defined previously should also be used when evaluating the shaft adhesion 

for the tension tests. At the Sand Pit site, the same behavior can be shown from 

the field test results obtained from the CL and TL tests performed. Therefore. the 

ultirnate resistance developed along an effective shaft length (&) similar to that 

as described above should be used to predict the shaft friction for piles loaded in 

compression and tension in cohesionless soil. 

The results shown in Table 6.6 indicated that the shaft adhesion mobilized at 

failure were higher than the results from the compression test. In theory. the shaft 

adhesion developed in the tension tests should be the same as in the compression 

tests because the failure surfaces were the same regardless of the loading direction 

(i.e. piles with same shaft length installed in the same soil). As explained previously. 

the zone of bearing failure above the top helix could be as mudi as hivice that of the 

diameter of the helix diameter. Therefore, the difference in measured load is believed 

to be contributed partially by the bearing resistance of the top plate, but not 

necessarily entirely by the shaft adhesion. 

6.3.2 Effect of the Bearing Capacity in Compression venus in Tension 

The results obtained at both test sites indicated that the bearing capacity in 

compression is almost twice the capacity in tension. Adams and Hayes (1967). 

Adams and Klym (1 972), Meyerhof and Adams (1968), Mooney et al. (1985) and 

Mitsch and Clemence (1985) al1 stated that the mechanism of rnobilizing the soil 

above the top helix in uplift loading can be assumed to be similar to the failure 

conditions below a deep foundation in bearing. However, Bhanot (1968) 

indicated that laboratory experiments perfomed on clay samples collected at the 

University F a n  site had shown a 40 % decrease in undrained shear strength 

(see Table 4.3 in Chapter 4) when the soi1 was remolded. For the tension tests, 

the soi[ above the top plate is disturbed by the rotary action during the installation 

of the screw pile and the decrease in undrained shear strength may be the 



reason that cause the bearing capacities in tension to have a much lower value. 

For the cohesionless soil, the installation of helical piles induces significant stress 

changes in the soil, which can have a great influence on the screw pile uplift 

behavior. Vesic (1971) stated that the soi1 surrounding the anchor is disturbed by 

the anchor installation which results in loosening of soi1 within the disturbed zone, 

and the degree of loosening effect depends on the relative density of the sand. 

Therefore, the interna1 friction angle 4 might be lower for the suil above the top 

helix, which causes the bearing capacity in tension to be lower than that for an 

undisturbed soil. In the case of compression tests, the soi1 below the bottom 

helix is undisturbed, therefore, the bearing capacity for the plate against an 

undisturbed soi1 should be higher than the capacity in tension. 

6.3.3 Effect of the Cylindrical Resistance 

The cylindrical resistance, developed along the failure surface formed around 

the helical plates, is significant despite the different soil types into which the piles 

were installed. At the University Farm site, the resistance consists of 31 % to 51 % 

of the total ultimate capacity for both compression and tension tests respectively. 

Similarly, at the Sand Pit site, the resistance for both tests ranges from 38 % to 

62 % of the total ultimate capacity. Therefore, there is a significant increase in 

capacity by using rnulti-helix screw pile instead of single helix screw pile 

regardless of the pile loading direction. 

6.3.4 Effect of Embedment Ratio (H/D) 

The ultimate capacities shown in Table 6.1 are plotted in Figure 6.15 in order 

to compare the effect of embedment ratio on the ultimate capacities. As 

dernonstrated in Figure 6.1 5, at the University Farm site, there is a 13 to 31 % 

increase in ultimate compression capacity (Q,,, and 50 % increase in ultimate 

uplift capacity (Qt) as the embedment ratio increased from 4.69 to 10.7 for screw 

piles installed in cohesive soils. Similarly, for piles installed in cohesionless 



materiai at the Sand Pit site, an 12 % increase in compression capacity and 90 % 

increase in tension capacity was found as ernbedment ratio increases. 

Therefore, the ultimate capacities in compression and tension increase with the 

increase of screw pile installation depth, however the increase is more significant 

in tension. 

6.3.5 Effect of Space to Diameter Ratio (S/D) 

The ultimate compression and tension capacities are plotted against the 

space to helix diameter ratio (S/D) and the results are shown in Figure 6.16. For 

the compression tests at the University Farm site, the production piles (Cprod. or 

Tprod. tests), installed to a depth of 5.18 m (S/D = 3.0), yielded a 17 % higher 

ultimate capacity in compression than the research pile (S/D = 1.5, i.e. CL or TL 

tesrs). However, at the Sand Pit site, different behavior was observed. 

Research piles with S/D of 1.5 resulted in higher ultimate capacity in 

compression than the production piles (S/D = 3.0). A 24 % increase in capacity 

was observed for the smaller S/D ratio. Nevertheless, both the research piles 

and production piles had essentially the same pullout capacity in tension tests at 

both test sites. 

The reduction in ultimate capacity of the three-helix research pile (S/D = 1.5) 

in compression in the cohesive soi1 may be caused by soi1 disturbance due to pile 

installation. If the second and third helixes do not follow the path of the first helix, 

then, the helical screws create a higher degree of soi1 disturbance along the 

surface surrounding the screw pile. This effect rnay reduce the undrained shear 

strength of the soi1 if the soi1 is sensitive to the disturbance (Bradka, 1997). 

Therefore, for screw pile installed in Lake Edmonton clay, the closer the helices 

are to each other, Le. the lower the S/D ratio, the higher the sail disturbance due 

to installation if the helices are not properly designed. Soit disturbance is not a 

factor in cohesionless material, as the research pile (SJD = 1.5) reached a much 

higher capacity than the production pile (S/D = 3.0). In tension test, the S/D ratio 



did not have an effect on the ultimate pullout capacity of the pile. Both piles (SID 

= 1.5 & SID = 3.0) showed essentially the same uplift capacity at both sites. 

6.3.6 Ultirnate Capacity in Compression versus in Tension 

The ultirnate capacity in compression and tension are similar in the cohesive 

material. However, for piles installed in cohesionless material, the ultimate 

capacity in compression is much higher than in tension especially for the short 

piles (121 % increase). As discussed previously, in the Lake Edmonton clay, the 

resistance of the screw pile was mainly developed by shaft adhesion and 

resistance developed along the cylindrical shear surface. Therefore, difference 

in loading direction does not affect the ultimate capacity significantly because 

resistance was developed by the sarne failure surface (see Figure 6.13). 

However, the contribution to the ultirnate capacity from the end bearing becomes 

more significant in the cohesionless material. In addition, as discussed 

previously, the shear resistance of cohesionless soi1 is sensitive to the soi1 

disturbance due to the pile installation process. The screwing action rnay loosen 

the soi1 surrounding the pile. Therefore, the disturbed soi1 strength property 

above the top helix (pile in tension) may be lower than the soi1 below the bottom 

helix that is less disturbed (pile in compression). As shown in Table 6.7, the 

measured bearing capacities in compression are more than twice of the bearing 

capacities in tension. Consequently, the ultimate capacity in compression is 

rnuch higher than the ultimate capacity in tension for screw piles installed in 

CO hesionless soil. 

6.3.7 Lateral Capacity 

CFEM (1992) states that the vertical piles resist lateral Joad or moment by 

deflecting until the reaction in the surrounding soi1 is rnobilized. Therefore, the 

lateral capacity of a deep foundation depends essentially on the stiffness of the 

pile and the strength of the surrounding soil. Results shown in Figure 6.5 to 6.6 



demonstrate that there is no significant increase in lateral capacity due to the 

increase in shaft wall thickness or the increase in structure stiffness. The resufts 

indicated that for a 22 % increase in structure stiffness. only 10 % increase in 

ultimate lateral load for piles installed in clay (Lake Edmonton clay) and 5 % 

increase in ultimate lateral capacity for piles installed in cohesionless soi1 (Sand). 

Hence. the load versus lateral movement response in lateral loading for these 

screw piles in these soils is mainly dependent upon the soi1 characteristics, such 

as the coefficient of horizontal subgrade reaction (ksUa), the undrained shear 

strength of a cohesive soil, the soi1 intemal friction angle and the relative density 

of a cohesionless soil. 

6.4 PILE CAPACITY PREDlCTlON 

The design of pile foundations using in situ test results can be categorized 

into hnro separate approaches; the direct and indirect. Campanella et al. (1989) 

provided a clear explanation for each approach and their definitions are adopted 

as follows: 

"Direct Approach: provides the opportunity to pass directly frorn in situ 

measurements to the performance of foundations without the need to evaluate 

any intermediate soil parameters. 

Indirect Approach: leads to design methods that require the evaluation of 

parameters such as, strength, stiffness and consolidation. These parameters are 

than applied to the solutions of boundary value problems". 

The prediction af ultimate pile capacity using both indirect and direct 

methods is separated into four stages. As indicated by the test results, three 

components including the shaft, cylindrical shearing and bearing resistance 

contributed to the ultimate capacity regardless of the loading direction. 

Therefore, analyses are performed for each component using the indirect 

methods reviewed in Chapter 2 with the assumption that a cylindrical failure 



surface was formed at failure (see Figure 6.13). Schematic layouts of both 

short and long research piles are presented in Figure 6.7 and Figure 6.8 

indicating the dimensions of the research piles along with the soi1 strength 

property results obtained from the site investigation. Lastly. some of the design 

methods proposed by previous works are used to predict the screw pile 

capacities and the results are compared to the measured pile load capacity. In 

addition to the prediction using indirect methods, the direct methods, namely the 

CPT methods, are also used to estimate the ultirnate pile capacities. The 

prediction results obtained from the direct methods are then compared to the 

values obtained using the indirect methods. 

6.4.1 Prediction of Shaft Resistance 

Methods used to evaluate the shaft adhesion for tests performed at the 

University Farm site are listed in Table 6.8. The adhesion factor u and undrained 

shear strength of the cohesive material used in the calculations are also 

indicated in the table. Similarly, the shaft resistance developed for piles installed 

at the Sand Pit site is computed using theoretical methods indicated in Table 6.9. 

The soi1 interna1 friction angle ) and lateral earth pressure coefficient used in the 

analysis are also presented in Table 6.9. The predictions are compared with the 

experimental measured values as shown in Table 6.6, and the cornparison are 

presented graphically in Figure 6.17 and Figure 6.18. As explained in Section 

6.3.1, an effective length (Heff = H - D) was used to compute the shaft resistance 

regardless of the loading direction. Therefore, the shaft resistance predicted 

results for the compression tests are essentially the same as for the tension 

tests. 

In the cohesive soil, the indirect methods used to evaluate the shaft adhesion 

tend to underestimate the shallow conditions and over predict the deep 

conditions. All the methods underestimate the shaft adhesion in tension 

significantly. The underestimation ranges from 31 % to 71 % for the research 

pile installed in shallow depth. As explained previously, the shaft adhesion in 



compression and tension should be the same because the areas that shaft 

adhesion can be mobilized are the same for both of the tests. This increase in 

shaft adhesion for the TS test may be contributed partially by the bearing 

resistance of the top helix. Comparing the prediction results, the adhesion 

factors provided by Mooney et al. (1985) and the chart provided by Tomlinson 

(1957) is useful for preliminary assessrnent of the shaft adhesion. 

For a pile installed in cohesionless soil, the behavior of the shaft resistance 

developed is comparable to those found for driven piles in the literature. The 

lateral earth pressure coefficient for a pile loaded in compression (K,) given by 

CFEM (1992) and Meyerhof (1982) provides reasonable results. For piles 

loaded in tension in sand, the reduced lateral earth pressure (Ku) value provided 

by Mitsch and Clemence (1985) provides better prediction of shaft resistance for 

piles installed in deep condition (H/D = 10.7). However, Ku provided by Meyerhof 

(1968) gives a better prediction for piles installed in shallow condition (U/D = 
4.69). 

6.4.2 Ultimate Pile Bearing Resistance 

The design approaches used to evaluate the bearing capacity of the pile 

installed in the Lake Edmonton clay and sand are presented in Table 6.10 

and Table 6.1 1. The prediction results are compared with the experimental 

measured values and these cornparisons are shown in Figure 6.19 and 

Figure 6.20. 

