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ABSTRACT 



ABSTRACT 

The use of highly instrumented piles which measure the effective stresses acting on 

the pile shaft of closed-ended piles have allowed considerable advances in the design 

of such piles (e.g. Jardine & Chow 1996). Assumptions made in the design of open

ended piles are less certain. These uncertainties include: (i) those associated with the 

estimation of the resistance to compression loading offered by the soil plug and 

annulus of the pile base, and (ii) the differences between the shaft and base capacities 

of open and closed-ended piles. 

The mam components of work in this Thesis describe the performance of 

instrumented model tests on piles jacked into loose, dry sand in a large pile testing 

chamber at Trinity College Dublin. A number of pile installations were carried out to 

study the effect of various parameters on the behaviour of open and closed-ended 

piles. 

Data obtained from the experimental work, combined with an analytical study and 

review of case histories, result in proposals for improved methods of design for 

closed-ended piles, and a new method for the calculation of the base and shaft 

resistance of open-ended piles. 

The main conclusions can be summarised as follows : 

1. In sands the radial effective stress at failure (cr' rf ) depends on the pile end 

bearing stress during installation, the mean particle size of the sand, 

dilation of the soil, distance from the pile tip and direction of loading. 

2. The end bearing resistance during installation of an open-ended pile IS 

strongly affected by the degree of pile plugging experienced. 



3) The distributions of internal shear stress developed in soil plugs are relatively 

insensitive to factors such as pile diameter, the relative density of the sand and 

the degree of pile plugging experienced. 

4) The ultimate internal shear stress at the tip of a pipe pile can be described as a 

simple function of qc and the constant volume angle of interface friction . 

5) The ultimate annular end bearing resistance developed by an open ended pile 

is equivalent to the end bearing resistance developed by a closed-ended pile of 

equal diameter. 
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CHAPTERl 

INTRODUCTION 

1.1 OUTLINE 

The widespread use of deep foundations has led to many new and innovative ways of forming 

piled foundations. The choice of the most suitable pile type to use for any particular structure 

must take many factors into account. This Thesis concentrates on aspects concerning the 

behaviour of driven piles founded in sand. 

The total resistance of a closed-ended pile comprises two separate components: (i) the 

resistance developed along the pile shaft and (ii) the resistance developed under the pile base. 

Many empirical design methods have been suggested to compute the capacity of a driven pile 

in sand. Many of these methods have been shown by Briaud & Tucker (1988), among others, 

to be site specific and, very often, unreliable. They generally only work reasonably well when 

the piles and soils under consideration are closely comparable to those used in the database on 

which the design was formulated. 

Insights into the behaviour of closed-ended piles have been provided by a recently completed 

twelve year long research project at Imperial College, London. Lehane (1992) investigated the 

mechanism controlling the development of shaft resistance, whilst Chow (1997) provided 

useful insights into the end bearing resistance of closed-ended piles. Factors controlling the 

capacity of open-ended piles are less well understood and still the subject of much debate 

The massive development in the offshore oil industry since the early 1960s created new 

challenges for Foundation Engineers. Early offshore piles had similar dimensions to onshore 
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piles but the development of high capacity under water hammers has allowed the dimensions 

of offshore piles to increase substantially, resulting in piles with diameters up to 3m being 

regularly driven. 

Separation of the various components of load resistance of an open-ended pile is not 

straightforward. The total resistance of a pile is the sum of (i) external shear stress, (ii) end 

bearing resistance on the pile wall annulus and (iii) internal shear stresses acting on the soil 

plug (See figure 1.1). Components (ii) and (iii) are generally added to give the pile 'base ' 

capacity, but some workers consider component (ii) only to be 'base' capacity while the sum 

of (i) and (iii) is the shaft or skin friction contribution. 

<t. 
R ~I I -- . ~ 

! :\V,(o 

j 
~'A.""" 

f ~ 

Soli plug 

Figure 1.1 The separate components of open-ended pile capacity 

1.2 OUTLINE OF THESIS 

The work described in Thesis was primarily aimed at improving the present understanding of 

driven pile behaviour in sand, with particular reference to large-scale open-ended piles. The 

experimental work was carried out in the laboratory at Trinity College Dublin (TCD), using a 
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large (l.68m diameter, 2.3m high) pile testing chamber, designed by the author. 

Comprehensively instrumented closed and open-ended piles with diameters ranging from 40 

to 114mm were jacked into a chamber filled with loose sand and were subsequently static load 

tested. 

Each experiment allowed the pile behaviour during both installation and static load testing to 

be assessed. The number of tests performed was designed to examine a range of parameters 

affecting pile behaviour. These parameters included: pile diameter, pile wall thickness, end 

condition (open/closed), stress level and pile end shape. 

1.3 CONTENTS OF THESIS 

Whilst the laboratory tests performed in the pile testing chamber form the core of work 

presented in this Thesis, valuable insights into the behaviour of both closed and open-ended 

piles were determined from the following sources, (i) Field tests on open and closed ended 

piles, (ii) Laboratory tests on model open-ended piles, and (iii) numerical analyses. The 

information from these sources was used to establish simple relationships for predicting the 

shaft and base capacity of both open and closed-ended piles. 

The contents of each chapter can be summarised as follows: 

CHAPTER 2 reviews some of the current design methods used for closed ended piles in 

sand, before considering the information obtained from recent high quality pile tests on 

closed-ended piles. The results of a number of model pile tests are used to examine the 

parameters affecting the capacity of open-ended piles. The assumptions made in recent design 

methods for open-ended piles are reviewed in the context of this information. 

CHAPTER 3 Includes a consideration of the boundary effects which may affect model pile 

test results. The procedure followed during installation and load testing of the model piles is 

described, results from laboratory tests performed on the sand used in experimental work are 

also presented. 
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CHAPTER 4 describes the instrumentation used in the model pile experiments and 

comments on the performance of the instrumentation throughout the test programme. 

CHAPTER 5 presents the results of the model pile tests performed in the Trinity College 

Dublin (TCD) pile testing chamber. The results are initially presented in terms of their 

behaviour during installation and load-testing for tests carried out with no prestress pressure 

applied to the sand. Results at evaluated stress levels are subsequently discussed. 

CHAPTER 6 covers the interpretation of the experimental results. The external shear stresses 

developed on both open and closed-ended piles are interpreted in the context of recent high 

quality pile tests perfOlmed at Imperial College (IC). The mechanisms governing the 

development of the plug capacity of open-ended piles are then considered. 

CHAPTER 7 A database of driven closed-ended piles is presented, and is used to examine 

existing design correlations between pile capacity and Cone Penetration Test (CPT) qc values. 

Similar correlations are explored which use the Standard Penetration Test (SPT) N value, in 

place of qc. 

CHAPTER 8 A new design method for open-ended piles is presented. The design method 

draws on information presented in Chapters 5 through 7 to propose correlations for the 

separate components (Plug resistance and annular resistance) of end bearing resistance of 

open-ended piles. The new method is tested against a database of open-ended pile tests and is 

shown to provide reasonable estimates for the bearing capacity of field scale piles. 

CHAPTER 9 presents a brief summary of the mam conclusions of the Thesis and puts 

forward suggestions for further research. 

Supplementary information is provided in the Appendices. 

Appendix A 

Appendix B 

Appendix C 

Literature review of calibration chamber installations 

Structural design of the pile testing chamber 

Formation of large sand sample in the laboratory 



Appendix D 

Appendix E 

Appendix F 

6 

Relationships between qc and N 

Supplementary information regarding the database of closed-ended pile 

test results is presented. 

Supplementary information regarding the database of open-ended pile 

test results is presented. 
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CHAPTER 2 

DRIVEN PILES IN SANDS - RECENT DEVELOPMENTS 

2.1 INTRODUCTION 

Accurate prediction of the capacity of driven piles in sand continues to present problems for pile 

foundation designers. Research in this field has been carried out for many years and has yielded a 

wide range of design approaches, some of which have been based on questionable assumptions, 

as shown by recent experimental work. 

Recent pile tests, such as those performed with the Imperial College (IC) instrumented test pile 

(Lehane 1992 and Chow 1997), have resulted in a better understanding of the mechanisms which 

control the development of the shaft and base capacities of closed-ended piles. However, 

interpretation of the results of instrumented pile tests on open-ended piles is not straight-forward, 

as conventional instrumentation does not allow separation of internal and external shear stresses 

to be made. Thus the factors controlling the capacity of open-ended piles are less well 

understood. Because of these difficulties the behaviour of open-ended piles tends to be explored 

through laboratory studies. 

This chapter reviews some of the current popular design methods for piles in sand, in the context 

of the recent information obtained from the IC tests. The results from a number of laboratory and 

field tests on open-ended pile behaviour are then reviewed and the insights provided by the 

experimental work are compared to assumptions made in the design of such piles. 

2.2 THE BEHAVIOUR OF CLOSED-ENDED PILES 

2.2.1 Existing methods for calculating the base resistance of closed-ended piles 

The base resistance of a pile in sand can contribute substantially to the piles total capacity. 

Ongoing research in this field over many years has resulted in a range of design methods which 

can be broadly classified into those using: 
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Conventional bearing capacity theory 

Such approaches use a modified fonn of the Terzaghi's bearing capacity theory, and assume the 

ultimate end bearing resistance (qb)1 value developed by a deep foundation to be directly 

proportional to the vertical effective stress acting at the pile base through a relationship of the 

form: 

(2.1) 

A number of workers have proposed bearing capacity factor (Nq) values based on assumed failure 

mechanisms around the pile tip. The value of Nq was found to vary with the angle of friction (~') 

~ 

I 
1 
f 

W8~·----~W~---W~--~.~--~.~----;W 
~ ... 

Figure 2.1 Bearing capacity factors in sand (after Vesic 1967) 

I The defmition of ultimate end bearing resistance considered in this Thesis achieved when during a load test the pile 
continues to displace with no further increase in applied load. 
2 LID is the ratio of pile penetration (L) to pile diameter (D) 
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It appears from the figure that none of the methods predict the end bearing resistance of the test 

piles particularly well. A notable feature of Figure 2.1 is the extremely large variation in Nq 

values obtained for a given value of~'. The approach of Berezantzev et al. (1961), is generally 

recommended for the design' of onshore foundations. A major drawback of the any such 

approach is the sensitivity of the Nq value to small changes in ~'. Since ~' is generally inferred 

from correlations with Standard Penetration Test (SPT) N values, small discrepancies in the 

determination of the N value can result in a large variation in the predicted base resistance of the 

pile. 

The most popular Nq approach for offshore foundations is the API (1993) method, which 

recommends values ofNq which vary with sand density and grain size as shown in Table 2.1. The 

method is empirical and is based on Nq values back-figured from a database of pile load tests 

presented by Dennis and Olsen (1983). Kerisel (1964) and Vesic (1970) among others, observed 

that qb, in uniform deposits, increases only until a certain critical depth is reached2, at which point 

qb remains relatively constant. To account for this effect, limiting values of qb which are 

dependent on the relative density of the sand are included in the API method. The method was 

shown by Chow (1997) to be highly conservative when used to predict the capacity of small 

diameter model piles with CD ::::: 100mm) but tended to over-predict the capacity of typical field 

scale piles. 

I Pile design and construction practice Tomlinson (1994) 
2 The critical depth is achieved after a penetration of 10-20 pile diameters, (depending on the density of the sand) . 



10 

Soil-Pile Limiting Unit 
Friction Limiting Skin End Bearing 

Soil Angle, 0 Friction Values Values 
Density description Degrees kipslft% (kPa) Nq lcip/ft% (MPa) 

Very loose Sand 15 1.0 (47.8) 8 40 (1.9) 
Loose Sand-Silt·-
Medium Silt 

Loose Sand 20 1.4 (67.0) 12 60 (2.9) 
Medium Sand-Silt--
Dense Silt 

Medium Sand 25 1.7 (81.3) 20 100 (4.8) 
Dense Sand-Silt--

Dense Sand 30 2.0 (95.7) 40 200 (9.6) 
Very dense Sand-Silt--

Dense Gravel 35 2.4 (114.8) SO 250 (12.0) 
Very dense Sand 

Table 2.1 API RP2A (1993) Design parameters for piles in sand 

The notion of a critical depth has been discounted in recent research. Randolph, Dolwin and 

Beck (1993), suggest a tendency for qb in a unifonn material to continue to increase with 

increasing depth, albeit at a reducing rate. This behaviour is attributed to the following: 

• A tendency for the dilation angle (\jI) ofthe soil to decrease with increasing mean stress level. 

• Reducing rigidity index (ratio of strength to stiffness) with depth. 

A design method proposed by Fleming et al (1992) allows for the variation in the friction angle 

with confining pressure l
, following the approach of Bolton (1986), thereby resulting in a rational 

distribution of qb with depth. Examples of the distribution of qb with ambient vertical effective 

I The authors suggest that the effect of Rigidity Index will be relatively minor with the exception of piles founded in 
very loose soils. 
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stress and relative density predicted using this method are presented III Figure 2.2 a-c, 

corresponding to different various of ~' cv. 
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Figure 2.2 End-bearing pressures in non-cohesive soils (Fleming et a11992) 

Correlations with in-situ test parameters 

SPT N value 

Poulos (1989), summarised empirical correlations between qb and Standard Penetration Test N 

values for a range of soil types. The relationship for sand took the form qb(MPa) = 0.4 N, after 

Martin 1987. Meyerhoff (1983), also proposed a correlation of qb(MPa) = 0.4 N ~ for piles 

penetrating below 10-20 D. ~, which is a reduction factor depending on pile diameter and sand 

density, is proposed for large diameter piles (D > O.Sm) and is shown in Figure 2.3. The reduction 

factor was derived from a database of mostly uninstrurnented driven and bored piles in sand. 
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Figure 2.3 Reduction factor ~ for base resistance (after Meyerhof 1983) 
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Bustamante and Gianesseli (1982) proposed a correlation between qb and the CPT end bearing 

resistance (qc) of the fonn, qb = abqc' where a b depends on the magnitude of qc' the pile and soil 

type. Chow (1997) compiled a database with 28 data-points and found a tendency for the ratio of 

qbQ)qc l to reduce with increasing pile diameter. The best-fit relationship for the available data is 

shown on Figure 2.4. Approximations used in the derivation of this equation included (i) where 

necessary qc could be estimated from SPT N2 values and that (ii) Franki piles could be included 

in the database to provide infonnation on larger diameter piles. A similar tendency for qb to 

reduce with increasing penetrometer or pile diameter has been noted by many workers, e.g. 

Kerisel (1961), who found this effect to be particularly prominent in dense soils. The trend for 

qbQ)qc to reduce with pile diameter has been attributed to the development of narrow shear bands, 

I Where qbO I is the end bearing resistance developed at a pile head displacement equal to 10% of the pile diameter 

2 The method used by Chow was to convert N values to Dr using relationships proposed by Skempton (1986), and 

covert Dr to qc using a correlation by Lunne and Christofferson (1986). This method was found to give highly 
variable results (See Appendix C) 
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which interfere with the bearing capacity mechanism and suppress dilatancy, Jardine and 

Christoulas (1991). 
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Figure 2.4 Variation in the ratio qbO./qc with diameter (after Chow 1997) 

Randolph et al (1994) proposed a framework for a new design method for driven piles in sand. 

The first step in the evaluation of the pile capacity involves determining a profile of pile end 

bearing resistance through the use of qc values. In the absence of cone data, the authors suggest 

the evaluation of pile base capacity through an analogy with cavity expansion theory. 

Randolph et al. (1994) compiled a database of load test results on closed and open-ended driven 

piles from the geotechnical literature in order to test their design method. The results of this 

analysis which are summarised in Figure 2.5 indicate a tendency for the method to overestimate 

the end-bearing resistance of piles from a data-base similar to the one compiled by Chow (1997). 

Randolph et al attribute this to the lack of relevant soil data combined with the fact that many of 

the piles were not tested to their ultimate capacity. The following points can be noted: 
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The information on Figure 2.5 indicates a tendency for the method to provide similar 

overprediction regardless of whether qc data is available, suggesting that the cavity expansion 

approach is successful in estimating qc (e.g. compare the ratios at a pile penetration of 34m). This 

would appear to confirm the findings of Chow (1997) that at typical pile displacements qb will not 

equal qc' 

There is little experimental evidence to support the assumption that a full scale open-ended pile 

will achieve an end bearing resistance equal to qc. 
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Figure 2.5 Performance of Randolph et al. design method (after Randolph et a11994) 
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2.2.3 Existing methods for calculating shaft capacity of closed ended piles 

A wide range of empirical methods are currently used to estimate the shaft capacity of driven 

piles in sand. Reviews of these methods by Lings (1985), Briaud & Tucker (1988), among 

others, have shown them to be site and pile specific i.e. they work reasonably well at predicting 

the capacity of piles in the database on which the method was based, but have poor general 

reliability. 

The majority of empirical design methods can be broadly classified into those which are based on 

a (i) conventional earth pressure approach, (ii) average shear stress approach and (iii) correlation 

with an in-situ test parameter. Methods employing these approaches are briefly described as 

follows : 

API method (conventional earth pressure approach) 

One of the most widely used design approaches for offshore foundations is that recommended by 

the American Petroleum Institute RP2A (1993). This approach relates the local ultimate shaft 

friction (t) developed on a driven pile in sand to the effective vertical stress (a' ) through the 

equation: 

"t = V cr' tan8 f .J.~ V (2.2) 

where Kf the coefficient of earth pressure taken to be unity for closed-ended driven piles, and 8 is 

the friction angle between the soil and pile wall. 

No distinction is made between compression and tension capacities. Values of 8, which are 

presumed to depend on the materials relative density, vary from 15° for a very loose sand to 35° 

for a very dense sand. Although equation 2.2 indicates that"t increases indefinitely and linearly 
f 

with the overburden pressure, the API recommendations specify a limiting maximum "tf value 

that is dependent on the assessed relative density of the sand; see Table 2.1 . 
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Toolan et al. (1990) (Average shear stress approach) 

Toolan et al. (1990) presented an appraisal of API RP2A (1984) which included a study of the 

tension capacity of piles driven into sands. As a result of this study a new design procedure, 

referred to as an average shear stress approach, was proposed. 