In the cohesive soil, the bearing capacity theory, proposed by Meyerhof 

(1976), provides reasonable results for piles loaded in compression regardless of 

the embedment depth of the piles. For the tension tests, the methods used to 

predict the uplift bearing capacity overestimate for both TS and TL tests with 

significant over prediction of as much as 144 1 for the TS test. As discussed in 

Section 6.3.2, Bhanot (1968) reported a 40 % decrease in undrained shear 

strength when the soi1 is remolded. Therefore, the soi1 disturbance created by 



the rotary action during the pile installation rnay remold the undrained shear 

strength of the surrounding soi1 to a much lower value. In addition, as indicated 

by Adams and Radhakrishna (1 971), the strength mobilized at the shallow depth 

is largely the fissured strength, whereas at a greater depth a portion of the intact 

strength is mobilized. Thus, the uplift coefficient, Nu proposed by Meyerhof and 

Adams (1968) should be adjusted for the screw pile installed in stiff clay. Adams 

and Hayes (1967) reported similar findings for shallow anchon installed in stiff 

clay, here they state that the calculated Nu from the field tests were generally 

only about half the laboratory values. The authors reasoned that this reduction in 

uplift bearing capacity factor Nu was due to the desiccated soi1 crust in which the 

screw piles were installed. In this desiccated zone, the soi1 is mostly fissured, 

and the undrained shear strength of the fissured clay mobilized under pullout 

loads could be much less than the undrained shear strength determined using 

intact samples (Le. laboratory samples). For screw piles installed in greater 

depth, a portion of the intact strength was mobilized which contributed higher 

uplift bearing capacity. Nevertheless, for the TL test, a theoretical limiting value 

of N, = 9 provides reasonable uplift bearing capacity prediction for the TL test. 

For screw piles installed in cohesionless soil, as shown in Table 6.1 1 and 

Figure 6.20, bearing capacity theories available grossly overestimate the pile 

bearing capacity in compression for the shallow condition (CS test), and give 

better results for deep conditions (CL test). Vesic (1963) calculated the bearing 

capacity factors N, based on the cavity expansion theory. Kulhawy (1984) 

reviewed and extended Vesic's concepts and proposed his modified bearing 

capacity factor for deep foundations. The bearing capacity factors proposed by 

both authors are shown in Figure 2.10 and Figure 2.1 1 in Chapter 2. The 

bearing capacity factor N, developed based on a cylindrical failure surface as 

proposed by Vesic (1 963) provides better bearing capacity prediction comparing 

to the model provided by Meyerhof (1976). The prediction results using methods 

provided by Vesic (1 963) and Kulhaway (1 984) provide excellent agreement with 

the measured field test results for screw piles installed in greater depth (CL test). 

For screw pile in shallow condition (CS test), the bearing capacity calculated 



based on N, value provided by Vesic (1963) over predicts the measured QbeaHJg 

by as much as 50 %. As discussed in Section 4.3.2.2, Chapter 4, the site 

investigation results (SPT and CPT) obtained from the Sand Pit site correlate to a 

very high soi/ interna1 friction angle 4 (39' to 45') and soil relative density Dr 

(ranges between 80 % to 90 %) for the upper 3.0 m of the soi1 stratigraphy. The 

results obtained from these in situ tests are unreasonably high for a medium 

sand dune deposit with a typical 4 value of 30' to 35'. It is reasoned that this 

high friction angle is a result of the desiccated soi1 crust. The site investigation 

was performed in the early winter season when the water table was very low 

(around 4.5 m). The matrix suction force in the upper soi1 crus:, as a result of the 

surface vegetation drawing water from the ground water table, can be significant. 

This suction force might be the reason that causes unreliably high friction angle 

and relative density of the soil. However, the pile installation process elirninated 

the suction force due to the rotary action when screwing the pile into the ground 

and thus, resulting a lower friction angle compared to the site investigation 

results. However, the degree of change in friction angle can not be properly 

assessed by the in situ tests available currently. For deep piles where the 

bottom helix was located around the water the table, this effect is not a factor that 

might effect the capacity prediction, and therefore, the prediction provided by 

Vesic (1 963) and Kulhaway (1 984) agrees with the measured experimental value 

well- 

For piles loaded in uplift condition, the breakout factor F, based on research 

work carried out by Meyerhof (1968) provides good agreement prediction with 

the measured bearing capacity for shallow pile in tension. For deep pile 

condition, F, based on Saeedy (1987) gives much better prediction of the bearing 

capacity in uplift. 

6.4.3 Ultimate Cylindrical Shearing Resistance 

Analysis on the shearing resistance developed along the cylindrical failure 

surface formed between the top and bottom pile helix are presented in Table 6.12 



and Table 6.13. The results are cumpared to the measured value and graphically 

presented in Figure 6.21 and Figure 6.22. The full length of cylindrical shear 

resistance could not be measured due to the location of the strain gauges installed 

inside of the pile shaft. Therefore, the measured load only indicates the shear 

resistance over the length that could be measured by the strain gauges as indicated 

in Table 6.6. The prediction of the cylindrical resistance is calculated based on the 

length as shown in Table 6.6. 

For a cohesive soil, the cylindrical shear method provides reasonable results 

comparing to the measured values, although over prediction of as much as 91 % 

is observed for the TS test. However, the disagreement may be caused by 

number of reasons. Most importantly, the variation in soi1 strength properties 

over the soi1 profile can not be estimated accurately because only three cone 

penetration tests were performed across the University Farm site as a part of site 

investigation program. For instance, if the screw pile was installed with helices 

located in a soft clay pocket that was not detected by the CPT test. much lower 

shear resistance can develop. 

For piles installed in sand, the lateral earth pressure value provided by ASCE 

(1 992) for driven piles in dense sand provide good agreement with the rneasured 

values for the compression tests. For the tension tests, the lateral earth pressure 

in uplift (Ku) provided by Meyerhof (1968) over estirnate by 45 % for shallow 

anchor and 15 % for deep anchor. Predicted values using Ku proposed by 

Mitsch and Clernence (1985) agrees with the measured value for shallow anchor, 

but under estimate by 31 % for deep anchor. However, using Ku provided by 

Mitsch and Clemence (1985) for shallow anchor and K, value provided by ASCE 

(1993) for deep anchor, the predictions agree with the measured values very 

well. 



6.4.4 Ultimate Screw Pile Axial Capacity Prediction Using 60th Indirect and 

Direct Methods 

A summary of the methods used to predict the axial pile capacities is shown 

in Table 6.14 and Table 6.15. The prediction results are compared graphically 

with the measure ultimate capacity and the results are presented in Figure 6.23 

and Figure 6.24. As explained in Chapter 2, previous researches have focused 

on predicting the uplift capacity of the screw piles because they are commonly 

used for engineering applications where the pullout capacity of screw piles are 

most important. As a resuit, little published research works done on screw piles 

are available to predict the compression capacity. Therefore, the capacity 

prediction is mainly performed using the direct method. For the tension tests, 

approaches proposed by different studies, including the cylindrical shear, the 

individual bearing and the empirical approaches, are used to predict the screw 

pile tension capacity. These indirect methods require correlations to predict soil 

parameters and these parameters are shown in Figure 6.7 and Figure 6.8. In 

addition to the indirect rnethods, the direct methods, the cone penetration 

methods (CPT methods) are also used to estimate the pullout capacity. 

For the cohesive soil, Table 6.15 and Figure 6.24 show that both direct and 

indirect methods provide reasonable predictions for screw piles loaded in 

compression and tension. For the compression tests, the cylindrical shearing 

method, proposed by Narasimha Rao et al. (1991), overestimated the screw pile 

capacity in compression with a maximum over prediction of 52 Oh for the CL test. 

In cornparison to the indirect method, the direct methods, namely the LCPC 

method proposed by Bustamante and Gianeseili (1982) and the de Ruiter and 

Beringen (1 979) method. provided satisfactory prediction results. The best 

results were obtained using CPT method proposed by de Ruiter and Beringen 

(1979). The LCPC method underestimated the compression capacity by as 

much as 30 % for the CS test. For the tension tests, all the methods provided 

good prediction. In general, the indirect rnethods tend to over predict the uplift 

capacity especially for the screw piles in shallow condition (TS test). For the 



CPT method, the direct method by de Ruiter and Beringen (1979) provides 

excellent prediction and the LCPC method underestimated the pullout capacity 

by as much as 25 %. 

For the cohesionless soil, only the direct methods were used to predict the 

compression capacity of the piles. Both methods provided reasonable results 

with best predictions given by the LCPC method. For the pullout tests, the direct 

methods gave satisfactory results for the deep pile condition, but over predicted 

the pullout capacity by as much as 164 % for the shallow pile condition. This 

large discrepancy may be a result of number of factors. First, as discussed 

previously, the site investigation results are believed to be unreliably high for the 

shallow depth due to the presence of the desiccated soi1 crust, which results over 

prediction of the pile uplift capacity. Secondly, the direct methods were 

developed for more conventional pile types, such as the bored pile, driven pile 

with simple failure sudace and the capacity are mainly contributed by the shaft 

resistance and bearing resistance. Although methods provided by Bustamante 

and Gianeselli (1982) included various pile types including the cast concrete 

screw pile, however. the method was developed mainly for predicting the 

compression capacity and the methods was not fonulated for predicting the 

uplift capacity. Therefore, modifications of the methods are required in order to 

properly assess the uplift capacity of a multi-helix screw pile. For the indirect 

methods. both the cylindrical shear and the individual bearing methods provide 

satisfactory results. The em pirical method provided good u plift ca pacity 

prediction for deep condition screw pile and overestimated significantly for the 

shallow condition. 
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Table 6.1: Summary of the Test Pile Geometry and Test Results 

Test 

1 Compression Long 

Compression Short h 
(Cprod. No. t ) 

Compression Production 

Tension Short s 
Tension Production i 

Helix 1 Helix 1 Depth to 1 Wall Embed. Space to I I 
Dia. Spacing Top Helix Thickness Ratio Dia. Ratio 

(D, mm) (S, mm) (H, m) (t, mm) (HID) (SID) 

Ultimate Load, Qu 

Unv. Farm 

(fi. Ibs.) 

in Torque 

Sand Pit 

(ft. Ibs.) 

Note: 1 ft. Ibs. = 1.356 N. m. 



Table 6.2: Measured Load at Failure at Each Strain Gauge Level for the University Farm Site 

(a) Measured Load at Each Strain Gauge Level for the Compression Tests 
(University of Alberta Farm Site) 

Description 
Gauge 

Location 

Load Applied 
Level 1 
Level2 
Level3 
tevel4 
Level5 

CL 2 
Load Measured 

t RN) 

187 
164 
I l 9  
137 
77 
38 

Dept h 

(b) Measured Load at Each Sttain Gauge Level for the Tension Tests 
(University of Alberta Farm Site) 

CL 
Load Measured 

Description 
Gauge 

Location 

Load Applied 

Gauge 

- Oepkh 

Level 1 
Level2 
Level3 
Level4 
Level5 

Location 1- 

TL 
Load Measured 

(ml 
O 

1.55 
3.24 
3.55 
4.05 
4.58 

Level 1 
Level2 
Level3 
Level4 
Level5 

(kW 
I 

217 

- 
Depth 

(ml - 
O 

0.58 
0.78 
1.41 
1.91 
2.45 

Load Measured 7 

1 Location 

C 

Level 1 
Level2 
Level3 
Level4 
Level5 

TS 
Load Measured 

Description 
Gauge 

Depth 





Table 6.4: Measured Load Differences between Strain Gauge Levels as Indicated for the University F a n  Site 

(a) Load Differences between Strain Gauge Levels for the CompressionTests 
(University of Alberta Farm Site) 

Description 

Ground to Level 1 

Length 

Level 1 to Level2 
Level2 to Level3 

Top Helix to tevel4 
Level4 to Level 5 

(b) Load Differences between Stnin Gauge Levels for the Tension Tests 
{Univemity of Alberta Farm Site) 

CL Description 

I 

Ground to Level 1 
Level 1 to Level4 
Level4 to Level 5 

(ml 
0-1.55 

1.55-3.24 
3.24-3.55 
3.722405 
4.05-4.58 

Load Differences Load Differences 1 Length 

(m) 
0-0.58 

0.58-1 -91 
1.91-2.45 

(W 
50.5 

CS 
Load Differences 

(kN) 
30.5 
6.15 
58.1 

(kN 1 
23.5 

TL 
Load Differences 

Description ' 

Ground to Level 1 

Length 

Level 1 to Level2 
Level2 to Level3 
Level3 to Level4 
Level4 to Level5 

(ml 
0-1 5 5  

TS 
Load Differences 

(kW 
47.1 
7.85 
7.93 
13.2 
28.5 

Description 

Ground to Level 1 
Level 1 to Level2 
Level2 to Level 3 
Level3 to Level4 
Level4toLevel5 

(W 
20,8 

1.55-3.24 
3.24-3.55 
3.55-4.05 
4.05-4.58 

Length 

(ml 
0-0.58 

0.58-0.78 
0.78-1.4 1 
1.41-1.91 
1.91-2.45 

53.4 
1 O. 3 
31 -4 
54.6 



Table 6.5: Measured Load Oifferences between Strain Gauge Levels as lndicated for the Sand Pit Site 

(a) Load Oifferences between Strain Gauge Levels for the Compression Tests 
(Sand Pit Site) 

Descriptton 

Ground to Level 1 

(b) Load Differences between Strain Gauge Levels for the Tension Tests 
(Sand Pit Site) 

tength 

Level 1 to Level2 
Level2 to tevel3 

Top Helix to Level4 
Level4 to Level5 

CL 
Load Oifferences 

(ml 
0-1.55 

1.55-3.24 
3.24-3.55 
3.55-4.05 
4.05-4.58 

(kW 
75.5 

Description 

Ground to Level 1 

Length 

Level 1 to Leva12 
Level2 to Level3 
Level3 to Level4 
Level4 to Level5 

. 

TL 
Load Differences 

(ml 
0-1 5 5  

3.55-3.24 
3.24-3.55 
3.55-4.05 
4.054.58 

Description 

b 

Ground to Level 1 
Level 1 to Level4 
Level4 to Level5 

(W 1 

11.0 

Length 

(ml 
0-0.58 

0.58-1.91 
1.91 -2.45 

TS 
Load Dlfferences 

(kW 
22.5 
8.08 
12.1 
29.8 
48.0 

Description 

Ground to Level 1 
Level 1 to Level2 
Level2 to Level3 
Level3toLevel4 
Level4 to Level5 

CS 
Load Differences 

(W 
24.5 
146 
71.5 

Length 

(ml 
0-0.58 

0.58-0.78 
0.78-1.41 
1.41-1.91 
1.91-2.45 



Table 6.6: Measured Shaft Resistance, Bearing Capacity and Cylindrical Shearing Resistance at Failure for the Length lndicated for 
60th Test Sites 

Description 
Gauge Location 

Ground to Level 1 
Ground to Level2 
Ground to Level2 
Ground to Level2 
Ground to Level2 

Length 

(ml 
0-0.58 
0-3.24 
0-3.24 
0-0.78 
0-3.24 

Description 
Gauge Location 

Test 

CS 
CL 
CL 2 
TS 
TL 

1 Length 1 Qintsrhelix (measured) 1 

Qshalt (measured) 

1 1 University Farm Site 1 Sand Pit Site 1 

University Farm Site 
(kW 
30.5 
55.2 
68.5 
55.0 
74.2 

Description 

- 
- 
- 

Level2-Level4 
Level2-Level4 

Sand Pit Site 
(kN) 
24.5 
128 
- 

30.5 
110 

Depth 

(ml 
2.45 
4.58 
4.58 
1.584 
3.722 

Top Helix to Level5 3.722-4.58 
Top Helir to Level5 3.722-4.58 

Level4 to Level5 1.91-2.45 
Level4 to Level5 4.05-4.58 

Qbearlng (measured) 

54.8 
79. O 
28.5 
54.6 

University Farm Site 
( W  
60.3 
66.2 
38.0 
21 -1 
41 -7 

187 
- 

48.0 
117 

Sand Pit Site 
(kN) 
197.3 
172.2 

- 
41.9 
70.3 



Table 6.7: Cornparison of Each Coad Contribution Components to the Ultimate Load Measuted by the Tests for Both Test Sites 

Test 

(mea! 
UAF 
(W - 
155 

175 
187 

155 

217 

ured) 
SP 

(kN) - 
439 

484 
- 

192 

369 

(meal 
UAF 
(kW - 
30.5 

55.2 
68.5 
55.0 

74.2 

(mea 
UAF 
(kN) - 
60.3 

66.2 
38.0 

21.1 

41.7 

ured) 
SP 

(kN) - 
197 

172 
- 

41.9 

70.3 - 

(back ca 
UAF 
(kN) 
64.2 

53.3 
81 .O 

78.8 

101 

UAF 
(%) - 
19.7 

31.6 
36.5 

35.5 

34.3 

Note: 
1. Qin.maul (back calculated) = QdrmIe (measured) - Qshan (measured) - Q,,, (measured) 
2. UAF: University Farm Site 
3. SP: Sand Pit Site 

UAF 
(%) 
38.9 

37 $9 
20.3 

13.6 

19.2 

UAF 
(%) 
41.4 

30.5 
43.2 

50.9 

46.5 





Table 6.9: Shaft Resistance Prediction for the Compression and Tension Tests at the Sand Pit Site 

See Figure 6.17 8 Figure 6.18 for Cornparison - 

ASCE (1993) 

CFEM (1992) 

QSbn Kulhawy (1984) 

(predicted) Meyerhof (1 982) 

Meyerhof (1 968) 
Mitsch & Clemence (1985) 

Percent 

, Difletence 

Winterkorn 8 Fang (1975), 

ASCE (1993) 

CFEM (1992) 

Kulhawy (1984) 

Meyerhof (1 982) 

Meyerhof (1 968) 

Mitsch 8 Clemence (1985) 
Winterkorn 8 Fang (1975), 

Sand) 

k" 

3.62 

2.18 

Note: 
Q,(limit) ": Maximum Mantle Friction for Screw and Bored Piles 



Table 6.10: Predicting Plate Bearing Capacity for tne Compression and Tension Tests at the University Farm Site 

iee Figure 6.19 & Figure 6.20 for Cornparison Nc N CU CS 

CS 1 CL TS 1 TL lkNI 



Table 6.11: Predicting Plate Bearing Capacity for the Compression and Tension Tests at the Sand Pit Site 

388 Figure 6.19 &Figure 6.20 for Cornparison 

Kulhaway (1 984) 

eesaert & Clemence (1977) 

Percent 
Difference 

("/.) 

~ e ~ e i h o f  (1 976) 
Vesic (1 963) 
Kulhaway (1984) 

BeHa (1961) 
Meyerhof (1 968) 

Vesic (1965) 
Saeedy (1987) 
Veesaert & Clemence (1977) 
Mltsch a Clemence (1985) 

4 
30 O 

Loose) 
CL 

60 

30 

32.5 

redicted) - 
TL ' 

1 

[ 1 

m I 

- 



Table 6.12: Predicting Cylindrical Shear Resistance for the Compression and Tension Tests at the University Farm Site 

See Figure 6.21 8 Figure 6.22 

' 
Qinuiheii8 INarasimha Rao et al. (1991) 

(predicted) Mooney (1 985) 
Percent Narasimha Rao et al. (1991) 

Difference (%) lllllooney (1985) 



Table 6.93: Predicting Cylindrical Shear Resistance for the Compression and Tension Tests at the Sand Pit Site 

I See Figure 6.21 & Figure 6.22 

~inte ihe i lx  CFEM (1992) 
(predicted) Kulhawy (1 984) 

Meyerhof (1982) 
Meyerhof (1 968) 
ASCE (1993) 
Mitsch and Clemence (1985) 

1 

ASCE (1993) 
CFEM (1992) 

l 

Percent Kulhawy (1 984) 
Difference Meyerhof (1982) 

l 

Meyerhof (1 968) 
ASCE (1993) 
Mitsch and Clemence 119851 





Table 6.15: Summary of Predicted and Measured Axial Pile Capacity for Screw Piles lnstalled at the Sand Pit Site 

1 1 Ultimatu Compression Capacity ( Ultimate Tenslon Capacity 1 

ylindrical Shear (kN) l~ i tsch and Clernence (1985) 1 1 1 1 137 
1 I 

I ndlvidual Bearing (kN) 1~dams and Klym (1971) 1 1 1 120 
I 1 

Emplrical (kN) Hoyt and Ciemence (1989) 500 

I~ l rec t  [CPT Bustamante and Gianeselli (1982) 455 409 409 429 

Method (kN) Ruiter and Beringen (1979) 4 82 257 257 50 1 
1 

I~arcent Dlfference Ilndlnct I~yllndrical Shear (kN) I ~ i t s c h  and Clemence (1985) 1 ! 1 -28.1 . m 

ID*rmn th. Pndlcteâ I Individual Bearing (kN) Adams and Klym (1971) -36.8 

Papacny Emplrlcal (%) Hoyt and Ctemence (1 989) 163.4 

IMe88und V a l m  Bustamante and Gianeselli (1982)l 8.31 1 -13.0 1 7.65 1 125.6 
1 1 

I Ruibr and Benngen (1 979) 14.8 -45.4 -32.5 163.8 



Load Setttement Cuwe for Compression Tests 
(University F a m  Site) 

- .  + Compresaon Short Test (CS) 

+Compression Long Test (CL) 

+Compression Long Test No. 2 !  
( C U  

+Compression Production Pile 
Test (Cprod) 

+Compression Product Test 
No. 2 (Cprod2) 

Figure 6.1: Compmssion Pile Load Test Results fmm the University Farm Site 



Load & Setthnent Curve of CS, CL, C p d .  Test 
(Sand Pit Site) 

Lord, P (KN) 

O 100 300 400 600 

Test (CS) 

-6- Compression Long 
Test (CL) 

4 Campregsion 
Production Test 
(CprW 

Figure 6.2: Compmssion Pile Load Test Resuîts from the Sand Pit Site 



Load-Pile Rise Curue for f ension Tests 
(University Farm Site) 

--- 

- - +Tension Short Test (TS) 

+Tension Long Test (TL) 
- - . . 

+Tension Produdion Test (Tprod) 

- . A - - - - - - - - - - - ... 

Figure 6.3: Tension Pile Load Test Resuîts from the University Fann Site 



Load-Pile Rise Cuwe of TS,TL, Tprod. Test 
(Sand Pit Site) 

100 

- - - - - -  

++ Temon Short Te& (TS) 

80 . +-Tension Long Test (TL} 

O 100 300 400 500 

Lord, P (KN) 

Figure 6.4: Tension Pile Load Test Resub from the Sand Fit Site 



Load - Lateral Movement Curve of L264 & L322 Test 
(University Fam Site) 

O 20 40 60 80 100 

Load, P (KN) 

Figure 6.5: Lateral Pile Load Test Results from the University Fam Site 



Load - Lateral Movement Cuwe of L264 & L322 Test 
(Sand Pit Site) 

O 20 40 60 80 1 O0 

Load, P (KN) 

Figure 6.6: Lateral Pile Load Test Results from the Sand Pit Site 



Cohesionless S o l  
(Sand Pit Si te)  

Cohesive S o l  
(University Farm Site) 

Cu = 50 kPa hW 2 p m  Gmund Surface 

Figure 6.7: Strain Gauge Locations and Soil Strength Versus Depth (CS & TS Tests) 



Cohesionless S o l  
(Sand Pit Site) 

Cohesive S o l  
(Unuersity Farm Site)  

Figure 6.8: Strain Gauge Locations and Soil Strength Venus Depth (CL & TL Tests) 



Load Dlstrlbutlon Curve 

(CL Test at U of A Farm) 

Meaiured Load (UN) 

O 100 200 300 400 500 

Load Dlstrlbutlon C urve 
(CL2 Test a l  U of A Farm) 

Miamurmd Load (KN) 

O 100 200 300 400 500 

A 171 OOkN 

0 187 49 k N  

Load Dlstributlon C urve 
(CS Test a l  U of A Farm) 

Maaaurmd Load (kN) 

O 100 200 300 400 500' 

+ Strain Gauge 
Level 1 

Strain Gauge 
t tevei 4 

SIrain Gauge 
Level5 

Figure 6.9: Load Distribution Cuwe for the Compression Tests at the University Farm Site 



Load Dlstributlon C urve 
(TL Test at U of A Farm) 

Mai iurod  Load (KN) 

1 O0 200 3 00 400 500 

Load Dlstributlon Curve 

(TS Test at U of A Farrn) 

Moasurad L o i d  (hN) 

O 1 O0 200 300 400 500 

Figure 6.10: Load Distribution Curve for the Tension Test at the University Farm Site 







Ultlm a te Corn pression Ultim ate  Tension 

Difference in 
Readng between 
Strain Gauge / 
Level 5 to Oepth 
Below the Pile 
lndicating the 
End Bearing 
Oeveloped by 
Bottom Helix 

Strain Gauge 
Levef 1 

Strain Gauge 
Level 2 

Strain 
Gauge 
Levet 3 

1 Gauge 
ieveî  4 

Strain 
Gauge 
Levei 5 

G round Surface 

D iffe re n ce in 
Strain Gauge - Reading 

/ 
Indicatiq: 
a) Shaft Adhesicn 
for Cohesive Soil 
b) Shaft Friction 
forChoheonless 
Soil id Difference in Strain 
Gauge Reading 
lndicat iq the Load 
Contriblled from 
Beadng Resrstance 
Developed from 

II Top Helix 

"h Difference in Strain 
Gauge Reading 
lndicatiq the Load 
Contribried from 
Cyiindrcal Shear 
Resis tame 

Figure 6.13: Strain Gauge Locations as Indkated in Load Distribution Cuwes 





Ultimate Capacity vs. Em bedment Ratio 

-- - - - Compression Tests at U of A Site 
, , - - -. Compression Tests at Sand Pit Site - Tension Tests at U of A Site - - = Tension Tests at Sand Pit Site 

O 5 10 15 

Em bedm ent ratio (HID) 

Note: Figure 6.15 is presented for demonstration purposes not for use as a 
design chart 

Figure 6.15: Relationship between the Ultimate Capacity and the Embedment Ratio 
( H m  



Ultimate Capacity vs. Space to Diameter Ratio 

- 
- 1 1 1 1 1  

Compression Tests at U of A Site 
Compression Tests at Sand Pit Site - Tension Tests at U of A Site - - - Tension Tests at Sand Pit Site 

O - - - - - _ ___A- -- 

0.0 1 .O 2 0  3.0 4.0 5.0 

SD Ratio (SiD) 

Note: Figure 6.16 is presented for dernonstration purposes rot for use as a 
design chart 

Figure 6.16: Relaüonship between thc Uhimate Capacity and the Space to Diameter 
Ratio (SID) 



Comparision of Shaft Adhesion Meisured with Predicted Values 
! (Universrty Fann Site) 
1 
I 

Shan &haslon (LU] 

1 O M d0 60 80 100 120 140 160 180 200 C O '  

l 
7 7. 