This method assumes that the average ultimate shear stress 't (i.e. 't averaged over the complete 
av f 

shaft) reaches a quasi-constant value at some depth which is a multiple of the pile diameter, and 

that 't is primarily dependent on the initial relative density (D) of the deposit. Using the 
av ,-/ 

measured 't values and the average assessed D values in their database, a relationship between 
av r 

('t) (taken to be twice the 't value) and D was proposed. Skin friction developed on open-ended 
r av r 

piles is assumed to be 80% of the friction developed on closed-ended piles. 

It is worth noting that Toolan et al. (1990) also propose a method which they refer to as the ~ 

approach. This is essentially a conventional earth pressure method as the ultimate shear stress is 

assumed to vary with the effective overburden pressure, with ~ (= K tanD ) being the constant of 

proportionality. It differs, however, from the API method as ~ is given as a function of the pile 

penetration and reduces with depth in deposits of constant relative density. 

LPC cone method (In-situ test method) 

Bustamante & Gianesselli (1982) propose a method which relates the local ultimate skin friction, 

't f , with the CPT end resistance (q). 't f is calculated by dividing the cone end resistance (q) by a 
, c c 

coefficient a s' Various values of as are proposed depending on the nature of the soil and the pile 

installation methods. Values range from 60 to 150 for concrete piles and from 120 to 200 for steel 

piles; limiting maximum 't f stresses are also recommended and range from 35 to 150 kPa. 
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2.2.3 Recent advances in understanding the mechanisms of shaft capacity on closed ended 

piles 

Research carried out at Imperial college using a highly instrumented pile (lCP), provided key 

insights into the mechanisms controlling the shaft friction developed on piles in sand. (Lehane 

1992 and Chow 1997). 

The ICP was equipped to measure shear stresses and radial effective stresses at a number of 

points along the shaft, during installation and load testing. The first site visited with the 

instrumented pile was Labenne in south-west France. The soil conditions consisted of unifonn 

fine to medium sand with a mean particle size, Dso = 0.32mm. CPT qc values indicated a loose to 

medium dense sand deposit (Dr = 30-60%). The second site visited was at Dunkirk in North 

France. The soil at Dunkirk is a unifonn fine to medium sand with Dso = 0.25mm and relative 

density ~ 75%. 

Behaviour during Installation 

Key points to note during the installation of the pile are as follows: 

(i) Traces of qb during installation of the piles at Labenne were essentially equal to CPT (qc) 

values I; see figure 2.6a. 

(iii) The radial effective stresses (cr/) increased from their stationary values (crrs.)' at the start of 

jacking. 

(iv) Installation was essentially fully drained (Excess pore-water pressure < 5kPa), implying 

that the long tenn fully equalised radial stresses (cr' rc) were essentially equal the stationary 

radial effective stresses recorded during installation (crrs')' 

I Similar behaviour was observed at the Dunkirk test site 
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(v) The <Jr.; values recorded during pile installation are presented in Figure 2.6b. This Figure 

indicates that <Jr.;' profiles closely resembled that of the qc ::::: qb trace, but were 

approximately two orders of magnitude smaller). <Jr.; also tends to reduce as the distance 

from the pile tip (h) increases. 

(iv) Plotting the ratio of <Jr.;'1 qb for the data at both test sites against hIR, in Figure 2.7 brings 

the whole data set into a relatively narrow band. Statistical analysis of 306 <Jr.;' 

measurements at both sites indicated that the ratio <Jr.;' I qb was not constant for a given 

hIR, but increased moderately with stress level. On the basis of the foregoing Jardine & 

Chow (1997) proposed the following relationship: 

<J ' = <J '= 0 029 q (<J' IP \0.12 (hIR)-O·38 r.; rc' c vatml (2.3) 

where Palm = 100kPa 
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Figure 2.6 Pile end bearing and radial effective stresses during installation at Labenne 
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Behaviour during Loading 
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The load test data is best considered by plotting stress paths in the radial effective stress (cr/) and 

shear stress (-rrJ, space. The results are shown in Figure 2.8, where the following trends were 

identified: 

• The stress paths show an initial reduction in cr/ at the beginning of loading. This is thought to 

be caused by principal stress rotation when the pile is loaded. Further displacement leads to a 

large increase in cr/ , such that on average from all tests at peak shear resistance (-rr), crr! = 1.4 
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• Local failure occurs when 'trz and a/ reach their maxima and the stress obliquity equals 27° 

(after showing a peak: value of 30° before overall shaft failure occurs). Larger initial reductions 

in radial effective stress were observed in the tension test, resulting in lower capacity. 

Based on these observations Lehane (1992), proposed that the ultimate shaft shear stress ('t f) may 

be described by the simple Coulomb failure criterion: 

't f = ar/ tan 8f 

1.0 Camprrssion tnt 
( l81tl 

2D 
'trz 
(ltre) 

-10 

T ftlSion tnt 
-1.0 ( LB'ZTl 

(2.4) 

ne 

II cTr (lth) 

Figure 2.8 'trz versus a'r during load tests at Labenne (after Lehane et a11993) 

where ar/, the radial effective stress at failure differs from the equilibrium value (arc') by an 

amount a/land c\ is the constant volume interface friction angle. Changes in a/ associated with 

dilation at the pile-soil interface (ard') were estimated using the cavity expansion equation a rd ' = 2 

G 8h / R, from which it was postulated that as a rd' is inversely proportional to the pile radius 

indicates that dilation may dominate the behaviour of model scale piles but is likely to contribute 

less than 5% to the capacity of full-scale piles (with R ~ 300mm), (Lehane and Jardine 1994). 

Separate methods were proposed by Lehane (1992) and Chow (1997) for predicting (Jrd'. 

I cr/ is the sum of two components, crrp' the component associated with principal stress rotation and crrd 
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• Reductions in the cr'r at the start of loading were relatively minor when loading the pile in 

compression, but were more significant for tension tests. Based on this observation and a 

review of instrumented pile tests Lehane & Jardine (1994), suggested that, when calculating 

the tension capacity equation 2.3 should be multiplied by 0.8. 

• The IC pile tests indicated that the interface friction angle operating at peak local shear stress 

is approximately equal to the constant volume interface friction angle (bcv) measured in direct 

shear interface tests. Jardine et al (1992) showed that b was independent of Dr but reduced 
ev 

significantly as the mean particle size of the sand increased. This trend is evident in Figure 

2.9, bev measured using much rougher concrete interface resulted in comparable values to the 

soil on soil ~'ev values, indicating that failure will not be initiated at the soil-pile interface of 

such piles. 

The observations listed above were formulated into a design method for predicting the ultimate 

average shaft resistance in compression and tension, known as the IC method. (Lehane & Jardine 

1994, Chow & Jardine 1996). 

o 
40 

o 
30 

20 

0·01 

Key~ 

• EYerton (1991) 

)C Lemos (1986) 

o Labenne 

O{)2 

Mean particle size dso (mm) 

Rough steel inferfo.ce 
(C!-A ~ 6-1~m), 
ane [40-120] kPo. 

2·0 

Figure 2.9 Dependence of bcv on Dso 
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2.2.4 Critical Depth 

The pile tests at Labenne and Dunkirk contributed significantly to the debate over the existence of 

a critical depth. The concept of critical depth emerged because of the trend noted from 

instrumented pile tests, for the average shear stress ('taJ acting on the pile shaft to become 

constant beyond a certain pile penetration. Various reasons have been proposed for this 

phenomenon. Vesic (1967), suggested that the formation of a thin layer of loose sand around the 

pile tip, noted in model pile experiments by Robinsky and Morrison (1964), could promote 

arching in the surrounding soil, thus limiting shear stresses near the pile tip. Full-scale pile tests 

reported by Vesic (1970) appeared to support this hypothesis. Kulhawy (1984) argued that the 

reduction in over-consolidation ratio with depth causes a reduction in radial stresses acting on the 

pile. The data from the Ie pile tests show that the highest stresses are mobilised near the pile toe 

and a tendency for 'tav to achieve a constant value was a result of reductions in G rc' at all levels 

above the pile tip as hIR increased. Fellenius and Altae (1995) suggest that interpretation of the 

results of instrumented pile tests such as those reported by Vesic (1970), supporting the notion of 

critical depth are affected by neglecting the effect of residual loads which exist in the pile prior to 

performing a static load test. The occurrence of residual loads and their effect on the results of 

instrumented pile tests is considered in the following section. 

2.2.5 Residual Loads 

The penetration of a pile during driving is resisted through upward acting shear stresses at the 

pile-soil interface and end resistance on the pile base. Following the hammer blow the pile 

rebounds, due in part to elastic decompression of the pile material, and unloading of the soil 

beneath the pile tip. As only small displacements are necessary to generate shear stresses on the 

pile shaft, the initial positive shear stresses set up during driving can be greatly reduced or even 

reversed on some or all of the pile shaft, see Figure 2.10 However, because relatively large 

displacements are necessary to mobilise end bearing resistance, a large compressive load may 

remain at the pile base. 
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Figure 2.10 Effect of residual load on the interpretation of instrumented pile tests (Briaud 

and Tucker 1984) 

Due to the problems of instrument drift, common practice when performing instrumented load 

tests has been to zero all the gauges prior to performing a static load test. Ignoring residual loads 

leads to errors in separating the base and shaft components of the pile head load. For compression 

loading, an underestimate of end bearing resistance and subsequent overestimate of shaft 

resistance will result from the zeroing of large compressive forces at the pile base. For tension 

tests an apparent large base load will result. 

Poulos (1987) used a computer program to perform a parametric study of factors affecting the 

magnitude of residual loads in various soil types and found: 

• Residual forces increase as the relative stiffness ofthe pile with respect to the soil decreases. 

• The residual force increases as the pile toe capacity increases 

• The residual toe pressure is a significant proportion of the limiting toe resistance of the pile. 
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2.2.6 Final comments on the behaviour of closed-ended piles 

Some of the errors involved in the current methods may be due to mis-interpretation of field data 

due to the following reasons: 

Base resistance 

• The contribution of the end bearing resistance is often under-estimated because of the 

presence of residual loads at the pile toe. 

• A number of design methods incorporate a critical depth concept, below which both the end 

bearing and shaft resistance are assumed to remain constant. Recent research has shown that 

both components can continue to increase with increasing penetration, albeit at a reduced rate. 

• Many empirical design methods are based on the assumption that qb = qc' and is independent 

of the pile diameter. Results of instrumented pile tests suggest that at typical displacements 

associated with the serviceability limit (i .e. 10% of the pile diameter), the qb value mobilised 

by a given pile may be lower than qc. The ratio of qb mobilised to qc appears to decrease with 

increasing pile diameter. This trend has important design implications : for example 

considering a 600mrn closed-ended pile designed assuming qb = qc and applying a factor of 

safety of 2.5 , implies that the pile will have an end bearing resistance under working load 

equal to O.4qc' Consideration of Figure 2.4 suggests that a pile with this diameter would have 

to be undergo a displacement of 10% of the pile diameter (i.e. 60mrn) in order to mobilise this 

value of end bearing resistance. Displacements of this order would be unacceptable for most 

structures. 

Shaft resistance 

• The Iep tests have shown that K is strongly dependent on Dr and stress level, and the value 

developed at a given depth reduces as the distance to the pile tip increases. Thus the API 

method which assumes that K is constant at all depths and is independent of density will 
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generally overestimate the capacity of long piles (as the radial stresses are overestimated near 

the top of the pile) and underestimate the capacity of relatively short piles driven in very dense 

sand where K will be greater than unity. The API method implicitly allows for variations in O"re 

. using a higher b value with increasing Dr and Dso. These assumptions contradict the findings 

of Jardine et al (1992), who found that bf = bey and was therefore independent of the initial 

relative density, Moreover, bey reduces with increasing Dso. 

• The design method proposed by Toolan et al (1990), has a drawback in that the accuracy of the 

method is dependent on how the relative density of the material is assessed. Lehane (1992) 

suggests that errors inherent in correlation between qe and Dr result in additional uncertainties 

in pile design methods such as this, and recommends direct correlations between 'ray and q c. 

• The LPC method whilst fulfilling the above criteria does not include an allowance for a 

decrease in skin friction at any given level with increasing pile penetration. A review by Gavin 

& Lehane (1996) found that this resulted in the method substantially over-predicting the 

capacity of long offshore piles. 

2.3 THE BEHAVIOUR OF OPEN-ENDED PILES 

Many large diameter offshore piles are driven open-ended in order to obtain the design 

penetration to develop sufficient resistance to uplift. The resistance of such piles is derived from a 

combination of internal shear stress from the pile plug, external shear stress and end bearing 

resistance developed over the annular area of the pile base, see Figure 2.11. 

The rate of soil intrusion into a pipe pile has a significant effect on the behaviour of a pile during 

driving and static loading. However, the factors controlling the behaviour are complex and are 

poorly understood. The formation of a soil column is often described by a pile filling curve, 

which is a plot of pile penetration (L) versus soil core height (Lp). The local gradient of this pile 

filling curve gives the incremental filling ratio (IFR) , where IFR is defined as the increment of 

soil plug length (~Lp) corresponding to a unit increment of pile penetration depth (~L)I . 

1 IFR = ~LI ~L 

\ ....... 
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Figure 2.11 Components of the load resistance of open-ended piles 

When the soil in the pile plug develops sufficiently high shear stresses to exceed the end-bearing 

resistance acting at the pile toe, the pile will become plugged (i.e. IFR = 0). Model pile test 

results reported by Paikowsky et al (1990) suggest that fully plugged piles can develop equal 

penetration resistance to closed-ended piles of the same external diameter. However, experience 

of driving full-scale open-ended piles in the field has shown that full plugging rarely occurs 

during installation. Tomlinson (1994) suggests that with each blow of the hammer, the pile 

diameter increases slightly, thereby pushing soil away from the pile. When the hammer is 

operating in quick succession a gap is formed around each side of the pile wall, allowing the pile 

to slip down. Paikowsky and Whitman (1990), attribute this behaviour to the high acceleration 

experienced by the soil plug (~200g), and the velocity of the stress waves which propagate 

through the steel causing localised failure at the pile shaft. 
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2.3.1 Assessment of the plug state during driving 

The plug state during driving is assessed through the use of either the plug length ratio (PLR), 

defined as L/L, or by the measurement of IFR. The use of PLR is advantageous as the value can 

be determined from a single measurement taken when the pile has reached its design penetration. 

A comparison of the ability of both methods to assess the behaviour of the soil plug was carried 

out by Paik and Lee (1993) using measurements obtained during the installation of a 43mrn 

outside diameter (o.d.) model pile. The pile was driven in a calibration chamber, with sand at Dr = 

90% confined under a vertical effective stress of 100 kPa. Profiles of IFR and PLR during 

installation are shown in Figure 2.12 and reveal the following: 

• During the initial stages of pile installation IFR and PLR were both > 100; This is attributed 

to dilation of the sand within the plug. 

• A compression load test was carried out at a pile penetration of 25cm, during which the pile 

was seen to remain completely plugged (IFR = 0). However, the PLR value at this penetration 

is equal to 1, suggesting the pile is fully coring I (i.e. IFR = 100%). 

• Although the pile remained partly coring ( IFR > 0) throughout its installation, a response 

similar to the one outlined above is evident for static load tests performed at pile penetration 

depths of z = 42, 59 and 76cm. Based on these observations, the authors concluded that the 

plugging mode of an open-ended pile is best assessed through the use of IFR measured during 

load tests . 

I A pile is fully coring when ~Lp = ~L 
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Figure 2.12 IFR and PLR during the installation of a model pile (after Paik and Lee (1993) 

2.3.2 Factors affecting the rate of soil intrusion into an open-ended pile during installation 

The height of the soil column is rarely measured during the installation of full-scale piles, one 

exception being a case history reported by Brucy et.al (1991). However, a number of other case 

histories involving model piles have been reported in the literature (See Table 2.2). The data in 

Table 2.2 will be used in the following section to provide insights into the behaviour of open 

ended piles both during installation and under static loading. 
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Ref: Author Pile D Dr (%) Dso a'. (kPa) Chamber Comments 
No. (mm) (mm) 

A Foray & 2 60 80 0.32 400 1.2m diameter 
Nauroy x l.3m high 
(1993) chamber 

B O 'Neill & P 102 86 D85 = 200- 0.76m Various toe 
Raines DB 0.7 250kPa diameter x configuration 
(1991 ) FB 2.54m high 

C Looby 92-4 70 80 0.32 400 See A for 
(1993) 92-1 /I /I /I 400 chamber 

92-2 /I /I /I 400 details 
92-3 /I /I /I 600 

D 1skander 89 94 - 150 0.9 m diam. x 
& Olson 1.05m high 
(1996) chamber 

E Forayet 1 - 7 70 80-100 0.32 200-400 See A for Effect of OCR 
al. (1996) chamber 

details. K 
varied from 

0.4-2 
F Choi & 1-35 40 50 - 20-35 0.61m daim x Driving 

O 'Neill 1-20 /I /I 0.56m high method & 
(1997) V-35 /I /I mean stress 

V-20 /I /I level 
G Paik & 40 90 Density and 

Lee 56 stress level 
(1993) 25 

H Kishida 10- 23 - Sand rained Effect of pile 
(1967) 150 into pile diameter 

I Klos& 60- Effect of pile 
Tjechman 120 diameter 

(1977) 
J Kishida & 280- 90 Effect of pile 

1semoto 1000 diameter & 
(1977) plug height 

K De Nicola 1.6 68-95 - - Centrifuge Toe 
& configuration, 

Randolph density and 
( 1996) stress level 

L Hight et. Range Sand rained 
al (1996) into pile 

M Byrne 50 Field 
(1996) 

N Brucy 50- Field 
(1991) 324 

Table 2.2 Details of open-ended model pile tests 
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Pile Diameter 

The strong influence of pile diameter on the height of the soil core developed by piles jacked into 

loose sand is apparent from the data by Kishida (1967). The soil core height (Lp) increases as the 

outside diameter (o.d.) of the piles increase from 10 to 150mm (see Figure 2.13). 
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Figure 2.13 Effect of pile diameter on soil core height (after Kishida 1967) 

A similar diameter effect was shown by Klos and Tejchman (1977) for three piles of 60, 90 and 

128mm diameters, driven into dry sand using a gravity hammer. The soil was tested at two 

relative densities 41 and 71 %. Increasing the pile diameter from 60 to 90mm resulted in a 

doubling ofLp, whilst insignificant changes resulted from 90 to 128mm piles. 