1 1 
, CS(Mea!aUrmd) 
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CFEM (1802) 

Mooney r( al. (1#51 
' 

- . 37 2 

Tomilnson ( 1  W7) . 26 6 

i l 
! 

Tomllnson (1091) 
, 16 5 

f 
WeIlmin & Haaly 
(1978) 37 2 

Randolph 8 Wotk 
3 6 

l 
v 9 ' w  

: I 

- - - -. - - - - - - - - - - - - - - y  

Comparison of Shan Frlctlon Measured with Predlcted Values 
(Sand Plt Site) 

Wlntanom 6 Fang 
' ( W S )  

F igun 6.17: Comparison of the Shaft Resistance Measured with the Pmdicted Values 
for the CS and TS Tests 



TL (Masured) 

m E  (1 W3) 

: CFEM (1992) 

CJrnparsion d Shan Adhosian W s u r e d  W h  Predlfted Values 
!'lnlwrsity Farm Site) 

Cornparrion of Shaft Friction Measured with PIcdiaed Values 
(Sand Pit Site) 

Figure 6.18: Cornpanson of the Shafl Resistance Measured with the Predicted Values 
for the CL and TL Tests 



Dar (1990) 

Cornparston d Bearlng Capaclty Measured wtth Bearlng Caprctty Predicted 
(Sand Pit Site) 

Figurs 6A9: Cornparison of the Bearing Capacity Measured with the Predicted value 
for the CS and TS Tests 



Namlmhr R i a  
rt ri. (1Wt) 

Comparions of Bearing Capacity Mnsured mth Baanng Capaity Predided 
(University Farm Ste) 

Ultlmdc Bearlng Capacity (kH) 

O 50 l o a i ~ % m m s a O ~ ~ -  

Compadmn of 8caring Capactty Measured mth Beifing Capacity Prcdlaed 
(Sand ptt s n ~ )  

Figure 6.20: Cornparison of the Bearing Capac-ity Measured with the Predicted Values 
for the CL and TL Tests 



Cornparion of Cyllndrfcat Shearing Resihnce Measured wHh Predicted Values 
, (Uniwrsity F a m  Site) 

Cornparlson d Cyllfidrlcal Shcariq Reslstance Measured with Preâlcted Values 
(Sand PR Site) 

Figure 6.21 : Comparison of the Cylindrical Uesistance Measured with the Predicted 
Value for the CS and TS Tests 



. - - -- . . - - . - - - - - ---- - - - - -  

Comparison of Cylindrical Shearing Resistance Wasured with Pmdicted Values 
(Unlvenity Farm Site) 

Mooney et al. (191151 t 53.1 

Comparison d Cyllndrical Shearing Reslstance Measured MUI Predicted Values 
(Sand Pit Site) 

Figure 6.22: Corn parison of the Cylindrical Resistance Measured with the Predicted 
Value for the CL and TL Tests 



Cornparison of Measured Screw Pile Capacitywtth Predlcted Resuns 
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Cyllndrtcal Shear Mdhod 
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Figure 6.23: Cornparison of the Pmdicted Total Capacity Results with the Measured 
Capacity Resuits for Screw Piles Installed at tnt University Fam Site 
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' Ruitir 6 üertngen (1979) 
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Figure 6.24: Cornparison of the Pmdicted Total Capacity Results with the Measumd 
Capacity Resuits for Screw Piles lnstalled at the Sand Pit Site 



CHAPTER 7 CONCLUSION AND RECOMMENDATION 

7.1 SUMMARY 

The purpose of this research program was to study the axial loading behavior 

of helical piles installed in Alberta soils like the Lake Edmonton Clay and the 

Sand. With this objective in mind, a study program was carefully planned and 

carried out. 

A detailed review of literature on the subject of the axial capacity of the screw 

piles narrowed down the study parameters. Piles were then designed and 

instrumented for the purpose of studying these parameters. For the test sites, 

namely the University Farm site and the Sand Pit site, site characterization was 

perforrned using the standard penetration test (SPT) and the cone penetration 

test (CPT). Detailed documentation of the geological information is provided in 

this thesis for future reference. Field pile load tests were carried out using full- 

scale instrumented multi-helix screw piles at the University Farm site and the 

Sand Pit site. Total of eighteen pile load tests including the compression, tension 

and lateral tests were perforrned at both test sites. Thirteen pile load tests were 

conducted using fully instrumented research piles and the remaining five pile 

load tests were carried out using regular production piles. The field pile load 

tests are carefully documented and presented here. The experimental results 

obtained from the field pile load tests were used to analyze the load transfer 

mechanism of the multi-helix screw piles loaded in compression and tension 

condition. The lateral tests performed are analyzed only in terms of the ultimate 

lateral capacity of the research piles. The analysis of the lateral loading behavior 

of the multi-helix screw pile is beyond the scope of this thesis, therefore, the data 

are summarized and presented for the future study only. 

The pile load test results obtained were analyzed for the purpose of 

developing a more reliable and rational design approach to assist in predicting 



the axial capacity of screw piles installed in typical Alberta soils. Based on the 

observations drawn from the field test results, recommendations for the design of 

the screw pile installed in the Lake Edmonton Clay and the Sand are provided. 

Both direct and indirect design approaches are presented in this chapter. 

However, the guidelines provided here are based on the original framework set 

by their authors. Only modifications of these methods are suggested based on 

the field results studied in this program. It is believed that these adjustments can 

provide better axial capacity prediction for rnulti-helix screw piles installed in the 

local soils. Areas that need further study in the future are discussed. It is in the 

hope that the information synthesized in this research program can provide 

direction for future research efforts on the capacity of multi-helix screw piles 

installed in Alberta. 

7.2 CONCLUSIONS 

The main conclusions that were drawn from this research are summarized 

below: 

1. The load distribution results indicated a general cylindrical shearing surface 

was formed at failure. Therefore, the total resistance at failure consists three 

component: the shaft resistance. the cylindrical shearing resistance 

developed along a cylindrical failure surface connection the top and bottom 

helices, and the bearing resistance from the bottom helix (compression 

loading) or from the top helix (tension loading). 

The shaft resistance generally increases with increase in the embedment 

depth at both test sites. However, the shaft resistance for a length 

approxirnately equal to one helix diarneter can not be mobilized at failure. 

For the compression tests, this inability to mobilize the shaft resistanœ for a 

length of 1 x D above the top helix is due to the shadow effect above the top helix. 

For the tension tests. the ineffective shaft resistance is caused by the general 

bearing failure above the top helix Therefore, an effective shaft length (HM = H - 
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D), where H is the installation depth and D is the diameter of the top helix, should 

be used to predict the shaft resistance in both cohesive and cohesionless soils. 

3. The results obtained at both test sites indicated that the bearing capacity in 

compression is almost twice the capacity in tension. For the tension tests 

canied out at the University Farm site, the soi1 above the top plate is 

disturbed by the rotary action during the installation of the screw pile and the 

decrease in undrained shear strength may be the reason that cause the 

bearing capacities in tension to have a much lower value. At the Sand Pit 

site, pile installation results loosening of soi1 within the disturbed zone, which 

causes the bearing capacity in tension to be lower than that for an 

undisturbed soil. In the case of compression tests. the soil below the bottom 

helix is undisturbed; therefore, the bearing capacity for the plate against an 

undisturbed soi1 should be higher than the capacity in tension. 

4. There is a significant increase in capacity by using multi-helix screw pile 

instead of single helix screw pile regardless of the pile loading direction. 

5. For multi-helix screw piles loaded in compression in the Lake Edmonton clay 

and the Sand, the bearing resistance developed from the bottom helix and 

the cylindrical shearing resistance are independent of the ernbedment depth. 

6. For multi-helix screw piles loaded in tension in Lake Edmonton clay and 

Sand, the bearing resistance from the top helix is dependent on the 

installation depth. Two types of failure may happen. namely the "shallow" 

and the 'deep" condition failure, and the type of failure depends on the 

embedment depth (H/D) and surrounding soi1 strength properties. As a 

result, the bearing capacity generally increases with the embedment depth 

(H/D) . 

7. For multi-helix screw piles loaded in tension in the Lake Edmonton clay and 

the Sand, the cylindrical shearing resistance does not depend on the 

installation depth. 



The ultimate capacities in compression and tension increase with the 

increase of screw pile embedment ratio (H/D), however the increase is more 

significant in tension. 

The compression and tension capacity does not increase with srnaller space 

to diameter ratio (S/D) for screw piles installed at the University Farm site. In 

stead, the smaller S/D ratio (i.e. S/D = 1.5) induced remolding of the 

surrounding soi1 and caused reduction of the ultimate compression capacity. 

For the pullout tests, the space to helix diameter ratio does not effect the total 

pullout capacity. Therefore, higher capacity can be reached using piles with 

S/D = 3.0 for both the compression and tension tests. However, for the 

compression tests perforrned at the Sand Pit site. a 23.7% increase in 

capacity was obsewed for the srnaller S/D ratio. Therefore, for screw piles 

installed in the cohesionless soil, significant increase of compression 

capacity can be achieved by adding an additional helix (i.e. S/D = 1.5). 

Nevertheless. varying the S/D ratio does not effect the total uplift capacity. 

Based on the experimental results, screw piles with 2 helices (S/D = 3.0) 

performs as well as those with 3 helices (S/D = 1.5) in terms of total uplift 

capacity, therefore, there is no significant benefit of adding a third helix. 

10. At the University Farm site, the compression capacity is essentially the same 

as the pullout capacity. At the Sand Pit site. the compression capacity is 

significantly larger than the uplift capacity for screw piles with S/D = 1.5 

installed in shallow depth (Qc = 2.2 x O[). For pile with the same space to 

diameter ratio installed at a deeper depth, the compression capacity is 1.3 of 

the ultimate tension capacity. For piles with S/D = 3.0 installed in a deep 

condition, the compression capacity is roughly the same as the tension 

capacity . 

11. The lateral pile load test results has shown no significant increase in lateral 

capacity due to the increase in shaft wall thickness or the increase in 

structure stiffness. Hence, the load versus lateral movement response in 



lateral loading for these screw piles in these soils is mainly dependent upon 

the soi1 characteristics 

12. Both indirect and direct methods are used to predict the total axial pile 

capacity. However, modifications of the original proposed design methods 

are needed in order to provide better capacity prediction for multi-helix screw 

piles installed in Alberta soil. In general, for cohesive soi1 (Lake Edmonton 

clay), the cylindrical shearing method provides better capacity prediction for 

multi-helix screw piles with S/D 5 3.0 regardless of loading direction. For 

screw piles installed in cohesionless soil, the cylindrical shearing method 

provides good prediction for screw piles with S/D s 2.0 in compression 

loading. For a higher space to diameter ratio (S/D > 2.0), the individual 

bearing rnethod provides better capacity estimation than the cylindrical 

shearing approach. For the tension piles installed in sand, a cylindrical 

shearing mode1 can be used to provide uplift capacity prediction for screw 

piles with S/D c 3.0. 

13. For the direct method, the LCPC CPT method proposed by Bustarnante & 

Giasenelli (1982) can be modified and used to provide capacity 

approximation for both compression and tension tests. 

7.3 DESIGN RECOMMENDATIONS: INDIRECT APPROACHES 

7.3.1 Multi-helix Screw Pile 

According to the load distribution results obtained from the pile load tests, it 

can be shown that a cylindrical failure surface was formed at failure for multi-helix 

screw pile loaded in compression and in tension. Based on the cylindrical shear 

model, the ultimate capaaty is mainly derived from the shaft resistanœ. the shear 

resistanœ along a cylindrical surface conneding the top and bottom helices and 

bearing resistanœ below the bottom helix (compression loading) or bearing capaaty 



above the top helix (uplift loading). Therefore, the total failure resistance can be 

summarized as follows: 

Equation 7.1 

where 

Q u  = ultimate screw pile capacity 
Qshafl = resistance developed along the steel shaft 
QheIix = shearing resistance rnobilized along the cylindrical failure surface 
Qbeanng = bearing capacity of the bottom helix in bearing or top helix in uplift 

7.3.1.1 In Cohesive Soil (4 = O condition) 

A rnodel, proposed by Narasimha Rao et al (1993) to predict uplift screw pile 

capacity in soft clay, is adopted for predicting the ultimate compression capacity 

for multi-helix screw pile installed in stiff Lake Edmonton clay. The ultimate 

compression capacity of the helical pile can be given as: 

Equation 7.1 

where 

= ultimate compression capacity 
= is the distance between top and bottorn helical plates 
= effective length of the shaft (H - D) 
= adhesion factor 
= shafi diameter 
= average helix diameter 
= surface area of the bottom helix plate 
= the bearing capacity factor in compression for whesive soils 
= undrained shear strength of the soi1 

The prediction of the bearing resistance developed from the bottorn helix is 

independent of the embedment depth. The bearing capacity factor Nc, proposed 
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by Meyerhof (1 976), provides reasonable predictions for screw piles loaded in 

compression. 

At the University Farm site, there is a 13 to 31 % increase in ultimate 

compression capacity (Qc, for screw piles installed in the cohesive soil. The 

increase in capacity is mainly contributed by the increase in the shaft resistance. 

For estimation of the shaft adhesion, an effective shaft length Heff is used in the 

calculation, which the effective shaft length is defined as the embedment length 

(H) minus the top helix diameter (D). The adhesion developed along the steel shaft 

is considered in cases where suffcient installation depth (deep pile) is provided. For 

shallow condition (i.e. embedment ratio H/D < 3), the shaft adhesion is 

considered as insignificant, and thus, the compression capacity equation for 

helical piles in clay under shallow condition can be given as: 

Q, = (lrDL, )Cu + AC, Nc Equation 7.2 

For predicting the total uplift capacity, a cylindrical shear model is also 

adopted and the ultimate tension capacity can be determined using the following 

equation (Narasimha Rao et al. 1993): 

Equation 7.3 

where 

Qt = ultimate screw pile upliff capacity 
r' = effective unit weight of soi1 above water table or buoyant weight if below 

water table 
Nu = uplift bearing capacity factor for cohesive soils 
H = embedment depth 

For rnulti-helix screw pile loaded in tension, the ultimate uplift capacity is 

dependent upon the embedment depth. At the University of Farm site, the 



experimental results had shown a 50% increase in ultimate uplift capacity (QI) as 

the embedment ratio increased from 4.69 to 10.7. The increase in the total uplift 

capacity is a result of two factors. First, the shaft resistance increases with 

embedment depth. Secondly, the bearing resistance developed above the top 

helix is depended on the depth that the screw pile was installed to. The uplift 

bearing capacity factor. Nu increases with the embedment ratio (H/D) to a limiting 

value approximately equals to 9. Meyerhof and Adam (1973) provided 

adjustment to their early work for anchors installed in the stiff clay in the shallow 

depth. They proposed a simple relationship to evaluate the uplift capacity factor, 

Nu in relation with the embedment ratio (H/D) as follow: 

Similar to the compression test, for short piles installed at 

the term for predicting the shaft adhesion can be neglected 

insignificant to the total uplift capacity. 

Equation 7.4 

a shallower depth, 

since the result is 

The differences between the modified method, as presented above, and the 

method proposed by Narasimha Rao et al. (1993) is that the space to diameter 

ratio (S/D) is not considered here. As discussed in Chapter 6, the decrease in 

S/D ratio from 3.0 to 1.5 caused remolding of the soii which resulted a decrease 

in total compression capacity of 17% with a smaller S/D ratio. For the tension 

tests, the variation of S/D ratio did not effect the ultimate pullout capacity. 

Therefore, for screw piles installed in Lake Edmonton clay, an U D  ratio equal to 

3.0 yields better results. 

The cylindrical shearing method discussed above is used to predict the 

capacity of the screw piles used in this field test program. The results are 

presented in Table 7.1 and Table 7.2. The parameters used in the calculation 

are also provided in the tables. As shown by the predicted result, the predictions 

are within t 10% of the experiment values indicating reasonable agreement. 



7.3.1.2 In Cohesionless Soil 

An approximation of the ultimate compression capacity of a multi-helix screw 

pile can be obtained using a cylindrical shearing method as shown in the 

following formula (Mitsch and Clemence, 1985): 

Ir ps 
Qc = y' HciiY, + - D, y ' ( ~ ' i  - H '1 )K,  tan 4 + - H,/( '  K, tan 4 Equation 7.5 

3 3 

where 

= ultimate compression capacity 
= effective unit weight of soi1 
= coefficient of lateral earth pressure in compression loading 
= the soi1 interna1 friction angle 
= area of the bottom helix 
= bearing capacity factor for cohesionless soils 
= average helix diameter 
= the embedment depth 
= the effective shaft length 
= depth to top helix 
= depth to the bottom helix 
= perimeter of the screw pile shaft 

For screw piles installed in cohesionless soi1 at the Sand Pit site. a 12 % 

increase in total compression capacity was reported as the piles were installed 

deeper. Similar to the compression tests performed at the University Farm site, 

the increase in the compression capacity was mainly the result of an increase in 

shaft resistance. The bearing resistance and the cylindrical shearing resistance 

do not depend upon the embedment depth. 

For the shallow condition (Le. H/D < 5), the ultimate compression capacity of 

a multi-helix screw pile in sand can be predicted by summing the bearing 

capacity of the bottom helix and the frictional resistance along the cylinder of sail 

between the helices without the shaft resistance. Therefore, Equation 7.5 can be 

expressed as follow: 



Equation 7.6 

The ultirnate compression capacity of a multi-helix screw pile installed in the 

cohesionless soil is dependent upon the spacing between the helix plates (S/D 

ratio). The experimental results demonstrated a 24 % increase in the 

compression capacity with smaller spacing to helix diameter ratio (Le. S/D = 1.5). 

For the compression tests. a cylindrical failure surface provides a better 

prediction for screw piles with S/D < 2 (Mitsch and Clemence, 1995). For higher 

space to diameter ratios (Le. S/D > 2), bearing failure can occur under each helix 

without interference with each other. and therefore. the individual bearing method 

produces better capacity prediction. The rnethod discussed here is surnrnarized 

in a table format for both the cylindrical shear method and the individual bearing 

rnethod (see Table 7.3). The methods are then used to predict the compression 

capacity of the screw piles installed at the Sand fit site. The comparison of the 

predicted results using both the cylindrical shear and individual bearing methods 

are presented in Table 7.4. It can be shown that the cylindrical shear method 

provided better predictions for multi-helix screw piles with SID s 2, and the 

individual bearing method gave satisfactory estimation result for space to 

diameter ratios greater than 2. 

For the tension tests, a cylindrical shearing method proposed by Mitsch and 

Clemence (1985) is suggested. The author stated that there are two distinct 

failure mechanisms for screw pile loaded in tension in the cohesionless soil, 

narnely the shallow or the deep condition. The shallow condition describes the 

mechanism where a truncated pyramidal shaped failure surface propagates frorn 

the top helix to the ground surface. The central angle of the truncated cone is 

approximately equal to the soi1 friction angle, 4. A cylindrical failure surface is 

formed below the top helix. For helical piles installed in a much deeper depth, a 

failure zone develops directly above the top helix. This failure surface is confined 

by the overburden pressure, and therefore the failure zone does not propagate to 

the ground surface. Meyerhof and Adam (1968)'s theory stated that there is a 



maximum embedment ratio (H/D),, where the failure mode changes from 

shallow to deep and this maximum value increases with an increase in the 

relative density (Dr), and the internal soi1 friction angle. 4, of the sand. The 

relationship between the critical embedment ratio and the internal soi1 friction 

angle is presented in Table 7.5. Therefore, the uplift capacity can be obtained by 

following formula: 

For Multi-helix Screw Pile Installed in Shallow Condition - H/D c (H/Dlg 

Equation 7.7 

For Multi-helix Screw Pile lnstalled in Deep Condition - H/D > (H/Dlc, 

p* c - H,';/' K,  tan 4 
3 

where 

Qr = ultimate screw pile uplift capacity 
Y' = effective unit weight of soi1 
k = coefficient of Iateral earth pressure in uplift for sands 
4 = friction angle of the soi1 
A = area of the top helix 
Nu = uplift capacity factor for cohesionless soils 
Hf = depth to top helix 
H3 = depth to the bottom helix 
Heff = effective shaff length 
Da = average helix diameter 
PS = perimeter of the screw pile shaft 
Fq = breakout factor for shallow condition 
Fq' = breakout factor for deep condition 

Equation 7.8 



For the shallow condition, the shaft resistance is neglected for the same 

reason because it does not significantly contribute to the total capacity. For the 

tension tests, the variation of S/D ratio does not effect the ultimate uplift capacity, 

therefore, the above stated cylindrical shearing method can be used to predict 

the uplift capacity of a screw pile with S/D < 3.0. 

Example calculations using the proposed cylindrical shearing rnethods for the 

research and production piles installed in sand are presented in Table 7.5 and 

Table 7.6. The parameters used in the computation are listed in the tables. The 

reasons for choosing these parameters are presented in Chapter 6. The 

predictions are within r 10% of the pile load test results. Therefore. the results 

demonstrate good agreement with the experimental results. 

7.3.2 Single Helix Screw Pile 

For a single helix screw pile, the cylindrical shearing resistance connecting 

the top and the bottom helix for multi-helix piles, does not develop. Therefore, 

the total resistance is derived from shaft and bearing resistance. Equations used 

to obtain axial capacity for the multi-helix screw piles should be adjusted to not 

include the cylindrical component. 

7.3.2.1 Single Helix In Cohesive Soil(4 = O condition) 

Tension 

Equation 7.9 

Equation 7.1 0 



For the compression tests performed by ALMITA Manufacturing Ltd., the new 

set of field pile load tests focused on studying the effect of varying the pile helix 

diameter on the ultimate compression capacity of the single helix screw pile. The 

results indicate that Equation 7.10 reasonably predicts the ultirnate compression 

capacity for pile with helix diameter ranging from 356 mm to 71 1 mm. Based on 

the experimental results, recommendations provided by CFEM (1 992) for the 

reduction of the bearing capacity factor, Al,, should be applied with respect to the 

pile toe diameter (see Section 2.3.1.4). 

7.3.2.2 Single Helix In Cohesionless Soil 

Compression 

y' HAN, p* + - H c f - y t  K, tan 4 
3 

Equation 7.1 1 

Tension 

For Single helix Screw Pile lnstalled in Shatto w Condition - H l '  < (MD), 

Equation 7.12 

For Multi-helix Screw Pile Installed in Deep Condition - H/D > (H/D)), 

Equation 7.13 



7.4 DESIGN RECOMMENDATION: DIRECT APPROACH 

There are many methods available to predict the pile capacity using CPT 

data. The European method (de Ruiter and Beringen, 1979) and the LCPC 

rnethod (Bustamante and Gianeselli, 1982) were used to predict the axial 

capacity of the screw pile. The LCPC method produced satisfactory predictions 

for both the University Farrn site and the Sand Pit site. The European method 

provided the best match of results at the University Farm site, but produced a 

larger discrepancy at the Sand Pit site. Here, only the LCPC method is 

recornmended for the following reasons. First, the method was developed based 

on a large database with field pile load test data available. Secondly, the method 

considers wide a range of different piles including the screw type piles. Thirdly, 

Robertson et al. (1988) used 13 different CPT methods to evaluate 8 full-scale 

pile load tests performed on six different driven piles. The evaluation showed the 

best prediction results were provided by the LCPC method, followed by the 

European method and the method proposed by Schmertamnn (1978). Most 

importantly, the LCPC method provides direct correlation of the pile capacity to 

the tip resistance qc without intermediate correlation to deterrnine the soi1 

strength parameters. Robertson and Campanella (1988) provided a flow chart 

that summarized the LCPC method, and this flow chart is presented in Table 7.7. 