Levacher (1984), drove model piles with diameters ranging from 40-76mm into sand placed at a 

range of densities, and found that Lp increased with increasing diameter at all soil densities. Brucy 

et. al (1991), carried out an investigation using both model and full-scale open ended steel piles, 

driven into medium dense sand at Dunkirk. The model piles had a 70mm (od) and were driven to 

a depth of 2m using a gravity hammer. The full scale piles had a 324mm (od) and were driven 
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using an hydraulic hammer. It was found that the diameter of the pile had a significant effect on 

the rate of soil intrusion. At a penetration of I.Sm, the full-scale piles were fully coring, whilst the 

model piles displayed an incremental filling ratio of 60-70%. 

A more informative picture of soil column formation is obtained by plotting the incremental 

filling ratio versus pile penetration (L) normalised by the external pile diameter (D). Results from 

model tests in uniform samples of sand show a tendency for reduction in IFR with increasing 

normalised pile penetration (LID). For example, data taken from Klos & Tejchman (1977) which 

is reproduced in Figure 2.14, show similar trends for IFR regardless of pile diameter. 
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Figure 2.14 IFR versus LID (Data taken from KJos and Tjechman 1977) 

At the Dunkirk pile test site, the model piles were driven into a sand deposit with an average 

cone end bearing resistance (qc) value of 10 MPa. The full scale piles were driven into a deposit 

with a qc value between 1O-20MPa up to a depth of 8-10m (LID between 25-31), with qc 

increasing sharply to 20-30 MPa below this depth. Comparison ofthe pile filling curves in Figure 

2.15 indicates that the similar soil deposits display roughly comparable IFR values. 
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Figure 2.15 IFR versus normalised pile depth Lm (after Brucy et a11991) 

Toe configuration 
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The effect of pile shoe configuration was investigated by Raines et.al (1992), who found that 

piles fitted with bevelled shoes were more efficiene in penetrating the sand than plain-shoe piles. 

However, the reSUlting pile filling curves for 100mm o.d. piles with diameter to wall thickness 

ratios D/t of 13.42 and 26.8 were very similar. 

Brucy et al (1991) drove two 324 mm diameter piles to a penetration of 22m, one pile denoted LL 

had a D/t ratio of 25.5, whilst the second pile LS had a driving shoe at the pile toe which resulted 

in a reduction in the D/t ratio to 17. It is clear from the figure 2.16 that the presence of the driving 

shoe had no effect on the height of the soil column inside the pile. 

I i.e. required a lower number of blows to reach the desired penetration 
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Figure 2.16 Effect of driving shoe on Lp (after Brucy et al1989) 
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The effect of soil density and overconsolidation ratio (OCR) on the behaviour of open-ended 

driven model piles has been extensively investigated by Foray et al (1993 & 1996). Figure 2.17a 

taken from Foray et al (1996) shows that for normally consolidated conditions, driving a pile into 

very dense sand leads to the measurement of a significantly higher IFR (IFR > 100) than dense 
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sand. For piles driven into sand at the same density, Figure 2.17h shows that over consolidated 

soil will yield a higher soil column than a normally consolidated sample. 
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Figure 2.17 Effect of soil density and OCR on IFR (after Foray et a11996) 

Levacher (1984) found that higher initial soil densities resulted in higher IFRs, but the influence 

of density reduced as the pile diameter increased. It was also clear that dense soil loosened 

considerably (with IFR > 100) during the initial stages of pile penetration. 
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Comparison of the qc and IFR profiles detennined at the Dunkirk test site by Brucy et al. on 

Figure 2.18 show a trend for IFR values to imitate the qc profile. Similar behaviour was noted by 

De Nicola and Randolph (1997) in their centrifuge tests. 
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Figure 2.18 Profiles of IFR and qc at the Dunkirk pile test site 
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Pile wall roughness 

O'Neill et al (1991) examined the effect of the roughness of the internal pile surface to plug 

formation. The results reproduced in Figure 2.19, show a clear trend for increasing soil column 

height with decreasing interface friction angle (0). 

Finite element analyses by Hight et. al (1996), suggest a sleeve of dilating soil develops against 

the internal surface of the pile wall. Increases in radial stresses in the soil plug will be determined 

by the volume of this zone of dilating soil. Thus increased surface roughness leads to a larger 

volume of dilating soil and a higher plug capacity. 
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Figure 2.19 Effect of pile wall roughness on Lp (after O'Neill and Raines 1991) 
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Method of driving 

The influence of the input driving energy on IFR was examined during the installation of model 

piles at the Dunkirk site by Brucy et. al (1991). It was found that for a given hammer mass, 

increases in drop height (higher input energy) result in a higher IFR. Tests with combinations of 

hammer weight and drop height resulting in a constant driving energy displayed that for a given 

input energy, higher drop heights produced higher IFR values. Choi and O'Neill (1997) compared 

the installation behaviour of driven and vibrated model piles and found that the driven piles 

developed only 20% of their static plug capacity during driving, whilst the vibrated piles 

developed negligible plug resistance during driving. 

De Nicola and Randolph (1997) conducted a large number of centrifuge tests on driven and 

jacked piles and found that the plug length increased with increasing relative density during 

driving, and decreased with increasing relative density during jacking. 

2.3.2 Ultimate capacity of open ended piles 

Diameter effect 

Kishida and Isemoto (1977) carried out a series of experiments on large diameter pipe piles. The 

piles of five different diameters were filled to various heights with dense sand (Dr = 90%). The 

sand was loaded via steel disc at the bottom of the sand and measurements of deformation were 

made at the disc and at the top surface of the sand. The results shown in Figure 2.20 show the 

applied stress at the bottom of the plug required to initiate plug failure was found to reduce 

dramatically with increasing pile diameter. 

/ "'111 
I 
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Figure 2.20 Effect of pile diameter on failure stress of soil plugs (after Kishida and Isemoto 

1971) 

Kishida et al (1985) performed similar experiments over a range of pile densities and found a 

negligible diameter effect in loose sand. Finite element analyses were undertaken by Hight et al 

(1996) and Figure 2.21 a shows predictions for an applied displacement to a dense soil plug. It is 

evident that during initial displacement a concentrated zone of high shear strain develops on the 

inner pile wall in the vicinity of the pile toe. In this annular zone dilation takes place, whilst 

elsewhere below a certain level the sand contracts. As the displacement increases (Figure 2.21 b

d), the zone of concentrated shear strain and the associated zone of volume change extend the full 

height of the soil plug. 

Predicted displacement vectors are shown in Figure 2.22. It is seen that during the early stages of 

loading, soil displacement is entirely accommodated in the body of the plug. Movement of the 

soil at the top of the plug only commences when the plug capacity is approached. 
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Hight et al (1996) proposed that the increase in radial stress in the soil plug is controlled by the 

following factors; see Figure 2.23'. 

• The volume of the annular zone of concentrated shear strain (VD). 

• The dilational characteristics of the sand at the pile interface (Dd) 

• The radial compressibility of the sand in the soil core (C). 

• The volume of sand in the soil core (VC). 

I Y = shear strain 
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Figure 2.21 Contours of volumetric strain with upward displacement of a sand plug (after 

Hight et a11996) 
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The following equation was proposed by assuming zero overall volume change at any elevation. 

Annular zone of dilating soil 

Vo 

6Vo 

Vo 

t:.Vc 

Vc 

(2.5) 

Figure 2.23 Definition of parameters (after Hight et al. 1996) 

y 

A significant diameter effect is indicated by this equation if the volume of the annular zone of 

dilation is controlled by the ratio of particle size to wall friction. As the pile diameter is 

increased, the ratio VDNC will decrease linearly, and the unit plug capacity decreases with IID2 
• 

Increases in soil plug density will causes higher radial stresses due to a reduction in the radial 

compressibility of the soil core (C), and an increase in dilation. Also rougher pile walls will 

increase radial stresses by increasing VD. 
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Effect of soil core height 

Hight et. al (1996) compared the load - displacement behaviour of plugs of various densities and 

heights. They found that longer soil columns had a higher load capacity and displayed a much 

stiffer response. Similar results were reported by Kishida and Isemoto (1977), where an increase 

in plug height from 2.58 to 3.6 pile diameters resulted in an eight fold increase in plug resistance. 

Large scale static load tests on 324mm diameter piles reported by Brucy et al (1991) displayed 

little difference in behaviour between a pile with an intact soil core, and the same pile with the 

majority of the plug removed. 1 

2.3.4 Existing design methods for open-ended piles 

Base Capacity 

In a number of design methods the base capacity of an open-ended pile is assumed to be 

equivalent to that developed by an equivalene closed-ended pile. The API (1993) method 

suggests a simple procedure to determine the likelihood of full plugging occurring during a load 

test. The internal shear stress is calculated over the length of the entire inner core of soil. The 

computed plug capacity is compared to that determined using Table 2.1 and the lower value is 

adopted for design. 

Predictions made using the API method were compared to a small database of load test results by 

Tomlinson (1994), who found the method to be unconservative. Based on observations from his 

database (see Figure 2.24), Tomlinson recommends that a limiting end bearing resistance of 

5MN/m 2 be adopted for open-ended piles regardless of the pile diameter or the density of the soil 

into which they are driven. 

1 It was the intention of the Brucy et al to remove all but the 1 D length of the soil core, however later measurements 

revealed four diameters of loose sand had fallen out of suspension following the drilling process. 
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Figure 2.24 Ultimate base resistance versus pile diameter (after Tomlinson 1994) 
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Hight et al (1996), compiled a much larger database of 34 load test results on mostly 

uninstrumented piles and found that the bearing capacity factor Nq decreased with increasing pile 

diameter; see Figure 2.25. Hight et al propose that for piles with a diameter smaller than 700mm, 

failure is by end bearing below the tip. They also note a dependency of depth, pile diameter and 

relative density at the pile tip and suggest that the effect of depth and density are accommodated 

for in the selection of an appropriate Nq value, whilst the effect of diameter is a scale effect in the 

sense described by Meyerhof (1983).2 For larger diameter piles, the displacements required to 

mobilise the plug resistance is believed to replace the depth effect, whilst the dependence on pile 

diameter remains. 

1 A pile of equal diameter at the same penetration 
2 See Figure 2.3 
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IC Method (Jardine & Chow 1996) 

Jardine and Chow (1996) compiled a large database of instrumented piles in sand and used this to 

interpret trends in open-ended pile behaviour. The base and shaft capacity of the piles in the 

database were separated by extrapolating the shear stress distribution determined from the lowest 

two sets of strain gauges closest to the pile basel . 

This method will inevitably result in an under-estimation of the base capacity and consequently 

an over-estimation of shaft capacity. The degree of error will depend on the relative position of 

the external strain gauges2
• 

Making the assumption that end bearing resistance will initially develop over the annular zone of 

the pile base, the ratio of end bearing resistance on the pile annulus (qbann) to qc was found to vary 

from 0.91 to 4.3 for piles in the database. Assuming that a ratio of qban/ qc in excess of 1 indicated 

the existence of a large component of internal shear stress in the plug, Jardine and Chow 

proposed to use this as a test of plugging during static loading, with a ratio greater than unity 

indicating fully plugged conditions. From this assumption the information from the database was 

used to examine relationships to predict the likelihood of plugging occurring. The effect of 

internal pile diameter (D) and Dr are explored Figure 2.26. A simple expression for the minimum 

density necessary to form a rigid plug is given below: 

D < 0.02 [Dr - 30] (2.6) 

where Dr is given in % 

1 The authors state that the lowest strain gauge is typically ID from the pile toe. 
2 Since the internal shear stress is concentrated over the bottom three pile diameters, if the gauges are more than 3D 
apart the shear stress will be underestimated. 
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The likelihood of plugging occumng IS assessed through equation 2.6. If plugging is not 

predicted, the contribution of internal shear stresses is ignored and the pile base capacity (Qb) is 

given by the load developed on the annulus only: 

(2.7) 

Jardine and Chow (1996) suggest that end bearing resistance of plugged piles is equivalent to the 

end bearing of closed-ended piles of equal dimension at very large displacements, but at typical 

displacements of 10% of the pile diameter, the end bearing resistance may be very much lower. 

The ratio of qbO./qc versus diameter is shown in Figure 2.27, where it can be seen that a good fit to 

the data is obtained by multiplying Jardine and Chows closed ended pile correlation by 0.5 (See 

Figure 2.4). On this basis the following expression for plugged base resistance is proposed: 

Qb = qc 1t R2 [0.5 - 0.25 log (DIDCPT)] (2.8) 
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2.3.5 Shaft Capacity 

The API (1993) method recommends the use of Kr = 0.8 in equation 2.2, when assessing the 

capacity of an open-ended pile, i.e. the shaft capacity of an open-ended pile is 80% of that 

developed by a closed-ended pile. A similar reduction is suggested by Toolan et al (1990), whilst 

the LPC method does not differentiate between the shaft capacity of open and closed ended piles. 

The drawbacks associated with these methods have been highlighted in section 2.2.2. 

Randolph, Dolwin and Beck (1994) state that the IFR value is likely to affect the shaft capacity of 

open-ended piles, but suggest no method of allowing for a reduction of shaft capacity when 

designing for an open-ended pile. 

Baligh et al. (1987) examined the factors affecting open and closed-ended pile penetration in clay 

using the strain path method. Chow (1997) reviewed this work and concluded the following: 

• Soil beneath the pile annulus displaces towards the outside of the pile and causes large 

increases in radial stress on the external pile surface. This zone of high radial stress decreases 

rapidly with distance from the pile tip. 

• The radial extent of the zone of plastic shearing created by pile installation is proportional to 

the pile displacement ratio (pp)l . 

• The strains experienced close to the pile tip of an open-ended pile are similar to those around 

a closed-ended pile displacing an equal volume of soil. 

On the basis of these findings, Jardine and Chow (1996) proposed substituting a new parameter 

hIR *2, in place of the hIR term in the original IC correlation (Equation 2.3), when assessing the 

shaft capacity of open-ended piles. Use of the hIR* term results in a faster decay of stresses with 

I Pp = (R2 _ R/ )/R2 where (R; is the internal radius of an open-ended pile) 
2 RO = (R2_R/ )1 /2 
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distance from the pile tip. This method makes the assumption that no plugging occurs during pile 

installation (IFR = 100%). 

Since the IFR value of an open-ended pile may be ::::: 100% during installation, will rarely be 

higher, and may be lower, the above approach should provide a lower bound to the shaft capacity. 

When tested by Chow (1997)1, the method actually tended to over-predict the shaft capacity and a 

reduction factor of 0.9 on equation 2.3 was recommended for design. 

2.3.6 Recent advances 

One-dimensional analysis of the plug capacity (qbPlug) has been carried out by Randolph et al 

(1991) and Paik & Lee (1993). In this method the soil is treated as a series of horizontal discs as 

shown in Figure 2.28, with each disc being acted on by a vertical stress (J' v at the top, (J' v + 6(J'v 

at the bottom and shear stress 't rzi at the pile wall. The equilibrium equation of a horizontal disc in 

the vertical direction at any depth z is given by: 

6(J' - 4 R. (J' = y' _~ :!.....1:! v (2.9) 

dz Di 

where y' = Effective unit weight of soil 

K = (J'r / (J' v 

I Bearing in mind that the method used by the author resulted in an overestimation of shaft capacity. 



fffffftftf 

·UNWEDGED
PLUG 

·WEDGED-
PLUG I 

Lwp 

1 

Figure 2.2H Stresses in a soil plug inside a pipe pile (after O'Neill & Raines1991) 

50 

Integration of equation 2.9 subject to a boundary condition of a surcharge pressure y'Lup acting a z 

= 0 and letting z = Lwp results in an equation for the plug capacity in the form: 

where Lup = Length of unwedged plug 

Lwp = Length of wedged plug 

(2.10) 

The problem with computing the plug capacity lies in the estimation of a suitable value of~. Paik 

and Lee (1993) used a 43mm o.d. model twin walled intrurnented model pile to investigate the 

mechanisms of plug capacity of a pile in sand. They found: 
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t The plug capacity is primarily affected by Dr and lateral stress 

t Approximately 90% of the plug resistance is transferred to the soil plug within 3 diameters 

(DJ of the pile tip. 

t Profiles of earth pressure coefficient K were predicted in the soil plug!. K was found to 

decrease with increase in the penetration depth, increase with increase in the initial lateral 

stress, and decrease with increase in the relative density of the soil, (See Figure 2.29). 
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I Krcould not be calculated as the soil plugs did not fail during the load tests. 
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Based on the results of their model tests, Paik and Lee (1993) suggest the following empirical 

equation to calculate K in the soil plug: 

K = (PLRltan ~) + 0.4(1.06 - PLRtan2 ~ yan2~ (2.11) 

The equation is shown to provide reasonable predictions for a selection of the authors pile tests, 

but the use of PLR in the light of their assertion in the paper that it provides a poor indication of 

the plugging rate of an open-ended pile raises questions about the applicability of equation 2.11. 

De Nicola and Randolph (1997) proposed a design method based on the results of a number of 

centrifuge tests carried out at the University of Western Australia. Since the model piles were 

single walled, the plug capacity was determined using the following procedure: 

• The external shaft resistance for compression loading was obtained by factoring) the shaft 

resistance obtained in tension tests. 

• The component of base resistance acting on the pile base was assessed using a correlation 

between qb developed on closed-ended piles and qc, developed by De Nicola (1997)2. 

• The plug capacity is the total resistance in compression minus the two components described 

above. 

By assuming a distribution of K along the soil plug, the limiting vertical stress at the base of the 

soil plug may be calculated using equation 2.10. This approach was used in an iterative fashion to 

deduce profiles of K that were consistent with the deduced plug capacities. The resultant design 

profile of K, presented in Figure 2.30 was chosen with the assistance of the profiles deduced by 

ofPaik and Lee (1993). 