Based on the experimental test results obtained, the coefficient a and k, 

proposed by Bustamante and Gianeselli (1982) are adjusted in order to take into 

account the more complicated pile geometry and loading directions. The 

cornparison of the modified coefficients used for obtaining the screw pile axial 

capacity and the original coefficient proposed by the LCPC method is presented 

in Table 7.9. As shown in Table 7.9, a new coefficient a* is used for predicting 

the capacity of the cylindrical shearing resistance. This coefficient is used to 

recognize the difference between the shaft and cylindrical shear resistance for 

the piles that have multi-helices. In addition, for the modified method, the loading 

direction is considered by adjusting the coefficients used in the method. A 

simplified flow chart for the modified LCPC CPT method is outlined in Table 7.8. 



The coefficients used for the method are presented in Table 7.9. The modified 

method is used to predict the capacities for screw piles installed in the University 

Farm site and the Sand Pit site, and the results are compared to the predictions 

using the original proposed rnethod. Figure 7.1 and Figure 7.2 present the 

comparison of the capacity predictions for both compression and tension tests 

using both the original and modified LCPC CPT method for piles installed at the 

University Farm site. Figure 7.3 and Figure 7.4 show the prediction results for 

the compression tests at the Sand Pit site, and Figure 7.5 present the capacity 

estimations for the tension tests at the Sand Pit site. The ultimate axial 

capacities predicted using the modified coefficients are summarized in Table 

7.10 in comparison with the prediction results using the original LCPC method 

and both predictions are compared to the measured experiment results. The 

modified coefficients produced satisfactory prediction results for both the 

University Farm site and the Sand Pit site. It is important to note that for the 

compression tests performed at the Sand Pit site, the coefficient, a, is reduced 

for the cylindrical failure surface (CFS) for screw piles with larger space to 

diameter ratio. As discussed previously , for compression tests performed on the 

production piles (WD > 2), a complete cylindrical failure surface may not forrned 

at failure because the space between the helices is too large. lnstead of the 

cylindrical failure surface, bearing failure rnay happen under each individual helix. 

For the same reason, reduction of the cylindrical shear resistance is applied, and 

the reduced coefficient gave much better predictions for the production piles with 

S/D = 3.0. 

For the single helix screw pile, the cylindrical shearing surface does not fom, 

therefore, the ultimate pile capacity can be predicted using the flowchart shown 

in Table 7.8 and the coefficients in Table 7.9 without the consideration of the 

resistance from the cylindrical shear surface. 



7.5 OTHER FACTORS THAT INFLUENCE THE ULTIMATE CAPACITY 

Other factors such as load type, loading condition (long term vs. short term), 

allowable design load (factor of safety), effects of installation methods, group 

piles are discussed in Chapter 2, and thus, not discussed in detail here. 

However, the next two sections were mostly of interest to the sponsor of this 

program. ALMITA Manufacturing Ltd., therefore, general discussions are 

provided below. 

7.5.1 Compression Capacity Versus Uplift Capacity 

At the University Farm site, the compression capacity of the screw piles are 

not significantly different from the tension capacity regardless of the embedment 

ratio (H/D) and space to diameter ratio (SKI). At the Sand Pit site, the 

compression capacity are significantly larger than the uplift capacity at shallow 

depth (Qc = 2.2 x Qt) for piles with S/D = 1.5. For pile with the sarne space to 

diameter ratio installed at a greater depths, the compression capacity is 1.3 of 

the ultimate tension capacity. For pile with S/D = 3.0 installed in a deep 

condition, the compression capacity is roughly the same as the tension capacity. 

According to the experimental results obtained in this program, the results show 

that a generalized formula as reportad by Trofimendkov and Mariupolskii (1965) 

(i.e. Oc = 1.3 x Qt) for piles installed in the Lake Edmonton Clay and the Sand Pit 

site can not be used indifferently. For stiff clay material such as Lake Edmonton 

Clay, the compression to tension capacity ratio (Qc/ Qt) may increases with the 

increase in soi1 moisture content as suggested by Narasimha Rao, et al. (1991). 

However, more testing on screw piles installed in Lake Edmonton clay, should be 

done in order to verify such suggestion. For the cohesionless soil, the 

compression capacity can preliminary determined by applied a factor of 1.3 to the 

ultimate tension capacity for screw piles with S/D < 2, and installed into a deep 

condition (Le. H/D > 5), although this general nile can significantly underestimate 

the compression capacity installed in very dense sand in shallow depth. 



7.5.2 Torque Method 

The installation torque is defined as the torque required to install the scrsw 

piles to the desired depth. Because torque is always rnonitored and recorded on 

a torque chart during the installation process, it is attractive to develop an 

empirical method that correlates the installation torque directly to the ultirnate 

axial capacity. Hoyt and Clemence (1985) outlined such methods and explained 

that the torque method is simply analogous to the relationship of pile driving effort 

to pile capacity. This empirical method is widely used in the industry to predict 

the uplift capacity of screw anchors because it is simple to use and it provides a 

procedure to verify if the desired design ioads have been reached at a site 

location. However, as explained by Hoyt and Clemence (1985), although the 

procedure was used successfully in the construction of thousands of anchors 

over the past twenty years, the method lacks the support of geotechnical 

concepts. In addition, the method provides correlations for predicting the pullout 

capacity but does not include relationships for predicting the compression 

capacity. The torque method was used to predict the uplift capacity of the screw 

piles installed in the University Farm site and the Sand Pit site. It provided 

satisfactory results for piles installed in deep condition (H/D = 10.7) and 

overestimated the results for the shallow condition (H/D = 4.67). At the Sand Pit 

site. a 163% over prediction was reported for the TS test. As noted by Hoyt and 

Clemence (1985), the anchors used for testing in their test program had an 

embedment ratio (WD) varying from 5.1 to 134 and al1 anchors were analyzed as 

"deep" anchors. Therefore, adjustment for predicting the uplift capacity of 

shallow anchors (i.e. H/D c 5) should be applied. This empirical method can be 

used to predict the compression capacity based on the same analogous used for 

predicting the uplift capacity. However. a larger data base including full scale 

field pile load test results should be established before providing a more reliable 

procedure for estimating compression capacity using an empirical approach. 

In recent yean, some of the larger diameter screw piles are used to provide 

larger compression capacity for foundation applications. The question of using 



these large helix size screw piles is how to determine the required torque to 

install these piles. Here, a simple chart as shown in Figure 7.6, can be used to 

predict the required installation torque at the preliminary design stage based on 

the CPT data. One of the advantages of using CPT data is that the CPT data 

provides repeatable information about the soi1 behavior over the profile of 

interest and classified into different soi1 type (Robertson, 1990). By plotting the 

normalized torque against the tip resistance, w hen the normalized torque is 

defined as the installation torque divided by the helix diameter (T/D), a 

preliminary prediction of the installation torque required per m of helix diameter 

size can be determined according to different soi1 type. For soils like the Lake 

Edmonton Clay and the Sand, the installation torque needed to install different 

helix diameter screw piles are plotted against the average cone tip resistance 

from CPT. At the University Farm site, for a soi1 profile which shows an 

increase in the cone tip resistance with depth, the installation torque generally 

increases with increase in embedment depth although the increase is not 

significant after breaking the surface soi1 crust. The normalized installation 

torque (T/D) ranges between 3000 to 8000 m kN 1 m with an average value of 

approximately 6500 m kN / m. At the Sand Pit site, the cone tip resistance 

decreases with increase in depth, and the installation torque required was 

mainly dependent on the torque needed to screw through the sand desiccated 

soi1 crust. For the long pile (H/D = 10.7), the pile was basically screwed into the 

ground without applying extra torque after breaking through the surface soi!. 

Consequently, for piles installed in cohesionless material, it is important to 

determine the installation torque required to break the soi1 sutface instead of 

studying the influence of increase in pile length on the installation torque. 

The relationship between the normalized installation torque and the cone tip 

resistance should be investigated in detail according to different soi1 material and 

helix diameter. In the future, the chart can be completed for different soi1 types 

such as the Glacial Till, Lake Edmonton Clay and the Sand, and be used to 

provide a quick and easy assessrnent of the installation torque needed to install 

screw piles with different heiix sizes. 

270 



7.6 FUTURE RESEARCH 

In preparing this thesis, several areas of potential future research were 

identified and these areas are discussed below: 

1. In this study, by adding the second heiix, the compression capacity increased 

significantly. Therefore, by varying the screw pile geometry (i.e. different helix 

diameterj can help to create a larger resistance surface, thus, help to 

increase the ultimate pile capacity. However, this effect should be more 

carefully examined. 

2. This thesis only presented the lateral pile load test results not including 

detailed analysis on the lateral pile load transfer mechanism. Therefore, 

further study on the lateral load response should be investigated more 

closely. 

3. There are a number of areas that need further researches, such as the design 

of an inclined screw pile, group piles, and screw piles subjected to vertical or 

lateral cyclic loading. 

4. As discussed in Chapter 3. the till site was cancelled for performing the pile 

load test. The load-carrying behavior for screw piles installed in Alberta till 

should be studied because the soi1 is the parental soi1 that covers a large 

portion 3f Alberta. 
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Table 7.1: Example Calculation using the Proposed Cylindrical Shearing Method to Predict the Compression Capacity of Screw Pile - 
lnstalled in the Lake ~dmonton clay 

Cvlindrical Shearinn Method - Compression Capacity 

Clay (4 = O, method llsted below is based on Narasimha Rao et al, 1993 which was proposed to predict uplift pile capacity) 

Short Pile Lonq Pile Production Pile 

For Screw Pile with SlD Ratio s 3 

embeddment depth 
plate diameter 
space between top and bottom helix 
surface area of the helix plate = n ( ~ *  - d2)14 
uplift capacity factor 
shaft diameter 
effective shaft length = H - O 
Undisturbed Undrained Shear Strength 
adhesion factor (after CFEM, 1992 & Mooney et al., 1985) 

Term t Term 2 Tem 3 

(xDb)Cu ACUN, ~dH,tcuC. 
(KN) (KN) (KW 

Short Research Pile (CS Test) 64.4 49.9 30.4 
Long Research Pile (CL Test) 64.4 49.9 70.0 
Production Pile - (Cprod. Test) 107 49.9 40.2 

Note: 
* For the long research pile (CL) and short research pile (CS) tests, the undrained shear strength is reduced by 40 % 

in order to account for the effect of soi1 disturbuncy caused by adding the third helix. 



Table 7.2: Example Calculation using the Proposed Cylindrical Shearing Method to Predict the Uplift Capacity of Screw Pile lnstalled in 
the Lake Edmonton Clay 

Cylindrical Shearina Method - Tension Capacity 

Clay (4 = O, after Narasimha Rao et al, 1993) 

Short Pile Lonri Pile Production Pile 

Short Research Pile (TS Test) 64.4 
Long Research Pile (T t  Test) 1 07 
Production Pile - (Tprod. Test) 1 07 

Note: 

For Screw Pile with S/D 2 3 

embeddment depth 
plate diameter 
space between 2 helices top and bottom 
surface area of the helix plate = n(0' - d2)14 
uplift capacity factor (after Meyerhof, t 973) 
shaft diameter 
effective shaft length = H - D 
Undisturbed Undrained Shear Strength 
adhesion factor (after CFEMJ992 & Mooney et al., 1985) 

For screw pile installed in shallow depth, the Rssured undrained shear strength (Cu, is much lower than the intact Cu 
In such case, the remolded Cu is assumed to be 60% of the undisturbed undrained shear strength 



Table 7.3: The Cylindrical Shearing Method and The lndividual Bearing Method Used to Predict the Compression Capacity of Screw Pile 
lnstalled in the Sand 

* Cvlindrical Shearinq Method - Compression Capacitv 

Cohesionless Soil (after design procedure proposed by Mitsch & Clemence, 1985) 

1 Qc = y'H A N, + I2 n 4 y' (H*, - H',) K, tan @ '12 P. lia$ y' Ks tan 4 for Screw Pile with SID 5 2 

* lndividual Bearina Method - Compression Ca~acitv 

Cohesionless Soil (after design procedure proposed by Adams and Klym, 1971) For Screw Pile with SID > 2 

Qm, + Qshn 
1 ymHI A N, + y ' k  A N, + 1' P, H.: y' K. tan 4 

Short Pile Lona Pile Production Pile 

depth to the top helix 
depth to the bottom helix 
plate diameter 
surface area of the plate anchor = n ( ~ ~  - d2)14 
shaft diameter 
effective shaft length = H - O 
effective unit weight of soi1 
perimeter of pile shaft 
interal soil friction angle 
coefficient of lateral earth pressure in compression for sands 
bearing capacity factor 



Table 7.4: Compression Capacity Prediction Results using the Proposed Design Methods for Cohesionless Soil 

( CS Test 1 CL Test 1 

k haft Resistance 
I I , I 

1 3.195 1 1 2.325 1 1 1 

cp =39 O 

References: 
No. 1 : ASCE (1993) 
No. 2: CFEM (1992) 
No. 3: Vesic (1963) 

4 =39 O 

Ka 
Rd, 1 

lnterhelix Resistance 
Bearina Resfstance 

Capacitv Ptediction Results usina Cvlindrical Shearina Method 

Tennl T e m  2 Term 3 

K s  
Ref. 2 

N, 
Ref. 3 

y ' i i  A N, '/an: O. y " ( ~ * ~  - tiai) K. tan Q '12 P. b w Z  Y' K. tan O 

(KN) (W (W 

Short Research Pile (CS Test) 294 117 24.2 
Long Research Pile (CL Test) 159 172 132 
Production Pile - (Cprod. Test) 159 172 132 

3.195 

Ca~acitv Prediction Results usina Individual Bearina Method 

Ks 
Ref. 2 

Production Pile - (Cprod, Test) 124 

N, 
Ref. 3 

100 
2.325 

30 



Table 7.5: Proposed Cylindrical Shearinn Method to Predict the U~ l i f t  Ca~acitv of Screw Pite lnstalled in Sand - - w I C - 

Cvlindrical Shearina Method - Tension Ca~acitv 

Coheaionless Soil (after design procedure proposed by Mitsch 8 Clemence, 1985) 

Shallow Condition (H/D < (HID),, 

a,= y'HAF, + ' l t n  D.f(Hz,-~',)K,,tan$ 

Deep Condition (HI0 w (HID),, 

Short Pile 

1.58 m 
1.58 m 
2.65 m 
0.38 m 
0.06 rnZ 
0.22 m 
1.23 rn 

18 kWmJ 
0.69 m 

Long Pile 

3.72 m 
3.722 m 
4.79 m 
0.36 rn 
0.06 m2 
0.22 m 
3.37 m 

18 k ~ l m ~  
0.69 m 

Soil Friction Angle, 4 ]Cr 

(deg me) 
20 2.5 

Production Pile 

3.72 m 
3.722 m 
4.79 m 
0.36 m 
0.06 in2 
0.22 m 
3.37 m 

18 kWm3 
0.69 m 

For Screw Pile with SlD < 3 

embeddrnent depth 
depth to the top hetix 
depth to the bottom hdix 
plate diameter 

surface area of the plate anchor = n ( d  - d2)/4 
shaft diameter 
effective shaft length = H - D 
effective unit weight of soi\ 
perimeter of pile shaft 
interal soi1 friction angle 
coefficient of lateral earth pressure in uplift for sands 
breakout factor for shallow condition 
breakout factor for deep condition 



Table 7.6: Uplift Capacity Prediction Results using the Proposed Design Methods for Cohesionless Soil 

References: 
No, 1 : Meyerhof and Adam (1968) 
No. 2: Mitsch and Clemence (1 985) 
No. 3: Saeedy (1987) 

TS Test 
'# =39 

I 1 1 1 1 

Capacitv Prediction Results usina Cvlindrical Shearina Method 
Teml Tetm 2 

yaH A F, '12 n Da y* (H', - H',) Ku tan I$ 

(KN) (KN) 

TL Test 
4 =39 O 

K u  
Ref. 1 

Shaft Resistance 
lnterhelix Resistan 

Short Research Pile (TS Test) 38.7 133 

Ku 
Ref. 2 

Fs 
Ref. 2 

T e m l  T e m  2 T e m  3 
y*H A f ,* 'I* n D, y* (H', - H',) K, tan + '12 P. H.: Y' Ku tan 4 

(KN) (KN) (KN) 
Long Research Pile (TL Test) 87.6 161 124 
Production Pile - (Tprod. Test) 87.6 161 124 

3.62 
3.62 

Ku 
Ref. 2 

F,* 
Ref. 3 

2.18 
2.18 



1 Determine average values of 1 
1 q, and f, fram CPT saunding 

Determine equivalent cone resistance 

qca* 

Determine bearing capacity factor 

kc 

- -- r Calculate unit point bearing 

1 Determine a coeffcient for ski" friction 1 

Deterrnine unit skin friction 

Calculate ultimate capacity 

Note: a and k, dependent upon soi1 type and pile type. 

Table 7.7: Flowchart for the LCPC CPT Method (after Robertson and Campanella, 1988) 



Deterrnine average values of q, and 
f, from CPT sounding 

Determine equivalent cone 
resistance, q,' 

- 

Compression Tension 

Determine bearing capacity 
factor in compression, k, 

Determine bearing capacity 
factor in uplift, k, 

Calculate unit point bearing in 
compression, q,' = qEa kc 

- - -  
Calculate unit point bearing in 

tension. qlP = qa k, 

1 Deterrnine a coefficient for skin 1 
friction and a" for resistance 
along CFS 

Determine a coefficient for skin 
friction and a' for resistance 
along CFS 

1 Calculate ultimate compression capacity 1 

Determine unit skin friction & 
cylindrical shearing resistance 
qshm = q c k  (Max qstm applies) 

Calculate ultimate uplifl capacity Q 
Table 7.8: Flowchart for the Modified LCPC CPT Method (after Robertson and Campanella, 

1988) 



u z 
'b 
C 
a 
)r 
(II - 
O 

a 
V )  - 





U Itimale Capacity Prediction using C P T  Method 

(Unmodified) 

Ulïlmate Coniprerslon Capic l ty ,  Q, (kN)  

L. 100 200 3L1û 40 L 500 60i 

Unmodified Coetlicis&s 
For Both Sha!! and Cylindrical 
Fail~ire Surface (CFS): 
q r  '5 a 1  = 60 
5.: qc ( 5  I A  = 40 
q L  5 1 u = m  
For Bear ing Capacily Factors 
q' >5 k: = O 55 
1 <qc.5  k, = O45 
qc -. 1 k , = O S O  

.-)(t-. lo la l  L * p o c  l, (CPT 1) 

*.- l o i a l  L a p o c  1, ( C P T  3) 

-- Shan Fticrmn [CPT 41 

4 CpioP Test fiscuit 

Ultimate Capacity Prediction using CPT Method 

(Modified) 

uitim ate Corn praaoton Capaci ty ,  Q,(kN) 

O 100 200 300 400 500 601 

Modifieci Coefficients 
Shafi CFS 

q~ 5 u=60 u = 6 0  
1 c q s c 5  ~ = 5 5  u = 2 5  
qt 5 1 u = 2 0  u = 2 0  

Maximum skln adheslon 
applied for the shafl 
No maximum skin 
adhesion applied for the 
CFS 

For Bearing Capacity Factors 
q c  > 5 k- = 0.55 
1 c q t c 5  k, = 0.45 
q c  5 1 k, = 0.50 

.* Total Capacily (CPT 1) 

- m .-Total Capacily (CPT 3) 

+lota i  Lapacity (CPT 4 )  

Shan Friction (CPT 1) 

- . S han Frictioii (CPT 3) 

- - - S h a n  +iiction (CPT 4) 

A C S  Test Reriili 

CL Test Resuli 

Cpiod Tes1 Result 

Figuire 7. 1: Cornparison of the Modified and Unmodifbd CPT Predictions for the Compression Capacities using Bustamante and 
Giaserielli (1982) method (the University Farrn site) 





Ultimate Capiicity Predictlon using CPT Method 

(O nmodiled) 

UItLmala Compreulon Capacliy, Q, (kM) 

O 1 O0 200 300 400 500 001 

-m-- Total Capacity 
(CPT 2) 

+Total Capacity 
(CPT3) 

Shaft Friction 
(CPT1) 

- --Shan Friction 
(CPT 2) 

----Shan Friction 

(CPT 3) 

SCL Tes1 Result 

A SCS Test Hesult 

UnmQglficd C m c k n &  
Research Qiles with 3 Mices 

Foc 60th Shan and Cylindrical Failure 
Surface (C FS): 
qc>12 tr = 150 
5< qc (12 <1=100 
9s 5 u =  60 

For Bearing Capacity factors 
q c  ~ 1 2  b = 0.4 
S c q , ~  12 k = 0 . 5  
9c 5 5 k, = 0.6 

Ultimate Capacity Prediction ushg CPT Method 

(Modlfed) 

- œ Total Capacity 
(CPT 2) 

-A- l a t a l  Capaciiy 
(CP T3) 

Shah Fliction 
( C P T I )  

Shah Ficction 
(CPT 2) 

Shah Fiiction 
(CPT 3)  

8 SCL Tesi Rebull 

Rascarch Piles wfth 3 îltilces 
Shafl CFS 

qc>12 C L =  150 u=1% 
5cqC<12 tr=100 u = 7 0  
qc 5 5 (1 = 50 il= 30 

Maximum skin friction 
applied for the shafl 
No maximum skin friction 
applied for the CFS 

For Bearing Capacity Factors 
q c  ~ 1 2  & = 0.3 
5 c q , *  12 k,=0.35 
q, 5 5 k, = 0.5 

Figure 7.3: CompOHaon of Modified and Unmodified CPT Predictions for the Compression Capacities using Bustamante and Giasenelli 
(1982) method for the Research Piles (Sand Pit Site) 



Ultimate Capacity Prediction using CPT Method 
(U nmod ifed) 

Ultirn at* Compresslon Cipaclty, Q, (kN) 

O 1 O0 200 300 400 500 60i 

-a--- Tolnl Capacity 
(CPT 2) 

+Total Capacity 
(C P T3) 

- Shan Frictton 
(CPTI)  

-- Shafl Fiiction 
(CPT 2) 

ShaR Fiiciion 
(CPT 3) 

+ Cprod 1 Test 
Result 

ifid Coefficients 
Production Piles with 2 Helices 

For 00th Shafi and Cylindrical failure 
Surface (CFS): 
q c  >12 o = 150 
5cqtc12 ir=100 
q, 5 1 1 =  60 

For Bearing Capacity Factors 
qc '12 k = 0 4  
5 q , < 1 2  k , = 0 5  
q, 1 5 k, = 0.5 

Ullimate Capacity Predktion using CPT Method 
(Modifed) 

Ultimata Compresslon Capaclty, Q, (kN) 

O 100 200 300 400 500 608 

- Total Capacily 

r lo ta l  Capacity 
(CPT 2 )  

*- Total Capaciiy 
(ZP73) 

ShaR Friction 
(CPTI )  

-----  ShaR Friclion 
(CPT 2 )  

.- .. - Shen Friction 

(CPT 3) 

+ Cprod 1 Tes1 
Rttsull 

Mod#cd coem)ientr 
Production Pilets with 2 lielices 

Shafi C FS 
q,>12 rr=150 u-150 
5cqcc12 tr=100 u=Iûû 
q c  5 5 u =  50 ci= 50 

Maximum skin friclion applied 
for the shafl and CFS 

For Bearing Capacity factors 
qf '1 2 k, = 0.3 
5==qcc 12 k, = 0.35 
a, 5 5 k, = 0.5 

Figure 7.4: Cornparison of Modified and Unmodified CPT Predictions for the Compression Capacities using Bustamante and Giasenelli 
(1882) method for the Production Piles (the Sand Pit Site) 



Uttirnate Capacity Prediction using CPT Method 
(U nmodited) 

Ultimab Tenslon Capadty, Q ,  (kH) 

O 1 O0 200 300 400 500 600 

-*- Tolal Capacily 

-a- Total Capacity 
(CPT 2 )  

-+-Total Capacity 
(CP 13) 

- Shan Friction 
(CPT1) 

- Shan Friction 

(CPT 2)  
-- Shan Friction 

(CPT 3) 

+ TL B Tprod Test 
Results 

TS Test 

i66d Coemcknb " Production Piles with 2 
Hellecr 
For 60th Shan and Cylindrical 
Failure Surface (CFS): 
q c  '12 (1 = 150 
5c qcc12 ( A =  100 
qc 5 5 (1 = 60 

For Bearing Capacity Factors 
q~ '12 k, = 0.4 
5 c q , c  12 k,=0.5 
oc 1 5 k = 0 5  

Ultimate Capacity Prediction using CPT Method 
(Modlfled) 

Ultlrnak Tension Capacity, Q, (kN) 

O 100 200 300 400 500 601 

]* Total Capacity 
(CPT 1 )  

-m Total Capdcity 
(CPT 2)  

-+- Total Capac ity 
(C P T3) 