I The tension capacity was multiplied by l.2-l.5. 
2 See Equation 7.15 
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The maximum value of K (i.e. ~x) acting at the pile tip is expressed as a simple function of the 

soil density: 

~=D/I00 (2.12) 

This method offers a considerable advantage over several of the existing design methods in that it 

includes an allowance for the density of the soil in calculating the plug capacity, and assumes a 

distribution of shear stress in the soil plug which is compatible with the profiles deduced from a 

series of high quality instrumented pile test performed by Paik and Lee (1993). Possible 

drawbacks include: 
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• The reliability of the correlation is questionable given that plug capacities were not measured. 

• The assessment of the relative density of the soil is SUbjective. 

2.37 Final comments on behaviour of open-ended piles 

Current design methods for open-ended piles in sand are largely based on the insights provided 

by laboratory tests and full scale pile tests. The results of recent research suggest that 

extrapolation of the results of laboratory investigations to the results of full-scale pile tests should 

be undertaken with caution. The consideration of pile design methods for closed-ended piles also 

highlighted the effect of deducing trends from un-instrumented piles and instrumented pile tests 

where full account of residual loads has not been included. The following points should be noted 

with regard to the trends in open-ended pile behaviour: 

• Full account should be taken of possible boundary effects due to the finite sample size in a 

calibration or pile testing chamber. 

• Lehane (1992) highlighted the effect of dilation on the shaft resistance developed on model 

piles. The observations of Hight et al. (1996), that dilation may dominate the behaviour of 

small diameter piles may explain the phenomenon whereby piles which are driven in a fully or 

partly coring manner (IFR > 0)1, are seen to behave in a fully plugged mode (i .e. IFR = 0) 

during static load testing. 

• The procedure of loading soil plugs via steel platens at the base (Kishida and Isemoto 1977 & 

Hight et al 1996), will not create the same stress distribution which exist under the base of a 

driven open-ended pile. 

I The dynamic effect of pile driving may discourage dilation at the pile-soil interface 
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2.4 FINAL COMMENTS 

2.4.1 Behaviour of pile groups 

Most design methods for piles in sand allow the ultimate load of a single pile to be calculated, 

without reference to how the installation of adjacent piles may affect the piles behaviour. Some 

insight into pile group behaviour in sand has been offered by two recent field experiments. 

Briuad et al (1989) installed a five pile group of 273mm diameter closed-ended steel piles. The 

piles were installed in sand with Dr = 46% at a centre to centre spacing of;::: 825mm (i.e. = 3D). 

An identical single reference pile was driven close by. A series of static load tests revealed the 

following trends: 

• The piles in the group developed a significantly higher' shaft resistance than the single pile. 

• The base resistance of the piles in the group was lower than the single pile, with the piles in 

the group displaying a base efficiency of 0.67. 

• The overall group efficiency was found to be approximately unity. 

Chow (1997) described a field study in which two 102mm diameter steel closed-ended piles were 

jacked into dense sand at a centre to centre spacing of 450mm. Radial effective stresses (arc') 

were measured on the first pile during installation of the second pile and revealed the following: 

• The installation of a neighbouring pile caused an increase in arc' acting on a previously driven 

pile. The increase was particularly marked near the toe of the existing pile and resulted in a 

significant increase in the shaft capacity of the pile. 

• As the second pile was jacked into place, the first pile experienced uplift. 

I The average shaft resistance developed by the piles in the group was 184% that mobilised by the single pile. 
2 Where efficiency is defined as the load developed by a pile in the group divided by the load developed by an 
identical single pile. 
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• The uplift experienced by the original pile resulted in a decrease of residual load at the pile toe 

and a reduction in base stiffuess and capacity during a subsequent load test. 

The limited available instrumented field test results suggest that the pile shaft capacity may be 

increased by the installation of adjacent piles, whilst the end bearing resistance may be reduced. 

However, the piles tested were closed-ended and were installed in medium to dense sands. It is 

probable that interaction effects would be greater for such piles than for open ended piles or piles 

driven into loose compressible soils. 

2.4.2 Research Approach 

The primary aim of this thesis was to use the model test results presented in Chapter 5, to develop 

a simple method of predicting the capacity of open ended piles in sand. The main approaches to 

approach this problem can be considered to be (a) the use of conventional bearing capacity 

theory, of (b) developing correlations based on the relating the observed results to an in-situ test 

parameter. The second approach to the problem was adopted for the following reasons: 

(i) Choice of an appropriate failure mechanism - A number of workers (Berezentzev et al 1961), 

among others, have developed approaches for calculating the bearing capacity of closed ended 

piles using conventional bearing capacity theory. However, the solution to such problems is 

not straight forward as the shape of the failure surface of a deep pile is less well known than 

for a shallow strip footing. Some of the assumed failure mechanisms are shown in Figure 2.31 . 
q 

Figure 2.31 Presumed failure mechanisms around piles 
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The uncertainty with regard to the shape of the failure pattern results in a wide disparity between 

the approaches of different authors. 

(ii) Interaction of stresses - In open ended piles failure surfaces may develop beneath the annulus 

of the pile. Depending on the pile geometry interaction may occur between the mechanisms 

causing a different pattern to develop. Stuart and Hanna (1961), investigated stress interaction 

between piles by pushing deep strip foundations into loose sand in the laboratory and found 

that: 

• The capacity of two footings was more than twice the capacity of a single footing, with the 

difference being more pronounced as the spacing decreased and the roughness of the 

concrete and overburden pressure increased. 

• Photographic studies displayed interference between the footings during loading causing 

the distorted bearing capacity mechanisms shown in Figure 2.32. 

D 

1 
(a) Rough foundation (b) Smooth foundation 

Figure 2.32 Distorted failure mechanisms caused by stress interaction effects 
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CHAPTER 3 

PILE TESTING CHAMBER 

3.1 OUTLINE 

It is preferable to perform full-scale field tests to study the behaviour of piles. However, 

performance of such field tests is difficult due to reasons such as (i) cost- instrumented field 

tests on large diameter piles are extremely expensive, (ii) variable natural soil conditions make 

interpretation of such tests difficult, and (iii) instrument performance -instrumentation is very 

often not sufficiently robust to survive the rigours of pile driving. 

Small scale pile testing in the laboratory offers a reasonable solution to these problems. Highly 

instrumented piles can be installed in homogenous soil profiles at relatively low cost. However, 

when performing any model test, it is important to consider how the behaviour at model scale 

compares to prototype behaviour. Laboratory scale effects can arise due to: 

• Boundary effects because of the finite size of the soil sample. 

• Scale effects due to the localisation of deformations at the contact between pile and soil. 

A study of both effects was carried out prior to the design of the Trinity College (TCD) pile 

testing chamber and programming of model pile tests, in order to limit such effects on the test 

results. 

The study on boundary effects is presented in this chapter, which also considers the design of 

the TCD pile testing chamber and presents the results oftests performed on the test sand used in 

the experimental programme. Particular scale effects associated with model pile testing will be 

dealt with in Chapter 4. 
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3.2 BOUNDARY EFFECTS IN CALIBRATION CHAMBERS 

3.2.1 Literature review of boundary effects in calibration chambers 

Calibration chambers were originally devised to facilitate calibration of in-situ testing devices 

such as the Cone Penetrometer (CPT), pressuremeter etc, under strictly controlled conditions 

with known soil properties, density and stress level. The in-situ device is usually tested at 

prototype scale and corrections necessary to the calibration data are mainly due to the finite size 

of the chamber. 

The various boundary conditions which can be established in a calibration chamber are shown 

in Figure 3.1 , and are conventionally described with the following notation: 

B 1 - All round constant stress 

B2 - All round zero strain 

B3 - Lateral zero strain, constant vertical stress 

B4 - Lateral constant stress, vertical zero strain 

(a)BCl 

~ 
-'"""'-'--'-....... 

(e) BO (ideaJ) 

(b)BC4 

D 
(eI) BCZ (Ideal) (.) BC2IBC3 (1ICQJaJ) 

Figure 3.1 Boundary conditions in calibration chamber tests 
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In-situ field conditions involve constant vertical stress and a condition somewhere between 

constant lateral stress and zero lateral strain. Therefore attainment of free field conditions in the 

chamber is signified by convergence of test results recorded under B 1 and B3 conditions. 

The effect of the chamber size is strongly controlled by the ratio of the chamber diameter to the 

penetrometer diameter (RJ. Boundary effects on the laboratory calibration of a cone 

penetrometer were examined by Parkin and Lunne (1982), using two charrtbers of diameter 

0.762 and 1.219m, and two cones of25.2 and 37.7mm diameter. Two boundary conditions Bl 

and B3 were considered. The effect of ~ on the Cone Penetration Test (CPT), end resistance 

(qc) from the results of fifty tests are included in Figure 3.2. 

50r-----~------~--~c__,~----_, 

• 91 NC 
+ 93 NC 
o 91 OC 
$ 930C 

20~------~----~--~~--~ 
0.= 50kN/m2 

2~+----+------r-------~------i 

10 20 50 
Diameter Ratio Rd 

Figure 3.2 The effect ofRt on qc (after Parkin and Lunne 1982) 
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It can be inferred from Figure 3.2 that for B 1 conditions with Rd < 30, the penetration resistance 

for normally consolidated (N.c.) and over-consolidated (O.c.) dense sand are parallel, with the 

O.C. sand having a higher penetration resistance for a given Rd value. The curves for tests on 

N.C sand with B 1 and B3 conditions converge at Rd > 50 and the authors conclude that the 

strong role of effective horizontal stress noted by many workers may be a consequence of 

boundary effects. 

The results for loose sand display a wide scattering of results, although the cone resistance 

appears to be independent of Rd for all boundary conditions, and there is a trend for higher 

penetration resistance for O.C. samples. 

The tests in dense O.c. sand failed to reach a plateaux but the data was independent of 

boundary conditions for all Rd values. 

The authors also investigated the effect of lateral stress by monitoring KI during tests. For B 1 

conditions, K is constrained to remain constant throughout a test, it can vary for B3 conditions. 

The results indicated that : 

• During B3 tests on N.C. samples, K rises quickly to its maXImum value, thus 

increasing penetration resistance, see figure 3.2. However, there was a tendency for this 

effect to reduce as Rd increases . 

• Resistances in OC samples were apparently independent of boundary conditions. 

Schnaid and Houlsby (1991) assessed the effect of chamber size based on the results of a large 

number of tests using a cone-pressuremeter apparatus in the calibration chamber at Oxford 

university. The device allows separate determination of the qc value and the pressuremeter limit 

pressure (\If I)' B 1 boundary conditions were used in all tests. 

1 K is the ratio of horizontal effective stress to vertical effective stress 
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The effect of cone diameter was examined by companng \jI1 results obtained using three 

different cones with ~ values of 22, 27 and 38, see Figure 3.3. The results were normalised by 

the applied horizontal effective stresses (crh'). A trend of increasing normalised limit pressure 

with increasing chamber to probe diameter is evident for the medium and dense sand samples, 

with no significant effect in the loose sand. 

35 

6 DENSE 

30 0 MEDIUM 
C LOOSE 

25 

20 

15 

10 

C 

13 
5 ~ 

0 

20 22 24 26 28 30 32 34 3a 38 40 _ 

Chamber to probe diameter ratio 1VRo 

Figure 3.3 Effect of~ on \jIl (Schnaid and Houlsby (1991) 

A similar investigation was carried out for the normalised cone resistance (qc-crh'), of medium 

and dense sand samples. For the densities tested, the increases in cone resistance and limit 

pressure were remarkably similar. A tendency for the normalised cone resistance to decrease 

significantly with increasing crh' was also noted. This behaviour was attributed to suppression of 

dilation at large confining pressures. 
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A large database of calibration chamber results presented by Schnaid and Houlsby (1991) 

displayed significant boundary effects for all Rd values in medium and dense sand with 

insignificant effects in loose samples. 

The results of the above experimental data support the hypothesis of Foray (1991), who states 

that for a given chamber, the boundary effects are controlled by the relative density of the sand 

and the confining stress applied to the sample. The combination of these two effects and the 

initial K value will control the samples ability to dilate radially. 

Recent work by Salgado et al. (1998) showed that significant boundary effects can exist in 

flexible-walled calibration chambers for Rd values between 25 and 150, and at all relative 

densities. The authors utilised a penetration theory (Salgado et al. 1997) to predict free field qc 

values. These were compared to a large database of calibration chamber measurements and 

indicated: 

• For Bland B4 conditions, the qc values in the calibration chamber were lower than free 

field values. Samples with high Dr and low confining stress produced the largest 

difference. 

• For B2 and B3, conditions, the penetration resistance theory predicts qc values that 

were higher than those measured in the calibration chamber tests. This is probably due to 

the impossibility of maintaining the condition of zero lateral strain at all levels in a 

flexible walled chamber, as variations in stress level occur with depth. 

• The authors suggest that in rigid walled chambers (such as concrete tanks), the creation 

of the volume necessary to accommodate the cone-penetrometer may require particle 

crushing around the cone tip to a much larger extent than that found in the field. 
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3.2.2Summary 

Having carried out a brief review of calibration chambers, see Appendix A, it was obvious to 

the author that the sophistication of these installations e.g. the ability to measure and control 

strains in the sample, was beyond the requirements of this project. The TCD pile tests were 

carried out in a large rigid walled concrete tan1e To minimise boundary effects the sand used 

throughout the test programme was placed in a loose condition. The review of chamber effects 

presented above suggests: 

• Boundary effects are likely to be minimal in loose sands for Rd > 20. The minimum Rd 

value of the instrumented test piles used in the TCD experiments was 15, It should be 

noted however the boundary effects associated with fully coring open-ended pile 

installation are likely to be much less severe than is the case for fully-plugged or closed

ended piles. 

• Use of rigid walled concrete tanks may result in particle crushing at the pile base. The 

maximum end bearing resistance mobilised at the pile base during the pile tests was 1 MPa. 

A stress of this magnitude is unlikely to cause significant particle crushing.] 

Pressure cells were incorporated into the tank to measure radial stresses during pile installation 

and therefore assess the effects of boundary conditions. The output from these cells will be 

considered in chapter 5. 

1 To check this hypothesis attempts were made to recover samples from near the pile toe after a number of load 
tests, and gradings were carried out. No significant change in the grading curve was ever noted, however it 
should be emphasised that the exact location of the pile toe was difficult to determine as the pile was removed 
before the tank was being emptied. 
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3.3 TRINITY COLLEGE PILE TESTING CHAMBER 

3.3.1 Design of pile testing chamber 

A precast reinforced concrete pipe was acquired with an internal diameter of 1.68m, height of 

2.3m and wall thickness of 150mm. The pipe was placed in a 2.4m square and 5m high 

structural steel frame capable of supplying a reaction force of 300kN. A requirement of the 

design was that the reaction frame should be independent of the floor of the structures 

laboratory in which it was sited. 

Plate 3.1 General arrangement of pile testing chamber 
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A substantial reinforced concrete base of dimensions 2.5m square and depth of O.6m was 

required for this purpose. The structural design of all the components of the pile testing chamber 

is included in Appendix B. The construction of the chamber (see Plate 3.1) was completed in 

early 1995. A scaffold was erected to provide access because of the scale of the test apparatus. 

3.3.2 Test procedure 

A brief description of a typical test procedure is set out as follows . A complete test took five 

working days to complete, which can be generally summarised as : 

• Days 1 & 2 - emptying the sand used in the previous test 

• Day 3 - filling the chamber and beginning re-assembly of the loading frame 

• Day 4 - Completing re-assembly of the loading frame, checking electronics and 

calibrating the test pile. 

• Day 5 - Installing and load testing the pile, and downloading all files from the 

datalogger. 

The activities of day 1 to 4 can be performed by two people, while three people are required on 

day 5. 

The first part of the test is the formation of the sand sample using the rammg deposition 

technique. Pressure cells were placed at various positions in the tank to monitor stress 

conditions. The chamber was slightly overfilled and a straight edge was used in a sawing motion 

to produce a flat surface whilst avoiding densifying the sand. The upper pressure membrane was 

then positioned. 
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The next step involved fixing of the top plate of the chamber. This plate was lowered using the 

gantry crane and positioned directly on the concrete chamber (See plate 3.1). Two cross beams, 

which are welded to the top plate were then bolted to the four uprights. 

A reaction frame to which the jack is bolted was then lowered into place. The H frame consists 

of two I beams connected by a double channel section. A double channel section was used so 

that a space existed through which a threaded bar (used during installation) can pass; see Figure 

3.4. 

/ Thr£'lla£'a bllr Ilttllch£'a to pil£' top 
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--+--- LOlld c£'ll 
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Figure 3.4 Detail of pile driving arrangement 
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The prestress pressure was applied by means of rubber membranes placed at the top and bottom 

IOf the sample. The rigid wall of the tank creates B3 boundary conditions in the TeD pile testing 

chamber. Air pressure was provided by a portable compressor, controlled by in-line bleed valves 

in the flexible hosing. Independent measurements of pressure in the top and bottom membranes 

were taken using pressure gauges. A schematic drawing of the pressurisation system is shown in 

F igure 3.5. The pressure was equal in both membranes and was applied in increments of::::: 10 

kPa whilst continuously monitoring the pressure cell readings in the chamber. The next 

increment was applied when the cell readings reached a constant value. Applied pressures were 

maintained at constant values for 2-3 hours before installing the model piles. 

Her zcnto l 
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Pressure 
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Air li nes 

Lo te r ol 
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Vert ico l 
Pressure 
Meosuref'1ent 

Figure 3.5 Schematic of chamber and pressurisation system 

During the installation process, a threaded bar was attached to a machined opening in the pile 

top (See figure 3.4). A load cell was placed below the jack and secured by an adjustable screw 

nut. 
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As pile penetration progressed, the entire jacking assembly (including the H frame) was 

continuously lowered to prevent buckling of the threaded bar. During the first series of pile 

tests!, a hand jack with a maximum stroke of 50mm was used, while for the remainder of the 

tests a 250kN capacity jack with a maximum stroke of 170mm was used. The jack could be 

controlled using maximum load or a constant displacement setting through a driving system 

based on oil pressure. 

Continuous readings of strain gauge output, load, and cell pressure were taken and recorded 

using a datalogger. The datalogger was attached to a PC and output was directly accessible via 

the monitor as well as being recorded onto the computers hard disk. During installation, manual 

readings of pile depth were recorded relative to the chamber top using a metre stick. The soil 

plug height was recorded by means of a lightweight disc which was attached to a rigid small 

diameter rod that ran up through the top end cap. During compression testing, an L VDT was 

utilised to measure pile head displacement. The L VDT was secured using a steel T piece and 

large 0 rings (See plate 3.3), and its output was recorded by the datalogger. 

Plate 3.2 Pile jacking system 

I A programme of pile testing is included in Chapter 4 
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Plate 3.3 Displacement measurement during load test 

3.3.3 Uniform placement of sand 

Background 

Variolls methods of fonning large homogenous sand specimens in the laboratory have been put 

forward. Bieganowsky and Marcusson (1976) compared the results of three methods used to 

fonn a sample of 1.2 diameter and a height of 1.8m, finding that the raining deposition 

technique provided the most homogenous and repeatable specimens. A further advantage of this 

method is its flexibility to create specimens with a wide range of relative densities. 
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Factors affecting the sample produced using the rammg deposition technique have been 

explored in detail by Rad and Tumay (1985). The main findings of this work are summarised 

below. 

• Effect of shutter porosity - For a given drop height and shutter hole pattern increases in 

shutter porosity cause decreases in relative density. 

• Effect of falling height - The relative density of a specimen depends on the velocity of 

the sand particle immediately prior to deposition. A free falling sand particle achieves a 

terminal velocity after a specific distance, implying that for drop heights in excess of this 

distance the relative density is independent of the drop height. The drop height before a 

particle achieves its terminal velocity depends on the medium through which the sand is 

placed (i .e. air or water), the sand height in the reservoir , particle size, shape and moisture 

content. 

• Effect of diffuser sieve - The experiments revealed that for a given shutter porosity, 

smaller sieve opening sizes resulted in denser samples. 

Schnaid (1991) reported on a combination of shutter plates and diffuser sieves used to produce 

specimens in the Oxford University calibration chamber. Loose samples were obtained by 

pouri:lg sand through the shutter plate used for medium density sand, but omitting the diffuser 

siev es. Because of the large specimen (lm diameter by 1.5m high), a facility for adjusting the 

hei ghl of the reservoir to maintain a constant drop height was thought to be unduly 

cumbersome, and the facility was fixed such that the minimum falling height from diffuser sieve 

to saople was 600mm. 

A ste~l shutter plate was designed by the author based on the shutter porosity and hole pattern 

use:d at Oxford University!. The shutter had a steel plate welded around the periphery to enclose 

the sand. 

I A l.fBm diameter rainer with 20mm openings on a 80mm grid was designed 
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Calibration of placement method 

A preliminary investigation to determine the critical drop heighe was carried out. The shutter 

plate was suspended from a gantry crane at 3 heights (750, 1250 and 2150mm from the 

laboratory floor). Seven containers of fixed volume were placed beneath the shutter. The 

containers were individually filled by manually pouring sand through the shutter plate. Densities 

recorded by the seven containers are shown graphically in Figure 3.6. 

The density appears to be independent of the drop height over the range considered. This 

procedure did not replicate exactly the method used to fill the chamber and the relative densities 

recorded were, as will be seen later (average Dr = 46%), higher than those achieved during the 

pile testing programme (Dr ~ 30%). Possible explanations for this result effect are that the 

overburden stress on the shutter was almost zero, and each container was filled discretely. 
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Figure 3.6 Results of experiment to determine critical height of test sand 

1 Height at which terminal velocity is achieved 



74 

Formation of test sample 

To form the pile test sample, sand was poured (over the complete plan area of the chamber) 

through the shutter directly from the storage bins using a gantry crane. The shutter was bolted to 

the uprights of the structural frame a distance of 750mm from the top of the concrete chamber. 

Problems associated with the development of air currents were overcome by lapping plastic 

sheeting from the sieve into the tank; this sheeting was later incorporated into a tank liner. 

Density determinations were carried out by placing a cylinder of known volume into the tank at 

various locations and taking samples at three depths (0.5, 1 and 1.5m) . The average relative 

density recorded during the sample formation for the first six pile tests! was 32%, with a 

standard deviation of 5%. The height of the peripheral steel plate on the sieve was increased to 

provide a more uniform surcharge prior to the series 2 pile experiments (See Chapter 4). 

Subsequent density measurements revealed a relative density of 28% with a standard deviation 

of 3%. The enhanced reproducibility of samples was most likely due partly to the improvements 

made to the apparatus coupled with the experience of the operators. 

3.3.4 Commissioning of the pile testing chamber 

Factors affecting the efficiency of the pressurisation system in transferring the required stress to 

the whole sample may include: 

• The size of the membrane (i.e. the diameter of the tank) 

• The skin friction developed on the chamber wall 

These effects were investigated prior to performing the pile tests under stressed conditions by 

means of i) a small scale laboratory experiment, ii) large scale monitoring of pressure 

distributions in the pile testing chamber and iii) a finite element method (FEM) analysis of the 

pile testing chamber. 

1 Series 1 pile tests (See Chapter 4) 
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Small scale experiment 

A small scale experiment was carried out in order to investigate the efficiency' of a rubber 

membrane inflated by air pressure in applying load to a large mass of sand. A sample of sand 

200mm in diameter and 300mm high was confined in a triaxial cell. Pressure was applied to the 

sand by a single rubber membrane2 placed at the top of the sample. The sand sample was 

saturated and the drainage valve was closed. Pressure was applied to the sample by means of an 

air compressor supplying air via a regulator through an on-line pressure gauge. Pore pressure in 

the sample was measured by a transducer at the sample base. 

Because the speCImen was undrained, any increase in pressure due to membrane inflation 

should be recorded directly by a corresponding increase in pore water pressure. The pressure 

was applied in increments ~ 5 kPa up to a maximum of 100 kPa. Four identical loading cycles 

were carried out. The results shown in Figure 3.7 are average values measured for all load 

cycles. It is clear that at low pressures the system is relatively inefficient, although, when the 

applied pressure exceeds 30kPa the ratio of measured to applied pressure approaches unity. 
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Figure 3.7 Effect of pressure level on efficiency from small scale experiment 

1 Efficiency in tenns of load transfer 
2 The membrane covered the cross-sectional area of the cell when deflated 
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Large scale testing and finite element modelling 

A full scale trial experiment was carried out in the TeD pile testing chamber at the beginning of 

January 1997. As a first estimate, a pressure of 50kPa was applied to the top membrane and 

85kPa to the bottom (85kPa less the vertical stress due to the self weight of the sand = 50kPa). 

Pressure cells were placed in the tank to record vertical effective stress at depths of 0.6, 1.25 and 

1.55m. The results shown in Figure 3.8 were encouraging. When the initial stresses were added 

to the stress increase recorded after application of the pressure, the value of cr/ at the three 

depths was constant at ~ 55 kPa. 
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Figure 3.8 Pressure distribution measured in pile testing chamber 

In an attempt to gain further insight into the development of skin friction against the chamber 

wall, the test was modelled using the OASYS SAFE (1997) finite element package (FEM). The 

FEM mesh used is sketched in Figure 3.9. 
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Figure 3.9 Finite Element mesh used to determine stress distribution in chamber 
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The soil was modelled as a linear elastic material with a Mohr Coulomb failure criterion. The 

elastic stiffness was assumed to be constant throughout the tank at 7500kPa (this value was 

proved to have little effect on the prediction), and a friction angle (~') = 32° was assumed. The 

~' value immediately adjacent to the chamber wall was varied in an attempt to model the wall 

roughness. The increases in vertical effective stress (~(JI J predicted by the FEM analyses at 
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points corresponding to the locations of pressure cells are noted in Table 3.1. The best match is 

achieved with 8' = 28° at the pile wall. 

Table 3.1 Predictions of /1cr'v using FEM method 

Depth (m) Measured ~' = 28<:- ~' = 24° ~' = 20° 

0.6 48 44 46 46 

1.25 35 35 37 41 

1.55 28 33 35 40 

2.3 -- 115 117 120 

The FEM analyses, however, predicted large increases in vertical effective stress (cr' J below a 

depth of 1.6m with cr'v increasing from 60kPa to 120kPa at the bottom of the tanle Such an 

occurrence was verified in a test on a 40mm diameter pile2 

The results of these FEM analyses suggested that the assumption of uniform stress conditions in 

large sand samples may not be correct and following this observation further investigation of the 

stress levels in the chamber were required. Pressure tests were carried out in the chamber during 

which the top membrane was inflated, before inflation of the bottom membrane. The chamber 

was lined with a smooth high density poly-eurathane (HDPE) sheet to reduce frictional forces. 

The pressure cells were located at depths of 0.5,1,1.5 and 2m. The upper membrane (T), was 

initially inflated to 50 kPa followed by inflation of the lower membrane (B) to 50kPa. The 

average stress measured by the pressure cells during a number oftests are shown in Figure 3.10. 

I 8 = the interface friction angle between the soil and the wall 

1 A 40mm diameter model pile was installed in the chamber and compression load tests were performed at depths 

of 1 and 1.6m. Pile end bearing stress (qb) is given by dividing the load at the pile base by the area of the base. The 

maximum qb value measured during a compression test at a depth of 1m was 900kPa, whilst the value recorded 

during the test at 1.6m was 2100 kPa. If constant stress and Dr conditions existed in the tank the qb profile should 

be approximately constant with depth. 
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FEM analysis using a 0 value of 26°1 resulted in a profile of cr'v which increased from 35kPa at 

the top of the tank to 60kPa at the base, and compared well with the measured profile at 

comparable depths. A realistic profile of vertical effective stress, which increases with depth at 

a rate comparable to that in the field2 results. The profile of horizontal effective stress was 

relatively uniform with a K value of 0.5 over most of the depth, a slightly higher value was 

recorded near the top boundary. This stress regime was selected for all pile tests carried out at 

elevated stress levels. Distributions recorded in the chamber prior to pile insertion although 

varying slightly had average values are given in Table 3.2. 

Table 3.2 Average stress levels in pile testing 

Depth(m) crv' (kPa) 

0.5 

1 

1.6 

i An allowance was made for the HDPE sheet 
2 !1cr'v "" 8z (kPa), where z is in metres 

-

42 

48 

crh' (kPa) 

22 

24 

-
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3.4 SAND PROPERTIES 

The mechanical properties of the test sand are now described briefly in the following section. 

3.4.1 Sand Composition 

The average composition determined from four dispersive X-ray flourescence diffraction 

analyses are presented in Table 3.3. These indicate that the sand is composed predominantly of 

Silica (Si02). 

Table 3.3 Chemical composition of test sand 

Content % 

Si 41.77 

Al 1.72 

Ca 3.04 

Fe 0.7 

Mg 0.04 

S 0.12 

K 1.27 

O2 51.05 
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Plate 3.4a Electron microscope view of sand at a magnitude (uS) 

Plate 3.4b Electron microscope view of sand at a magnitude (xlS0) 
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Plates 3.4a and 3.4b present the results obtained when the sand was viewed by means of an 

electron microscope at magnifications of25 and 150 respectively. Based on the above analyses, 

the sand can be described as a sub-angular siliceous sand. 

3.4.2 Sand Gradation 

The particle size distribution of the sand was determined in accordance with the procedure 

outlined in BS 1377 (1990). 

100 

90 

80 

70 
0) 60 c 

'U5 
(J) 50 - r co 
0.. 
~ 

40 - ,-
0 , 

30 '-, , 

, , 

20 L L 

10 - .... .... 
, 

0 
0.001 0.01 0.1 10 

Sieve Size (mm) 

Figure 3.11 Particle size distribution of test sand 

As deduced from Figure 3.11, the sand had a mean particle size (D50) value ofO.22mm and a 

uniformity coefficient defined as (D6ofD lO) of 1.6. 

3.4.3 Minimum and Maximum sand density 

The minimum density determined in accordance with BS 1377 (1990) was 1.45Mg/m3. A non 

standard method was used to determine the maximum density as the author found that the 
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standard method was difficult to perform and produced highly variable results. The method 

employed involved filling the standard compaction mould in three layers with dry sand. Each 

layer was compacted for 30 seconds using a vibrating hammer. The density obtained using this 

method was 1.73 Mglm3
• 

3.4.4 Direct shear test results 

Direct shear tests were carried out on loose samples with normal stress levels of 60, 100 and 

150 kPa. These samples were formed by pouring the sand into the shear box from a height of 

approximately 300mm. A single dense sand specimen was created by tamping the sand after 

pouring. This sample was tested at a single normal stress of 50 kPa. 

The results of the direct shear tests are included m Figure 3.12 (a) and (b), and can be 

summarised as follows: 

• The constant volume friction angle (~'cJ varied from 29-34°. 

• The peak friction angle (~'p) measured in the denser sample was 39°. 

• The designation of the samples as loose and dense is subjective as no density 

measurement were made. However, consideration of the volume change in the samples in 

Figure 3.12 b show that the 'loose samples' displayed an overall reduction in volume when 

sheared, whilst the dense sample underwent a volume increase associated with dilation, with 

constant volume conditions being achieved at a displacement of approximately 6mm. 
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3.4.5 Triaxial compression tests 

Sample formation 

The samples used in the triaxial tests were formed by a simple method of pouring the dry sand 

through a funnel. Variables controlling the density achieved are the drop height, proximity of 

the former used, and the flow rate. The flow rate can easily be controlled by using a funnel with 

a volume greater than the required specimen (86cm3
) and sealing the opening until the funnel is 

full of sand. The effect of varying the drop height on the relative density of the test sand was 

investigated by the author and the results are shown in Figure 3.13 . 
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Test results 

Two drained triaxial tests were performed on the test sand. The tests were carried out at low 

confining stresses (cr' 3) of 20 and 50 kPa on samples with a relative density of 30%. The results, 

shown on Figures 3.14a and b, can be summarised as follows: 

• Both samples experienced dilation after an axial strain of approximately 0.25%. The 

largest volume change occurred at the lower stress level. 

• Failure of the sample at the higher stress level occurred at an axial strain of ~ 12%, whilst 

critical state conditions were not achieved for the sample tested at the lower stress level. 

• The peak friction angle (~' p) for the test at cr' 3 = 50 kPa (~' p) was 36°, whilst the constant 

volume friction angle (~'cJ measured in both tests was 30°. 
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3.4.6 Ring Shear tests 

Two interface shear tests were performed to determine the interface friction angle (8) of the test 

sand after large displacements. The interface used in the tests was polished to obtain a surface 

centre line average (CLA) roughness of O.38~m, which compared to an average roughness of 

the instrumented test piles of 0 . 53~m. The tests were performed at stress levels of 50 and 100 

kPa. The samples were subjected to an initial displacement of 600mm under a fast shearing rate 

of 45mm1min. This was in order to model the process of pile installation. A slow shearing stage 

with a displacement rate of 0.0712mm1min was then applied to simulate pile loading. The 8 

values recorded during the slow shearing stage are presented in Figure 3.15. 
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Figure 3.15 Interface shear test results 

• The peak interface friction angle (8p), measured at the beginning of the fast shearing stage 

on the sample at the lower stress level was 22°. The sample tested at the higher stress level 

demonstrated a 8p value of 20°. 

• The constant volume interface friction angle (8cJ, measured in the two tests after large 

displacement was 18°. 
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CHAPTER 4 

DEVELOPMENT OF INSTRUMENTED MODEL PILE 

4.1 BACKGROUND 

Research on the capacity of open-ended driven piles has in many cases been prompted by the 

needs of the offshore industry, which often requires piles to be driven to large depths to 

develop sufficient tension capacity. These depths would not be obtainable with large diameter 

closed-ended piles due to the high end-bearing capacity that these piles develop. While many 

advances have recently been made in the design of closed-ended piles (e.g. Jardine & Chow 

1996), assumptions made in the design of open-ended piles are less certain. The uncertainties 

include those associated with the estimation of the resistance to compression loading offered 

by the soil plug and the pile annulus at the pile base, and the differences in shaft capacity 

between open and closed-ended piles. 

Although a number of instrumented full scale open-ended pile tests have been performed 

throughout the world, very little insight can be afforded by such tests as it is impossible to 

separate the internal and external shaft friction. The various components of load acting on an 

open ended pile can be separated into: 

(i) External skin friction 

(ii) Internal skin friction 

(iii) End bearing resistance on the pile annulus 

The aim of the laboratory investigation was to design a model pile which would allow these 

components to be measured separately throughout installation and load testing. A literature 

review on possible scale effects which arise when testing model piles was made before 

deciding on the configuration of the test piles. The process of pile design and commissioning 

is discussed in some detail before considering the performance of the instrumented piles and 

all other instrumentation throughout the test programme. 
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4.2 SCALE EFFECTS IN MODEL PILE TESTS 

4.2.1 Ratio of model diameter to grain size 

Ovesen (1979) recommends that the ratio of key structural dimension to mean particle size Dso 

should not fall below 15. This criterion may not be met when testing small diameter 

penetrometers such as the CPT in coarse sand or gravel. Problems also arise when testing 

open-ended piles. It is important to keep the ratio of diameter to pile wall thickness (t) as high 

as possible and this requirement can result in the thickness of the model pile annulus being 

<15 Dso. 

4.2.2 Effect of dilation at the pile-soil interface 

Foray (1991) highlights the scale effect caused by localisation of deformations at the contact 

between pile and soil, and suggests that the thickness (ti) of the interface layer is 

approximatelyl0 times the mean grain size of the soil (i.e. ti = 10 Dso). Thus, if the same soil 

and pile material are used in the experiment and prototype, the influence of the localisation 

will be much greater for the model. 