Shan Fiiction 
( C P T I )  

- -  Shan Friction 
(CPT 2 )  

-- -Shan Friclion 
(CPT 3 )  

6 TL 8 Tprod 
Test Resulls 

TS Test 

Maximum skin friction applied 
for the shafl 
No maximum skin friction 
applied for the C f  S 

For Bearing Capacity Factors 
q c  >12 & = 0.15 
5 < q c <  12 kc=O.10 
q, 5 5 k, = 0.10 

Figure 7.6: Compatison of Modified and Unmodified CPT Predictions for the Tension Capacities using Bustamante and Giasenelli 
(1982) method (the Sand Pit Site) 





Appendix A 

Appendix A contains following information: 

a) Calibration of Strain Gauges and End Load Cells 

b) Structural Properties the Screw Piles 



CALIBRATION DATA FOR LOAD CELL 

(milivolts) 

-0.501 -0.501 -0.447 

v 
rnilivolts - 

-0.483 
-0.33 1 
-0.165 
-0.001 
0.165 
0.328 
0.494 
0.660 
0.820 
0.990 
0.856 
0.720 
0.579 
0.420 
0.241 
0.056 
-0.725 
-0.313 
-0.503 

(rnilivolts) 

Calibration of Load Cell No. 1 - Max. 600 KN 
(Output Rangc2.5 mV) 

Avg . 
A v 

:rnilivolts - 
0.000 
0.152 
0.318 
0.482 
0.648 
0.81 1 
0.977 
1.143 
1.303 
1.473 
1.339 
1.203 
1 .O62 
0.903 
0.724 
0.539 
O. 358 
0.170 
-0.020 - 

Load 
P 

(KN) - 
O 

63 
125 
188 
250 
31 3 
375 
438 
500 
563 
500 
438 
375 
31 3 
250 
188 
125 
63 
O 

600.0 - - 

500 O 

400 O 
CL 

O 
a 
~ 
m 
0 300 O J 

u aa - - 
a 
a 
a 

200.0 - 

100 O - -- - 
Loading (LUnload& - 

L i n e a r  - (Loading - - 8 - -  Unloading) - 

0.0 

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 

Change in Voîtagr (mllivoit i volt) 

. -  - - 



CALIBRATION DATA FOR END LOAD CELL USED IN COMPRESSION TEST 

(milivolts) 
Avg. Output 

v 
(milivolts) 

-0.899 
-1 -014 
-1.110 
-1.287 
-1.461 
-1.642 
-1.735 
- A  -640 
-1.452 
-1.274 
-1.102 
-0.898 

Change in Voltage 
(m ilivolts) 

Calibration of Load Cell No. 2 - Max. 100 KN 

Avg. 
h V 

(rnilivolts) 
0.000 
0.115 
0.21 1 
0.388 
0.562 
0.743 
0.836 
O. 74 1 
0.553 
0.375 
0.203 
-0.001 

Load 
P 

(KN) 
O 
10 
20 
40 
60 
80 
90 
80 
60 
40 
20 
O 

+ Trial 6.dat 
L i n e a r  . (Trial 6.dat) 

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 

Change in Voltage Output (milivolts) 
- - ---. -- 



CALIBRATION DATA FOR END LOAD CELL USED IN COMPRESSION TEST 

Output 
(milivolts) 

0.6 13 
0.802 0.805 0.803 
0.990 0.990 
1.171 1.169 1.170 
1.351 1.353 1.354 
1.450 1.442 1.443 
1.354 1.356 1.356 
1.170 1.173 1.173 
0.993 0.993 
0.807 0.806 0.806 
0.61 2 

Avg. Output 
v 

(m ilivolts ) 
0.61 3 
0.803 
0.990 
1.170 
1.352 
1.445 
1.355 
1.172 
0.993 
0.806 
0.612 

Change in Voltage 
(milivolts) 

Avg. 
A V  

(milivolts) 
0.000 
0.190 
0.377 
0.557 
0.740 
0.832 
0.742 
0.559 
0.380 
0.193 
-0.001 

Load 
P 

(KN) 
O 
20 
40 
60 
80 
90 
8 O 
60 
40 
20 
O 

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 

Change in Voltage (milivoltlvolt) 
. -- . . . . - . - . - - - 



CALfBRATlON DATA FOR END LOAD CELL USED IN COMPRESSION TEST 

Output 
(rnilivolts) 

Avg. Output 

(m ilivolts) 
-0.701 

Change in Voltage 
(rnilivolts) 

0.000 0.000 0.000 
0.187 0.187 0.185 
0.364 0.363 0.363 
0.545 0.547 0.547 
0.732 0.734 0.733 
0.91 8 0.925 0.917 
O. 725 0.730 0.732 
0.544 0.545 0.544 
0.358 0.356 0.362 
O. 181 0.182 0.180 
4.001 

Calibration of Load Cell No. 4 - Max. 100 KN 

Avg . 
A v 

(milivolts) 
0.000 
0.1 86 
0.363 
0.546 
0.733 
0.920 
0.729 
0.544 
0.359 
0.181 
-0.001 

Load 
P 

(KN) - 
O 
20 
40 
60 
80 
100 
80 
60 
40 
20 
O - 

Trial 8 - Linear (Tria t 8) 
-- -- 

Change in Voltage Output (milivoltrhrolts) 



CALlBRATlON DATA FOR END LOAD CELL USED IN COMPRESSION TEST 

Output 
(rnilivolts) 

-0.585 -0.585 -0.588 
-0.806 -0.808 -0.804 
-1.016 -1.015 -1.017 
-1.208 -1.207 -1.207 
-1.395 -1.394 -1 -396 
-1.579 -1 .S8O -1 .S83 
-1.400 -1 -399 -1.397 
-1.21 1 -1 -21 O -1.210 
-1 .O17 -1 .O1 7 
-0.810 -0.81 1 -0.808 
-0.584 

Avg. Outpul 
v 

(milivolts) 
4.586 
-0.806 
-1 .O16 
-1.207 
-1.395 
-1 .sa1 
-1 -399 
-1.210 
-1 .O1 7 
-0.810 
-0.584 

Change in Voltage 
(rnilivolts) 

Calibration of Load Cell No. 5 - Max. 100 KN 

0.000 0.200 0.400 0.600 0.800 1 .O00 1.200 

Change in Voltage (rnilivoltdvolts) 
- - - .- - --  -- - -- - 



Transducer No. 1 - Serial Number 8810429 

Voltage 
(milivolts) 

284.370 

Change in Voltage 
(milivolts) 

0.000 

Calibration of Transducer No.1 

Avg. 
(milivolts] 
0.000 
131.513 
262.357 
393.420 
525.723 
659.370 
791.330 
921,980 
1056.080 
11 89.030 
1322.363 
l4S4.380 
1588.630 
1722.463 
1857.1 30 
1988.730 
2122.830 
21 89.797 - 

Oisplacement 

O. O 500.0 1000.0 1500.0 2000.0 

Change in Voltage Output (mil~volt) 

- - 



hansducer No. 2 - Serial Number 90490206 

Voltage 
(mifivolts) 

6.402 

Change in Voltage 
(milivolts) 

0.000 

Avg. 
(milivolts) 
0.000 
106.808 
240.908 
373.552 
506.748 
640.848 
775.458 
906.802 
1040.798 
1174.198 
1308.298 
lU2.098 
1575.498 
1709.448 
1844.698 
1977.648 
2111.198 
2245.148 
238 1 .O98 
251 4.498 

Displacement 

Calibration of Transducer No.2 

0.0 500.0 1000.0 1500.0 2000.0 2500.0 3000.0 

Oisplacement (mm) 



Calibration of CL- 4 (Loading) 
7C0 

A y = 1 6 1 2 . 9 ~  + 5.0098 

- - -  
i Simn? 
a Stmn2 
A Stram 3 
+ Avg. Value - Linear (Avg. Value) 

O 0.05 O. 1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 

Change in Output (rnilivolts/volts) 

Calibration of CL- 4 (Unloading) 
700 1 

A 

I Stram 2 
A Slram 3 

+Avg. Value 
L i n e a r  (Avg Value) 

Change in Output (milivoiWvolts) 

- .  .- .- - 

Calibration of CL- 4 

+Avg. value 
-- 

O 0.05 0.t 0.15 0.2 0.25 0.3 0.35 0.4 0.45 

Change in Output (milivoltslvolts) 

- -- -- _ _  

298 



Calibration the Strain Gauge - Section CL4-2 

Calibration of CL4-2 (Loading) 
700 

0 Strain2 
A Strain3 

+ A m  Value 

O 0.05 0 1 0.15 0.2 0.25 0.3 0.35 0 4 0.45 

Change in Output (milivoltslvolts) 

Calibration of CL4-2 (Unloading) 
700 1 i 

y = A666.9~ - 2.0964 4 

Slran 1 
i Stratn 2 
A Stram 3 

+Avg. Value - Linear (Avg. Value) 

Change in Output (milivolWvolts) 

Calibration of CL4-2 

.- - 

+Avg. Value 

O 0.05 O. 1 0.15 0.2 0.25 0.3 0.35 0.4 

Change in Output (milivoltslvoIt8) 



Calibration the Strain Gauge - Section CS 3 

Calibration of CS 3 (Loading) 
700 1 

-- - -- 
y = 1830.3~ + 6.2675 0 

-. - - - - - - - .  
Strain 1 
Siram 2 

A Strain 3 
+Ag. Value - Linear (Avg. Value) 
- -- - - - - 

Change in Output (milivolts/volts) 

Calibration of CS3 (Unloading) 
I 

A Stratn 3 + Avg. Value - Linear (Avg. Value) 

Change in Output (milivoltslvolts) 

Calibration of CS 3 
700 1 

O 0.05 O. t 0.1 5 0.2 0.25 0.3 0.35 0.4 

Change in Output (milivoltslvolts) 

- - - . - - - - . - - - - - _ .  - -  - - - -  - -  - -_ 



Calibration the Strain Gauge - Section L264 
- - - - - - -A - - - -- _ 

Calibration of L264 (Loading) 

a 

4 Slram 1 

Strain 2 
A Strain 3 

+Avg. Value - .- A LinearAvg - . Value) 

Change in Output (milivolts/volts) 

Calibration of L264 (Unloading) 
700 i-, 

m 

+ Strain f 
Strain 2 

A Strain 3 
+Avg. Value - tinear (Avg. Value) 

- . -  .. .. . 

Change in Output (rnilivoltslvolts) 

Calibration of L264 

O 0.05 O. 1 0.15 0.2 0.25 0.3 0.35 

Change in Output (milivoltslvolts) 



Calibration the Strain Gauge - Section L322 

Calibration of L322 (Loading) 

O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 

Change in Output (milivoltslvolts) 

Cali bration of 1322 (Unloading) 

y = 1951.3~ - 3.3536 

0 Stram 1 
Stram 2 

A Stmn 3 
+Avg. Value - Linear (Avg. Value) 

O 0.05 O. 1 0.15 0.2 0.25 0.3 0.35 0.4 

Change in Output (rnilivoltslvolts) 

Calibration of L322 

y = 1944.8~ + 1.1407 

-- - 

+-~vg .  value 
- - 

O 0.05 O. 1 0.15 0.2 0.25 0.3 0.35 

Change in Output (milivoltslvolts) 



Calibration the Strain Gauge - Section TS 4 

Calibration of TS4 (Loading) 
700 1 

- - . - . -- - . - . . . 

Slrain 1 

Strain 2 
A Strain 3 

+Avg. Value - Linear (Avg. Value) 
- - - - . - - - - - - . . .. . . 

O 0.05 O. 1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 

Change in Output (milivoltsfvolts) 

Calibration of TS4 (Unloading) 
700 1 1 

y = 1730.6~ O 2.2066 

" O  train 1 - 
I Strain 2 
A Slraifl3 + Slrain 4 

L i n e a r  (Slrain 4) 

Change in Output (milivoltslvolts) 

Calibration of TS4 
700 

O 0.05 O. 1 O. 15 0.2 0.25 0.3 0.35 0.4 

Change in Output (milivoltslvolts) 

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



MECHANICAL PROPERTY AND CHEMICAL COMPOSION OF THE PILE 

2718" x 0.21 7" & 3 '1~"  x 0.254" Commercial Pipe 

YS 

UTS 

ELONGATION 

AI1 Other Commercial Pipe 

YS 

UTS 

ELONGATION 

400 - 475 MPa (58000 - 69000 psi) 

525 - 600 MPa (76000 - 87000 psi) 

25 - 35 % 

425 - 485 MPa (62000 - 70000 psi) 

525 - 600 MPa (65000 - 80000 psi) 

28-35% 