Many workers have noted that the model piles develop very high radial stresses (a' r) during 

loading. Increases in radial effective stress (a.' nJ during loading are caused by dilation at the 

pile soil interface. The dilational component is dependent on the soils shear stiffness (G) , the 

pile radius and the radial displacement of the soil grain during shearing «\), which in tum is 

dependent on both the roughness of the pile and the grain size of the material. Cavity 

expansion theory has been used to estimate fla'rd (Boulon and Foray 1986) : 

!la' = 2G 8/R rd (4.1) 

Since G is pressure dependent and increases with relative density, equation 4.1 indicates the 

effect of dilation will be greatest on piles tested at (i) low confining stress, (ii) high relative 

density, (iii) on rough piles and (iv) and for small diameters. 
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4.2.3 Stress level effects 

Stress level effects on the separate components of pile load are complex. The effect of stress 

level considered here is solely attributable to the fact that when testing a pile in a calibration 

chamber, the vertical stress level is generally constant with depth. Attempts to create a 

chamber which allow variations of effective horizontal stress with depth (O'Neill and Raines 

1991), still result in a distortion in the vertical scale. Resultant from any such distortion is that 

skin friction developed along the pile may be affected to a greater degree by the proximity of 

the pile toe. 

4.2.4 Conclusion 

In an attempt to minimise the scale effects present in the TeD pile tests, the following steps 

were undertaken: 

• All structural components of the instrumented piles were detailed to be of a thickness > IS 

D so, (3 .3mm). 

• In an attempt to minimise dilation effects at the pile-soil interface (see equation 4.1), the 

following steps were taken: (i) the relative density and confining stress on the sand were 

low, thus G is minimised, (ii) The pile wall roughness (O.S)lm) chosen, is approximately 

1/20 th the value of a typical field scale pile. 

• The chamber size was made as large as possible in order to create the highest possible 

vertical stress even in the unstressed condition. 

• The vertical stress profile in the 'stressed' tests increased with depth. 
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4.3 DESIGN OF INSTRUMENTED MODEL PILES 

4.3.1 General 

In order to allow separation of internal and external loads to be achieved on open-ended piles, 

the piles were fabricated from two steel pipes of slightly different diameters. The smaller 

diameter pipe was pushed into the larger pipe and machined annular end caps made the two 

piles act as a single unit. 

4.3.2 Details of TeD instrumented piles 

Two pile diameters (D) of 40 and 114mm were examined. Three pile configurations were 

tested at each diameter. These consisted of a thin walled open ended pile, a thick walled open 

ended pile and a closed-ended pile. A single walled pile was used for the small diameter 

closed-ended pile, whilst at D = 114mm, the thin walled open-ended pile was also employed 

as a closed-ended pile by fixing a rigid solid steel cap at the pile toe. The pile configurations 

tested are summarised in Table 4.1. 

Table 4.1 Model pile configurations 

Diameter (mm) End condition Wall thickness (mrn) 

40 Open 3.75 

40 Open 1.2 

40 Closed 1.2 

114 Open 8.3 

114 Open 14.6 

114 Closed 8.3 

All the large 114mm diameter piles and the thick walled open ended pile with D = 40mm 

were instrumented with eight sets of strain gauges (with three gauges per set). These were 

fixed to the outside wall of the inner pipe and inside wall of the outer pipe at four different 

levels 
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corresponding to heights above the pile tip (h) of 50,350,900 and 1450mm, see Figure 4.1(a). 

This configuration was used for the first series of pile tests perfonned with no applied 

prestress in the chamber. Prior to perfonning the second series of pile tests, both open-ended 

114mm diameter piles had extra gauges placed near the toe of the pile to obtain additional 

infonnation on the distribution of internal shear stress near the pile toe (See Figure 4.1 b). 

The sma1l40mm diameter closed-ended pile had 6 sets of gauges placed at h (mm) = 50, 350, 

650, 950, 1250 and 1550. The additional two levels of gauges did not pose a space restriction 

problem as the wiring was accommodated in the pile core. No instrumentation was provided 

on the thin walled open ended pile with D = 40mml. 
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Figure 4.1a Detail of model pile used in Series 1 pile tests 

I This pile was installed to assess the effect of D/t on soil core development, no static load tests were perfonned 
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Figure 4.1h Pile toe detail for Series 2 114mm diameter piles 

4.3.3 Identification system 
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The identification system adopted for the model piles takes the form, in which (i) test series, 

(ii) the end condition, (iii) the pile internal diameter (DJ and (iv) ratio of pile inside diameter 

to wall thickness are described. For example, pile SI-0P-114-12 refers to a pile from series 1 

with an open end, a diameter of 114mm and a D/t ratio of 12. 

SI OP 

seriesno~ 
End condition--------' 
(Open Pile / Closed Pile) 

114 12 

~ Diameter 
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An additional variable to describe the shape at the tip of a pile (i.e. a number e.g. 60, indicates 

a 60 degree cone end), is included to fully describe one of the piles, whilst the addendum 

"/2"1, indicates a second installation was performed on a given pile to provide additional 

information. 

4.3.4 Interpretation of strain gauge data 

Shaft Resistance 

The local shaft resistance ('trz) acting on the pile shaft can be calculated by assuming a linear 

distribution in load between each level of strain gauges2 (i.e. implying 'trz is constant)3 and are 

taken as being representative of the shear stresses acting midway between the gauge locations. 

It is desirable to divide the base capacity of the open ended piles into its separate components 

i.e. end bearing capacity on the pile annulus and internal skin friction developed by the pile 

plug (see Figure 2.11). Various workers e.g. Kishida and Isemoto (1977) and Randolph et al. 

(1991), have shown through laboratory experiments and numerical analyses that the internal 

skin friction is concentrated in a thin zone near to the tip of the pile and decreases 

exponentially with the upper plug transferring little or no shear stresses. 

The unit end bearing resistance acting on the annulus of the pile (qbann) was calculated by 

extrapolating the load from the lowest strain gauges (positioned at h=50mm on the outer and 

h=20mml on the inner wall of the pile) assuming a linear distribution of load over the lower 

portion of the pile, and dividing the sum of the calculated loads at h=O by the annular area of 

the pile. To calculate the unit plug resistance (qbplug ) the load calculated at the toe of the inner 

wall using the method just described was subtracted from the load inferred from gauges on the 

inner wall positioned above the soil core. The results was then divided by the plan area of the 

soil plug. The total unit end bearing resistance at the pile toe (qboperJ, is obtained by the 

addition of the load on the external wall of the pile at h = 0 and the load registered by the 

inner gauges above the soil core, divided by the plan area of the pile. 

I e.g. Sl-0P-114-6/2 
2 The shear stress is given by subtracting the load inferred from strain gauges at a given level from the gauges 
immediately above that level and dividing the result by the area of the pile shaft between the two levels of 
gauges under consideration. 
3 The error associated with this assumption will increase with increasing distance between strain gauges 
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4.4 STRAIN GAUGE BEHAVIOUR 

4.4.1 Strain gauge zeros 

During initial commissioning of the pile testing chamber at the beginning of 1996 a number of 

tests were carried out to refine the method of applying surcharge pressure and to assess the 

behaviour of the pile instrumentation. 

A predominant feature of the strain gauge behaviour during these tests was the occurrence of 

continual drift from the initial gauge zero. Problems with strain gauge drift during the 

performance of full-scale pile load tests are often resolved by re-zeroing the strain gauges 

prior to each loading sequence. This practice is highly undesirable as it masks the occurrence 

of residual loads in the pile2
• 

In order to resolve these problems and minimise errors in the model tests, a literature review 

of factors affecting strain gauge drift was undertaken. The reader is referred to Window and 

Hollister (1982) for a full review of strain gauge behaviour, or to the technical literature 

provided by the strain gauge manufacturer. The factors considered by the author as relevant to 

the model pile tests are considered briefly below. 

(i) Bridge Configuration 

The introduction of self temperature compensating strain gauges has meant that the use of the 

quarter bridge strain gauge configuration in stress analysis has become standard practice. In 

this configuration a single gauge is used at the measuring point, with resistors within the 

strain indicator completing the bridge. As the lead wire forms part of the measurement 

system, extreme caution must be exercised with their selection and treatment. The lead wires 

should be arranged in a three wire configuration, be as near identical as possible and 

consideration should be given to twisting the wires so that they each experience the same 

temperature environment (Window and Hollister 1982). 

I h = 50rnm for the Series 1 piles 
2 See Section 2.2.5 for a discussion of residual loads 
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(ii) Transmission and Noise 

Interference can occur during the transmission of the signal from the point of measurement to 

the data logger. Interference can also be caused by the presence of local electrical or 

electromagnetic influences. The signal to noise ratio gives an indication of the signal quality 

with the highest ratio resulting in the best quality. 

Methods of increasing the signal transmission level include a) Using a full bridge 

configuration, b) Using the highest possible exitation voltage and c) Using high resistance 

strain gauges. 

Another approach is to decrease the amount of electrical noise. Electrical noise can occur in 

the measurement system itself, in the bridge circuits or the lead wires. Voltages can also be 

induced from electromagnetic fields which mainly affect the lead wires. 

Temperature effects 

The fact that strain gauges respond not only to strain but also to temperature is well 

recognised. The effect is referred to as temperature induced apparent strain, and is caused by a 

combination of the temperature coefficient of resistance of the grid, and from the usual 

difference in thermal expansion coefficient between the grid and the transducer spring 

element. When gauges are arranged in fully active half or full bridge configurations, these 

effects should be equal in opposite arms, and can therefore be corrected by subtraction. 
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Areas of improvement of strain measuring system 

1) The initial strain gauge configuration' consisted of a single gauge at a given point on the 

model pile with two lead wires of the smallest available diameter. This system was chosen 

because of extreme space limitations2 in the annular space between the wall of the twin-

2) walled piles (See Figure 4.1). The lead wires were thin, un-screened and were poorly 

insulated. A simple experiment described by Dempsey (1997) using identical lead wires to 

the original ones used on the model piles revealed that the strain gauge drift over a 24 hour 

period could be reduced from 1000 to 20 ~.u:: by replacing the lead wire with screened cable. 

To reduce drift, the leadwires were cut at the top of the model pile and replaced by 

screened and twisted cable before carrying out the first series of pile tests. When the 

114mm diameter piles were having additional gauges fitted, the decision was made to 

replace all the existing gauges with a three lead wire system. 

2) The laboratory in which the pile testing chamber was located possesses many pieces of 

electrical equipment which can induce voltages to the system. To minimise the effect of 

these certain steps were followed before and during tests. These included: 

a) Switching on the fluorescent lights (two of which are within a metre of the chamber), 

before zeroing the strain gauges. 

b) Earthing the pile testing chamber. 

c) Restricting the use of other machinery during periods when strains were being recorded. 

The simple improvements outlined above resulted In significant improvements m the 

behaviour of the strain measurement systems. 

I Used during commissioning of the pile testing chamber 
2 The annular space between the two tubes which comprised the piles was of the order of 4mm (See Figure 4.1 a) 



100 

4.41.2 Performance of strain gauges during pile tests 

A (certain amount of drift is to be expected in any strain measurement system. Two different 

systems were used during the model pile tests . The system used in the first series was the RS 

Re,corder system. The system. consisted of modules which could be pre-configured to read 

strain gauge, load cell, displacement transducer or pressure cell output. This system was 

replaced with the system 5000 datalogger. The advantages of the new system were that 

outputs could be zeroed prior to testing which meant that the readout from the gauges could 

be monitored visually throughout the tese. Another advantage of the system 5000 software 

wa.s that it ran in the windows environment. Two twenty unit modules were purchased which 

allowed thirty strain gauge channels, and ten load or displacement channels to be monitored. 

Short term strain gauge drift under zero load 

Strain gauge drift during pauses between load applications were m general found to be 

insignificant. Two exceptions to this trend were noted: 

1) Output from one of the four modules used in the first series of tests was found to display 

much higher standard deviations than the others. Typical data recorded prior to the 

installation of one of the Series 1 piles is shown in Figure 4.22. All data from gauges placed 

in the module were disregarded. 

I With the recorder system the initial bridge output could not be zeroed, which necessitated subtracting the 
original value from all subsequent readings, this precluded real time monitoring of more than one gauge during a 
test. 
2 Strain gauge output was typically recorded at five second intervals during pile installation, and so the data in 
figure 4.2 correspond to a pause period of approximately 80 seconds prior to the first loading cycle experienced 
by the pile. 



101 

20 

15 __ .l ____ _ ....J __ 
L 

I I 

,-., I 
W 

10 I 
~ - -I- I 

:; 
0.. 
:; 5 
0 
Q) 
OJ 
::l 0 co 
OJ 6 S 14 
c:: 
'ro -5 I ... T - -Module 1 r 
U5 ___ Module 2 

I 

-10 -<l- Module 3 -' 

-<>- Module 4 

-15 -

Scan no. 

Figure 4.2 Variation in datalogger output under zero load 

2) A trend for the zero reading of some gauges to change during the initial phase of the pile 

installation before reaching a fairly constant value was evident from results of both series 1 

and 2 pile tests. Typical strain gauge output recorded on the external wall during installation 

and load testing of a 114mm closed-ended pile is presented in Figure 4.3a. Readings taken 

during pauses (i .e. when there was no external applied load) indicated that a large tensile load 

was developing in the pile on installation. This value was seen to increase during initial 

installation of the pile before reaching a constant value. The time taken to reach the constant 

value increased with distance from the pile toe. Examination of the strain gauge output 

indicated that constant conditions (i.e. the gauge output became constant under conditions of 

zero applied load) were reached shortly after the section of pile containing the gauge enters 

the sand. 
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Figure 4.3a Output from external gauges on an closed-ended pile with D=114mm during 

installation and load testing 
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Figure ~.3b Output from internal gauges on an closed-ended pile with D=114mm during 

installation and load testing 
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A number of possible explanations for this behaviour were examined, such as a possible 

down-drag effect on the pile due to the pressure applied on the top membrane. The fact that 

similar behaviour was recorded in the stressed and unstressed tests disputed this explanation. 

Further information was available by comparing the behaviour of external and internal strain 

gauges during the installation of a closed-ended pile, See figure 4.3b. It is evident that no 

significant drift of any of the internal gauges occurred after the first load cycle (these were 

obviously not in contact with the sand). In light of this finding an investigation into 

temperature effects on strain readings was carried out. 

Experiment to investigate temperature effects 

A simple experiment was carried out to assess the effect of temperature variation on the strain 

gauge output. The strain gauge output from the 114mm diameter closed ended pile was 

monitored over a twenty four hour period from the 29-30th of September 1997. The pile was 

simply supported on wooden spacers to negate any effects of the concrete floor on the 

temperature profile. The data-logger was switched on at 8a.m. to warm up the gauges, the 

gauges were zeroed and recording began at 11 a.m. 
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The average apparent strain of twenty three gauges' is shown in Figure 4.4 which indicates a 

tendency for the output to decrease rapidly until approximately 5.30p.m., a gradual increase in 

output was experienced overnight with a downward trend again becoming evident at 8 a.m. 

the next morning, with the output at 11 a.m. being:::::: O. 

The results show that under zero load the output reading of a given strain gauge will increase 

with a decrease in the local temperature, implying that the zero shifts experienced during the 

pile load tests could be explained by the sand being colder than the laboratory in which the 

strain gauge was zeroed. To check this hypothesis, a further test was carried out, during which 

the temperature in the laboratory, in the sand and on the model pile were monitored over a 

twenty-four hour period from the 4_5 th of November 1997. The temperature was recorded at 

four points on a mild steel threaded bar placed in the sand. The bar was positioned with 

sensors at O.25m, O.75m and 1.25m below the surface of the sand whilst the fourth sensor 

remained just above the sand surface. 
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Figure 4.5 Overnight temperature variation in the laboratory 

I All gauges showed identical trends 
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Two further sensors were used, one measuring air temperature in the laboratory and one 

measuring the temperature of the 114mm diameter closed-ended pile. The results shown in 

Figure 4.5 indicate that the pile temperature varies in unison with the air temperature in the 

laboratory and suggests a profile of temperature in the sand that is constant with depth. 

4.4.3 Conclusion 

The performance of the strain gauges throughout the testing programme is shown in Table 

4.2, and is summarised as follows : 

• The results of the simple experiments on the effects of temperature on the strain gauge 

output suggest that the observed apparent strain in the pile test results arose because of 

temperature differences between the sand and the air temperature in the laboratory. 

• The pile test data in Figure 4.4 suggest that no residual load is measured during the 

installation or load test phase and so the effect of strain gauge drift can be corrected by 

using the zero value prior to application of each load, up to the point where the strain gauge 

output under zero load becomes constant l
• 

• The strain gauges were calibrated for load before each pile installation. Each pile was 

placed in a structural frame and loaded in steps of approximately 20% of the projected 

maximum test load, usually in two cycles. After each load cycle the pile was rotated 

through 900 and reloaded in order to average out bending effects. This process was 

repeated until the pile was rotated through 3600
• 

• The standard deviation measured in the strain gauge output measured during pauses in pile 

loading (i.e. when the load at the pile head is zero), was approximately 0.5 !-lEo Multiplying 

this value by the calibration constant for the pile indicates that the accuracy of load 

measurements inferred from the strain gauge data is in the range of ± 0.035 kN. 

1 This corresponds to the point at which the pile enters the sand 
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• The load at a given level on the pile was inferred by multiplying the average strain gauge 

output from three gauges at that level by the calibration coefficient determined from the 

pile prior to installation. It was found that loss of signal from anyone gauge during testing 

of the small diameter closed-ended piles resulted in loads that were often incompatible 

with those recorded at other levels. This was because bending effects were much greater on 

the relatively slender small diameter pile, whereas, the twin walled configuration of the 

other piles resulted in a greatly enhanced stiffness. 

Table 4.2 Performance of strain gauges during testing program 

Test Description 
No. 

I 
2 
3 
4 
5 
6 

7 
8 
9 
10 
II 
12 

13 

14 

SI-CP-114 
SI-OP-114-6 
SI-0P-40-9 
S 1-0P-40-31 
SI-CP-40 
S l -CP-40/2 

S l-CP-40-60 
SI-0P-114-12 
S I-OP-l14-6/2 
S2-0P-114-6 
S2-0P-114-12 
S2-CP-114 

S2-0P-40-9 

S2-CP-40 

No. of 
Strain 
Gauges 

24 
24 
24 

18 
18 

18 
36 

36 
36 
36 

24 

18 

No of 
satisfactory 
gauges 

18 
19 
22 

9 

9 
36 

36 
36 
35 

15 

16 

Comments 

6 gauges were placed in module 4 
5 gauges were placed in module 4 
2 gauges were placed in module 4 
No instrumentation 
Excessive drift of all gauges occurred 
Failure of a single gauge at 3 levels meant that 
average at that level was unreliable due to bending 
See 6 

No measurements were made 

A single gauge at the pile toe did not respond to 
loading 
3 gauges at the pile toe (1 internal and two external), 
plus six other gauges failed during installation, 
making the determination of load distribution 
impossible. 
Failure of a single gauge at h= 950 and 1250mm 
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4.5 SOIL PRESSURE CELLS 

Oil filled pressure cells were placed at various positions in the tank during the fonnation of 

the sand sample. The cells were excited by a 10V power supply and had a measurement range 

of 0 - 500 kPa. The cells were supplied with calibration certificates by the manufacturer, and 

these were checked at various stages throughout the test programme, using a simple method of 

applying various known masses, and recording the change in output. 

Problems with pressure cells during testing 

In order to detennine the in-situ stress level in the tank, it was necessary to take a zero reading 

of each pressure cell as it was placed in the chamber during sample fonnation . To facilitate 

the assembly of the structural frame after sample fonnation, the power supply to the cells had 

to be turned off, and the lead wires de-soldered. When the frame was fully assembled the lead 

wires were re-soldered and the power supply was switched on. However, due to the length of 

the lead wires this soldering process had to be carried out on the scaffold. The continual 

breaking of the connections resulted in poor connections between the cell and power supply 

and the connections failed during a number of tests. 

4.6 LOAD CELL 

The load cell used throughout the testing programme had an axial load capacity of 250 kN. 

The load cell is used in the commercial work undertaken in the laboratory and was regularly 

calibrated using an Amsler loading machine. Output was available through a digital display 

and was recorded via the datalogger. The load could be measured to an accuracy of 0.025kN. 

4.7 DISPLACEMENT TRANSDUCER 

A linear variable displacement transducer (L VDT), was used during static load tests to 

measure pile head displacement. The L VDT was calibrated prior to the perfonnance of each 

static load test and allowed displacement to be measured to an accuracy of O.Olmm. 
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4.8SUMMARY 

This chapter has reviewed the design of the instrumented model piles and the performance of 

the instrumentation throughout the testing programme. The following points are noted: 

• The output from the strain gauges were corrected where necessary for the effects of 

temperature. 

• An unfortunate consequence of the apparent strain experienced by the strain gauges due to 

temperature effects, is that the strain level was close to or above the strain induced in the 

steel at the failure load of the pile in tension. This precluded determination of load 

distribution in the pile during tension tests. 
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CHAPTERS 

EXPERIMENTAL RESULTS 

5.1 OUTLINE 

This Chapter presents some of the results obtained from an experimental investigation 

into the behaviour of steel open and closed-ended model instrumented piles. 

5.2 EXPERIMENTAL PROGRAMME 

5.2.1 Overall programme of experimental results 

The programme can be conveniently divided into three stages. 

(i) Series J (Apri11996 to September 1996). A total of nine pile tests were carried out 

in the pile testing chamber . No boundary stresses were applied to the sand sample 

during this series oftests. 

(ii) Series 2 (February 1997 to September 1997). A number oftests were completed at 

elevated stress levels'. Some improvements had been made in sand placement 

techniques and a new data logger had been acquired. In addition some of the piles 

had extra gauges installed in key areas of interest. (See chapter 4 for details). 

5.2.2 Instrumented pile tests 

Testing, which was carried out in the pile testing chamber described in chapter 3, 

involved monitoring the installation (by jacking), and load testing of open and c1osed-

I A stress of 50 kPa was applied at the upper and lower boundaries of the sample. 
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ended piles with external diameters (D) ranging from 40mm to 114mm. The ratio of 

the pile inside diameter to wall thickness (Di/t) of the open-ended piles varied 

between 6 and 31 . Further details are contained in Table 5.1. Because of the number 

of tests the results series 1 and 2 results are considered separately. 

Table 5.1 Details of instrumented model pile tests 

Tes Description D t Applied No. of Dr% Installation Static Load Tests 

t (mm) (mm) 

No. 

1 SI-CP-114 114 Closed 

2 SI-OP-114-6 114 14.6 

3 SI-0P-40-9 40 3.6 

4 SI-0P-40-31 40 1.2 

5 SI-CP-40 40 Closed 

6 SI-CP-40/2 40 Closed 

7 S l-CP-40-60+ 40 Closed 

8 SI-0P-114-12 114 8.2 

9 SI-0P-114-6/2 114 14.6 

10 S2-0P-114-6 114 14.6 

11 S2-0P-114-12 114 8.2 

12 S2-CP-114 114 Closed 

13 S2-0P-40-9 40 3.6 

14 S2-CP-40 40 Closed 

Footnotes: + 60° Cone end 

C = Compression test 

T = Tension test 

Stress Strain rate mmlsec 

(kPa) Gauges 

0 24 31 1 Cat 1,1.6, Tat 1.6m. 

0 24 34 1 Cat 1,1.6, T at 1.6m. 

0 24 30 1 C at 1,1.6, T at 1.6m. 

0 - - 1 None 

0 - - 1 Cat 1, 1.6, Tat 1.6m. 

0 18 28 2 None 

0 18 28 2 None 

0 36 27 2 C at 1,1.6. 

0 - 28 2 None 

50 36 24 2 C & T at 1 and 1.6m 

50 36 29 2 C & T at 1 and 1.6m 

50 36 28 2 Cat 1,1.6, T at 1.6m 

50 24 28 2 Cat 1,1.6, T at 1.6m 

50 18 28 2 Cat 1,1.6. 
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5.2.3 Programme objectives 

The primary objectives of this test programme were to: 

1. Investigate the effect ofD and D/t on soil plug development. 

2. Compare the magnitudes and rate of mobilisation of the end resistance of closed 

and open-ended piles. 

3. Compare the magnitudes, distribution and development of internal and external 

friction of both open and closed-ended piles. 

4 . Examine the factors controlling soil plug capacity. 

5. Assess the effect of pile shape on the end bearing resistance of closed-ended piles. 

The identification system used to describe the model piles is illustrated below. Further 

details are provided in Section 4.3.3 

S1 OP 114 12 

SeriesnoJ 

End COnditiOn~ ~tIliarneter 
(Open Pile / Closed Pile) 
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5.3 INSTALLATION OF SERIES 1 PILES 

5.3.1 Soil core development 

The variation of the height of the soil plug (Lp) with pile penetration (L) during 

installation of all five pile configurations is shown on Figure 5.1. It is evident that for 

piles of equal diameter, the pile with the higher D/t ratio develops a higher length of 

soil core e.g. Lp for Sl-0P-114-12 is about 2.5 times that of Sl-0P-114-6 at L = 

1.6m. 
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Figure 5.1 Development of soil core during pile installation 

The process of plug development is depicted more clearly on Figure 5.2, which plots 

the variation of IFRI with normalised pile depth (LID) for the piles. As expected, IFR 

generally reduces with LID albeit with sporadic increases and falls. These variations 

are consistent with continual collapse and re-creations of sand arches as the plug 

length approaches a final stable length (when IFR remains at zero). This length is 

shown in Figure 5.2 to be dependent on the D/ t ratio of the pile. Piles with D/ t < 10 

appear to become fully plugged at a penetration of about 10D, whilst the piles with 

D/ t > 10 were still partly coring at their maximum penetration depths. It is evident 

from Figure 5.2, however, that small incursions of soil can occur beyond this depth. 
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Figure 5.2 Development of IFR with normalised pile depth 

5.3.2 Pile resistance with depth 

The relationship between IFR and the piles total resistance to penetration (QT) 

measured during pile installation is explored by comparison of Figure 5.2 with the 

installation resistance of 114mm diameter piles plotted on Figure 5.3. It may be seen 

that: 

• Both open-ended piles show the same resistance to a depth of O.3m ( ~3D), after 

which the resistance profile of OP-114-6 shows a significant steepening, in keeping 

with the large reduction in IFR noted for the pile at this depth. 

• Pile OP-114-6 attained a resistance equal to that generated by the closed-ended pile 

after installation in the plugged mode of approximately 3D. 

I IFR = ilLp/ ilL 

1.6 
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• Pile OP-114-12 which remained partly coring (IFR > 0.2), displayed a lower 
penetration resistance than the other two piles throughout its installation. 
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Figure 5.3 Applied load variation with penetration 

5.3.3 Pile base resistance 

The ultimate base resistance (qb for closed and qbope" for open piles), I developed during 

installation of the piles is shown in Figure 5.4a. The following observations are made: 

• As for the load resistance profiles, the qbope" traces for the open-ended piles were 

very similar to a depth of 0.3m. Pile OP-114-6 attained an equivalent base 

resistance to that of the closed-ended piles at a pile penetration of around 0.6m, and 

was actually higher than the equivalent closed ended pile below 0.8m.2 

I As defmed in section 4.3.4 
2 Density measurements made during the placement of the sand for test Sl-OP-114-9 indicate a small 
increase in density with depth, with Dr = 41 % at 1 m compared to Dr = 30% for S l-CP-114 
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• Profiles of base resistance for the 40mm diameter pile OP-40-9 are shown to be 

broadly compatible with those of the 114mm diameter piles. 

• The qb values for the large diameter closed-ended pile, is comparable with the 

values determined using the 40mm diameter pile fitted with a CPT cone end; see 

Figure 5.4b . 
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Figure 5.4a Development of pile end bearing resistance during installation 
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Figure 5.4b Effect of pile end shape on qb 

The effect of pile end condition on qb was examined by comparing the end resistance 

mobilised by a flat-ended 40mm pile with that of the same pile with a 60° cone 

similar to that used in the Cone Penetration Test. The resulting qb profiles presented in 

Figure 5.4 b show minor differences between the two end conditions with the cone 

ended pile exhibiting a slightly higher resistance. The magnitude of the deviation 

between both traces could easily be explained by slight variations in the sand density. 

5.3.4 Stress conditions in the sand 

Earth pressure cells were incorporated in the testing chamber for the last test in the 

first series, i.e. Sl-OP-114-6. The location of the cells is shown in Figure 5.5. The 

particular locations were chosen primarily to provide information on the piles 

behaviour during installation and load testing, but also to assess boundary effects in 

the chamber. 

1.6 
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Figure 5.5 Location of pressure cells in pile testing chamber 

The gauges at depths of ~O.53m and 1.11m were oriented vertically in order to 

measure horizontal effective stress (O"h') and oriented horizontally at 1m and 1.95m to 

measure vertical effective stress (0"/). 

Traces of O"h'with depth recorded during pile installation are shown in Figure 5.6. The 

following points are noteworthy: 

(i) The pile had not yet become fully plugged as the pile tip approached the 

cell at O.53m. The maximum horizontal stress (~ 14 kPa) was measured 

when the pile tip was approximately 1.5D above the level of the pressure 

cell. The stresses reduce to in-situ levels after the pile penetrates 6D below 

the level of the cell. 

I The exact positioning of the cells in a large sample is difficult. 
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(ii) The pile became fully plugged at a depth of 0.4-0.5m and soon afterwards 

attained a base capacity equal to a closed-ended pile; See Figure 5.4. The 

increased base capacity of the pile was reflected in peak crh' recorded by the 

lower cell (::::::24 kPa) being nearly twice those recorded by the upper cell. 

The peak value was measured at a depth of O.95m i.e. where the pile tip:: 

l .5D above the position of the pressure cell. 

(iii) The increase in effective horizontal stress (~crh') recorded by the cells 

appeared to be greatest during periods when the pile was being loaded, 

reducing during pauses in installation. The component of stress increase 

during loading reduced rapidly once the pile tip passed the pressure cell. It 

would appear therefore that the hIR effect evident in instrumented pile tests 

in sand and clay! may be at least partly explained by increased radial 

stresses near the toe of the pile associated with large end bearing resistance 

mobilised during the installation of piles. 
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Figure 5.6 Effect of pile installation on horizontal effective stress 

I See Chapter 2 
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Figure 5.7 Effect of pile installation on vertical effective stress 

1.7 

No increase in vertical effective stress (fla v') was measured by the pressure cell 

positioned at a depth of 1m and a radial distance of 0.36m (;:::: 3D) from the outer wall 

of the pile at any stage of the installation or load testing. flav' recorded by the cell at 

1.95m depth and directly beneath the pile toe is shown in Figure 5.7 and indicates: 

• Small increases in flav' are evident during loading of the pile for pile 

penetration below 1 m. 

• flav' increased during pile loading, the increase at any given depth was 

approximately four times the value recorded during a pause period. Thus 

suggesting that the residual base load of the fully plugged pile was 

approximately 25% of the ultimate base capacity. 

• Information from the static load test performed at L = 1.6m is included; 

(see last stress cycle in Figure 5.7). It appears that the vertical stress 
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'locked' into the sand as a result of pile installation was completely 

removed by performing a tension test. 

5.3.5 Local shear stresses 

The strain gauges allowed separate estimations to be made of the internal and external 

loads at several points on the model pile'. A typical example (OP-114-12) of the 

variation of ultimate external shear stresses etf) and ultimate internal shear stress ('tr.) 

during the installation is shown on Figure 5.8. The following observations can be 

made: 

• There is a tendency for 't f in any fixed soil horizon to reduce as the pile tip 

penetrated to deeper levels, i.e. 'tf reduces as the distance from the pile tip 

(h) increases. This trend is clear in Figure 5.8 when h/R increases from 3.5 

to 11 , but is less so above h/R = 11 perhaps because of a sparsity of data 

points. 

• 't f measured during open-ended pile penetration were significantly lower 

than those generated by fully plugged/closed-ended piles (typically < 50%). 

The deviation between the shear stresses recorded in both modes decreased 

as IFR reduced to values below 0.5. 

• 'tr. showed far more dramatic reductions with distance from the pile tip than 

't f . For example no shear stress was transferred to the pile wall when h 

exceeded 0.35m during any of the open-ended pile installations, regardless 

of the IFR value. 

• 'tr. close to the pile tip was appreciably larger than the corresponding 't f 

values, e.g. 'tr. calculated at h=0.2m is seen on Figure 5.8 to be at least 

double 't f at h=O.2m. Given the strong non-linear reduction in 'tr. with h, 

suggested above, it is likely that maximum 'tr. values are considerably larger 

than those shown in Figure 5.8. 
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Figure 5.8 Mobilisation of shear stress during the installation ofSl-OP-114-12 

5.3.6 Average ultimate shear stress 

A tendency for closed-ended driven piles to attain a constant average ultimate shear 

stress ('taJ beyond a certain pile penetration has been reported from many field tests 

and has led to the use of the term 'critical depth'; see chapter 2. The critical depth is 

assumed to depend on the relative density of the deposit and the diameter of the pile. 

A tendency for piles Sl-CP-114 and Sl-0P-114-6 to reach a quasi-constant 'tav value 

of approximately 4.5 kPa below a depth of O.6m (~ 6D), is shown in Figure 5.9. The 

unplugged open-ended pile S 1-0P-114-12 exhibits a much lower 'tav value below a 

pile penetration of 1m, when the pile was unplugged. 

I See Chapter 4 



7 -

6 --

5 -- -

..-... 
CU 4 -- - - -
(L 
.:Y. -> 

C1J 
P 

2 -

o 
o 

. . .... CP114 

-0- OP-114-12 

-x- OP-114-6 

I r .. 

- ~ -: .. - ~ ~ 1-,-1- -
I ' : : I \J 

:: I 

- ~ - - i - -
I 

0.2 0.4 

x 
I 

I 

I 
- - - 1 

: .... \ . 

: 1.. 

, ~ -

I • 

I 

___ '- -':- - - - -
I I, t" I 
I \ . , 

"\ f \ I 

: : \ I - - -: -: - ': r 
. , I~ 

0.6 0.8 1.2 

Pile depth (m) 

124 

1.4 1.6 

Figure 5.9 Development of'rav during the installation of 114mm diameter piles 

5.4 STATIC LOAD TESTS 

Static load tests were performed usmg a maintained-load style test. Loads were 

applied in increments of 20% of the total pile resistance during installation, to 

approximately 80% of the piles total capacity'. Thereafter the load was increased in 

5% increments in order to fully describe the load - displacement behaviour near the 

ultimate load. Compression tests were usually performed prior to tension loading. In a 

number of tests cyclic loading was undertaken. Creep rates were found to be 

negligible until the ultimate capacity was approached. 

I This being the resistance measured during the fmal stage of installation prior to the load test 
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5.4.1 Static load test results 

A summary of static load test results for series 1 piles is provided in Table 5.2, which 

also lists the separate components of pile load and information on the soil plug; 

including Lp and IFR recorded just prior to each load test l
. 

a e . T hi 52 S ummary 0 static oa f . I d f tests rom series 1 
Test No. Pile Depth Test Plug IFR QT Peak "tav Ah at 'tav 

(m) type height % (kN) (kPa) Peak "tov (kPa) 
(nun) 

1 CPl14 1.0 C 5.94 4 
2 1.6 C 9.24 4.3 1.5 4 
3 1.6 T 1.74 3.0 

4 OP-1l4-12 1.0 C 0.82 80 (53) 2.63 1.8 
5 1.6 C 1.04 22 -- 5.47 3.2 

7 OP-114-6 0.45 C 0.29 o (70) 2.74 1.5 
8 1.0 C 0.40 o (0) 6.38 3.9 
9 1.6 C 0.41 o (0) 12 4.7 0.2 4.4 
10 1.6 T 1.7 3 

11 OP-40-9 0.45 C 0.24 0 (0) 0.22 1.13 
12 1.0 C 0.26 15 (0) 0.9 2.0 
13 1.6 C 0.26 0 (0) 1.19 2.6 
14 1.6 T 1.9 

15 CP-40 1.6 T 2.1 

Noteworthy points include: 

• The external shaft capacity of an unplugged open ended pile is typically 40-70% of 

that of a fully plugged / closed-ended pile. The difference in shaft capacity 

developed on an open and closed ended pile became relatively insignificant when 

IFR during installation of the pile reduced to values below 0.2. 

1 IFR recorded during static load test is included in brackets 

Maxqb 
(kPa) 

427 
716 

208 
396 

249 
487 
927 

135 
330 
530 
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• The shaft capacity in compression was typically 25% higher than the tension 

capacity for both closed and open-ended piles. It should be noted however that no 

tension test was performed when IFR during driving was greater than 20%. 

• Despite the overall ductile response of the piles, the shaft resistance of the closed

ended and fully plugged open-ended piles with D=114mm, displayed peak average 

shaft shear stresses at very small pile head displacements (~h); these peak values 

were typically 5-10% higher than the ultimate average shaft shear stresses. 

• The height of the soil core was measured following compression and tension tests. 

Movement of the soil core relative to the pile (value shown in brackets in Table 

5.2), was recorded during only two of the compression tests whilst the soil core 

appeared to move with the pile during tension tests. 

5.4.2 Load displacement behaviour 

Load displacement curves are presented in Figure 5.10 a-c. Figures 5.1 Oa and 5.1 Ob 

present the curves for load tests on the piles with D = 114mm at L = 1 an 1.6m 

respectively, whilst Figure 5.10c plots the results for piles with D = 40mm at L = 1 

and 1.6m. The following observations can be made: 

(i) The load displacement relationship during static load tests displayed a ductile 

response with the fully plugged and closed-ended piles a somewhat stiffer 

response than un-plugged open-ended piles. 

(iii) As shown on Figure 5.10a, the unplugged open-ended pile developed its total 

bearing capacity at a relatively low pile head displacement. Unload-reload 

tests obviously resulted in a stiffer response, but little ifno change in capacity. 
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Figure 5.10c Load v Displacement curves for 40mm diameter piles 

(iv) Open ended piles which had penetrated in a plugged mode for a number of 

pile diameters displayed similar (or higher) load capacity and stiffness 

response to equivalent closed-ended piles. 

5.4.3 Base resistance during static loading 

Variations of qb and qbopen with LlblD (where Llb is the settlement of the pile tip) 

measured in static load tests at pile penetration of 1m on open and closed-ended 40 

and 114mm diameter piles are shown on Figure 5.11. Similar plots of qb with 

displacement for the 114mm diameter piles at a penetration of 1.6m are shown in 

Figure 5.12. 

Assuming linear elasticity the equivalent Young's moduli (E') of the sand at the pile 

base at LlblD = 0.005 was calculated using equation 5.1: 

Llb ID = (1t /4) qb (l-y2)/E' (5.1) 
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where v = Poissons ratio (taken as 0.2 ) 

Ultimate base capacities (qb) and IFR' values measured in the tests on these piles are 

also included in Table 5.3 . 

Table 5.3 Base capacities and average stiffness 

Pile 

OP-114-12 
OP-114-6 
CP-114 

OP-114-12 
OP-114-6 
CP-114 
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.-
co 
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~ 

T( 
- -
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~ - - - -

~V---
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Depth (m) IFR% E' (MPa) Max qb(kPa) 

1.0 80 24 208 
1.0 0 46 487 
1.0 - 56 427 
1.6 22 45 396 
1.6 0 125 927 
1.6 - 100 716 
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Figure 5.11 Mobilisation of qb during compression tests at L=lm 

I rFR measured during the last stage of pile installation prior to the load test 

-

0.15 
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Figure 5.12 Mobilisation of qb during compression tests at L=1.6m 

The following conclusions may be drawn: 

• The base stiffness of the 114mm diameter open ended piles at L = 1m is lower than 

the equivalent closed ended pile. This is despite the fact that S 1-0P-114-6 had 

become almost fully plugged prior to the load test. 

• The maximum qb value for Sl -0P-114-6 at L =lm is, however, approximately 

equal to that ofS1-CP-114. 

• The E' values inferred for load tests performed on the 114mm diameter piles at L = 

1.6m are higher than those at L = 1m. Increases in qb and E' for Sl-0P-114-12 and 

S l -CP-114 are approximately in proportion to the increase in pile penetration but 

5 
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the increase in E' for S 1-0P-114-6 is almost threefold, becoming even greater than 

the E' value inferred for the closed-ended pile. This is most likely due to a 

combination of the slightly denser soil at the toe of S 1-0P-114-6 coupled with the 

increase in stiffness due to the fact that the pile had been installed almost fully 

plugged for approximately 7D prior to the load test at L = 1.6m. 

It appears therefore, that the qb value of an open-ended pile that has plugged is similar 

to that of a closed-ended pile, but that the pile requires further penetration in the fully 

plugged mode to attain a base stiffness comparable to that of a closed-ended pile. The 

considerably lower stiffness of a pile that has not plugged during installation clearly 

has important design implications. 

5.4.4 Local shear stress 

External shear stress 

The effect of IFR on the development of local external shear stresses Ctrz) may be 

examined by comparing the 'trz values developed at given depths in the testing 

chamber during compression tests. Information from static load tests on the 114mm 

diameter piles at L = 1m and 1.6m are presented in Figure 5.13 a-d .. The following 

observations can be made: 

• The 't rz values in Figure 5.13a were measured at h = 0.625m (z = 0.375) when the 

pile tip was at a depth of 1m and IFR was 95%. Those measured on the open-ended 

piles are seen to be approximately 25% of'trz values recorded by the closed ended 

pile . 

• Figure 5.13b indicates that 'trz value recorded for pile Sl-0P-114-6 which plugged 

prior to the load test was equal to the value measured on the closed-ended pile; 'trz 

for the almost fully coring pileI is only half that of a closed-ended pile. 

I IFR = 80% 



132 

• Comparison of Figure 5.13c with Figure 5.13b (which plot shear stresses in 

approximately the same soil horizon i.e. z =0.8 - 1m) suggests that the shear stress 

at z ~ 1m decreased by approximately 50% for all piles when the pile tips were 

driven to 1.6m. 

• The "e rz value developed at z = 104m by pile OP-114 12 is equivalent to that of the 

closed-ended and fully plugged piles, thus reflecting the decrease in IFR value 

measured when the pile was driven from L = 1.0m to L = 1.6m. The displacement 

required to mobilise the peak shaft resistance was however very much higher for 

the partly plugging pile. 
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Figure 5.13a Mobilisation of "erz at h = O.625m during compression tests at L=l m 
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Figure 5.13b Mobilisation of 't rz at h = O.2m during compression tests at L=l m 
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Figure S.13d Mobilisation of "Crz at h = O.2m during compression tests at L=1.6m 

The following tentative conclusions may be drawn from the limited available data: 

Further light will be shed on these features when examining the series 2 pile test 

results. 

(i) The external shear stress developed by a fully coring pile is significantly 

lower than that mobilised by a fully plugged / closed-ended pile. 

(ii) A pile which has penetrated in a partly coring (IFR ;:::: 10%) mode during 

installation can develop similar shear stress to a closed-ended pile, but may 

display a much softer response. 
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(iii) The proportional reduction in shear stress with increased pile penetration 

(h/R effect), appeared to be similar for the three piles considered, i.e. 

closed-ended, fully plugged and partly coring piles. 

Internal shear stress 

The internal shear stresses ('trz;) measured during compression tests carried out on pile 

OP-114-6 are shown in FigureS.14. The measurements correspond to a point 0.2m 

from the pile tip. The behaviour can be summarised as follows: 

• When the pile was tested at the shallowest depth (O.4Sm), it displayed a peak: 

resistance at a pile head displacement of Smm. At this point the plug appears to 

have failed l
, (an IFR value of70% was recorded during the test) . 

• No plug movement was recorded for piles tested below L = O.4Sm, and no apparent 

peaks were achieved in the 't rzi profiles despite the large displacements imposed in 

the tests . 

• The stiffness of the soil plug increased considerably with depth. The rapid 

mobilisation of plug capacity (particularly at L=1.6m ) is symptomatic of the stiff 

response of both qbopen and QT at this level. 

1 Failure of the soil plug is indicated by relative movement of the soil plug and pile. 
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40 

Additional gauges on pile S I-OP-114-1212 allowed the distribution of shear stresses 

't rz; near the toe of the pile to be evaluated. The results shown in Figure 5.15 a and b 

which correspond to compression tests at L = I and 1.6m respectively and reveal. 
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(i) 't rzi reduces dramatically with distance from the pile toe, becoming 

negligible above three diameters from the pile toe. 

(ii) The stiffness response of the 'trzi reduces with distance from the pile toe. 

(iii) Increases in 'trzi from z=1 to 1.6m are similar to those seen for the external 

shear stress of the same pile (::::: 250%) and appear to be strongly related to 

IFR. 

(iv) Failure of the soil plug during the test at L=lm was accompanied by a 

redistribution of 't rzi values. Although there was some variability, shear 

stresses generally increased at larger hJR values as the plug continued to 

fail. 
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5.5 INSTALLATION OF SERIES 2 PILES 

5.5.1 Plug development during installation 

The soil core development of the three open-ended piles tested in series 2 are shown 

on Figure 5.16. Comparison of these data with the corresponding data from the series 

1 tests (Figure 5.1), reveal that the soil core development and IFR values were 

virtually identical for the two series, despite the different stress conditions and 

installation procedure'. 
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Figure 5.16 Soil core development during the installation of Series 2 piles 

1 The installation rate was doubled (See Table 5.1) and the no. of loading cycles reduced, from 
approximately 40 in series 1 to an average of 18 in series 2. 
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5.5.2 Base resistance during installation 

The values of qb and qbopen recorded during installation of piles in series 2 are shown in 

Figure 5.17. The following observations can be made: 

• The qb value recorded for the closed-ended pile with D=114mm remained between 

700 and 800 kPa throughout installation. 

• The qb values recorded for the closed-ended pile with D=40mm and the CPT ended 

probe were strongly affected by proximity to the upper vertical pressure bag, but 

tended towards similar values to CP-114 at L > 0.8m. 

• Open-ended piles which became fully plugged during driving attained unit base 

capacities equal to equivalent closed-ended piles within 2 or 3 diameters of 

becoming plugged. 
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Figure 5.17 Development of qb during Series 2 pile installations 
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• The base resistance of the partly coring open-ended pile was significantly lower 

than the closed-ended/fully plugged piles, but increased with decreasing IFR. 

It is desirable to divide the base capacity of the open ended piles into its separate 

components i.e. 

(i) The unit end bearing resistance acting on the annulus of the pile (qbann) 

(ii) The unit plug resistance (qbplug ) 

Total end bearing load divided by the total end area give total unit end bearing 

resistance (qbopen). The additional gauges provided for the Series 2 test piles allowed 

the various components of base resistance to be separated using the methods described 

in section 4.3.4. 

The development of the separate components of base capacity for pile S2-0P114-12 

during installation is shown in Figure 5.1Sa together with the IFR trace recorded 

during pile installation in Figure 5.1Sb. The following trends emerge: 

• The relationship between qbplug and IFR is evident. Large decreases in IFR below a 

pile penetration of 1m are accompanied by a three fold increase in qbplug between L 

= 1m and L = 1.6m. 

• qbann is independent of IFR reaching a constant value at a depth of O.4m. It should 

be noted that the accuracy of the estimation of qbann may decrease with increasing 

pile plugging as higher internal shear stresses develop in denser sand. The 

estimates of qbann before a pile penetration of 1m are therefore likely to be more 

precise as the pile is almost completely coring. 
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Figure 5.19 compares qbann values recorded during installation of the two 114mm 

open-ended piles with the qb trace obtained from the 114mm closed ended and the 

40mm pile with the 60° cone at the tip. This comparison suggests that, for the piles 

tested, qbann mobilised during installation may be reasonably approximated as ~ qb. 
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Figure 5.19 Comparison of qc and qbann during installation 

5.5.3 Shear stresses during installation 

External shear stresses 

1.6 

Typical ultimate external shear stresses etr) developed during installation of S2-

CP114 and S2-0P-114-12 are shown in Figure 5.20a and b respectively. The 

following points are noted: 

• The reasonably constant shear stress recorded at a given h value on the 

closed-ended pile reflects the uniform density and stress conditions in the 

chamber. 
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• The shear stress at a given depth reduces with increasing distance from the 

pile tip (h) in both piles. 

• The development of't f for both piles reflect the traces of average end bearing 

resistance (qb or qbopen), recorded during installation, suggesting that the L f 

value of an open-ended pile is very much dependent on IFR. 

Internal shear stresses 

The ultimate internal shear stress ('tfi) mobilised during the installation of S2-0P-114-

12 and S2-0P-114-6 is shown in Figure 5.21 and 5.22, and are summarised as 

follows: 

• A trend of Lfi at a given h value to increase with depth is apparent. Comparing 

Figure 5.21 with the IFR data for the pile Fig 5.18 b indicates that the sharp 

increase in Lfi below a pile penetration of 1m coincides with a dramatic reduction in 

IFR for the pile. 

• Shear stresses are highest near the toe of the pile and appear to be most sensitive to 

changes in IFR. 

• Internal skin friction was negligible at a height of three diameters above the pile 

toe. 

• Lfi measured near the pile toe shows a marked dependence on IFR when IFR < 

O.4m. 



ro 
0... 
~ 
.E! 

\-' 

ro 
a.. 
C 

1BO,---------,---------,,--------,,---------,---------, 
I 

----""1---160 -- - - - - - - - - -:- - - - - - - - - -:-

140 -- - - -

120 

100 

BO 

60 

40 

20 -

0 

-20 

0 

; .. -I 
I 

0.3 

_h/Ri=1 

__ h/Ri=2.3 

-{}- h/Ri=3.B 

-tr- h/Ri = 5.4 

------1---

I 
---, 

0.6 0.9 

Depth (m) 

---;-----

I 

- - ~ 

I 

1.2 1.5 

Figure 5.21 Development of'tfiduring the installation of pile S2-0P-114-12 

140 .-----------~--~---~---------~ 

120 -

100 

80 -

----+-

1.. __ 
I 

- - -I - - - - - -I - - ---j---

-<>- h/Ri - 1.1 
-0-- h/Ri = 2.7 _ _ _ _ L 

- h/Ri = 4.4 

_ ____ 1 _____ _ 

t" -

I 

_ ..J _ 

B 
p 60 I ------,----

40 I , -T 

20 

O +----+---+----+---+---~---r_--_r--~ 

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 

Depth (m) 

Figure 5.22 Development of 'tfi during the installation of pile S2-0P-114-6 

145 



146 

5.5.4 Average shear stress 

A plot of the ultimate average external shear stress ('taJ developed during the 

installation of three of the series 2 piles is shown in Figure 5.23. 
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Points of interest include: 

1.8 

• The approximately constant 'tav value recorded during the installation of the 

closed-ended pile is to be expected given the relatively constant stress and density 

conditions with depth in the pile testing chamber. 

• The response of the open-ended piles was typical of the behaviour noted during the 

Series 1 tests, whereby, 'tav was considerably lower than that obtained on the 

equivalent closed-ended pile, when IFR during driving was high 
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5.6 STATIC LOAD TEST RESULTS 

5.6.1 Summary Series 2 load test results 

A summary of the static load test data from the series 2 experiments is provided in 
Table 5.4. 

Table 5.4 Summary of load test data from series 2 

Test Pile no. Depth Test Plug IFR Qr QplUg Max 't.v Max 
No. (m) type Height (kN) (kN) 'tav (Kpa) qb 

(m) (kPa) (kPa) 

16 CP- 114 1.0 C 9.4 7 7 700 
17 1.6 C 1l.2 5.6 5.6 800 
18 l.6 T 2.31 4.3 4.3 

19 OP-114-12 l.0 T 0.92 l.08 3.0 2.9 
20 l.0 C 0.91 80 (23) 6.57 2.83 4.5 3.7 508 
21 1.6 T 1.05 l.68 3.1 3.1 
22 1.6 C l.04 10(6) 10.2 5.65 4.8 3.7 800 

23 OP-114-6 l.0 C 0.34 9.6 4.36 4 .7 4.7 772 
24 l.0 T 0.91 2.5 2.5 
25 l.6 C 0.37 11.43 5.03 3.9 3.9 890 
26 l.6 T l.28 2.34 2.4 

27 CP-40 1.0 C 1.78 7 7 700 
28 1.6 C 2.23 7.4 7.4 657 

C & T denote CompressIon and TenSIOn loadmg respectIvely 
IFR value in brackets is the value measured during the static load test 

Points of note include: 

(i) As in Series 1, the load-displacement relationships demonstrated a ductile 

response. 

(ii) The large displacement required to mobilise the capacity of S2-0P-114-6 at L 

= 1.5m was a result of performing the tension loading up to a pile 

displacement of approximately O.25D prior to the compression test. 

Disp to 
Max Tav 

(mm) 

l.5 
0.8 
l.5 

2 
0.25 
1.2 
0.8 

25 
1 
33 
l.25 

0.8 
1 
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(iii) The displacement necessary to mobilise the peak shaft capacity in tension 

was generally found to be at least double that required to mobilise the shaft 

capacity in compression. 

(iv) The average ratio of the tension capacity to the peak shaft capacity In 

compreSSIOn was 67%1, this did not appear to depend on IFR (The lowest 

ratios were recorded for pile S2-0P-114-6. 

(vi) Performing a tension test prior to the compression tests on pile S2-0P-114-6 

resulted in lower than expected shaft capacities in tension and compression 

than piles which experienced first time compression tests. The shaft capacity 

of this pile in tension and compression were comparable to those developed 

on a pile that was partly coring during installation (S2-0P-112-12). The plug 

capacity remained unaltered and the pile remained fully plug during large 

pile head displacements. This contradicts the findings that 'tavult during the 

installation of both Series 1 and Series 2 piles was very much dependent on 

IFR. A possible explanation for this effect is suggested in Figure 5.7, which 

showed that the performance of a tension test resulted in the removal of a 

vertical stress 'locked' into the sand during installation of the pile. The 

removal of this stress will affect the radial stresses developed near the base of 

the pile and will thus reduce the shaft capacity. 

(vii) Movement of the soil core2 during static load testing was measured only 

during the static load tests on S2-0P-114-12, all other piles remained fully 

plugged. 

I Range of values 53-78% 
2 Value in brackets in Table 5.4 
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5.6.2 Load-displacement behaviour 

Load displacement curves for the piles are presented in Figure 5.24 a-d. 

In general the behaviour was similar to that described for the Series 1 test piles in 

Section 5.4.2. 

One exception being that the tension load tests on S2-CP-114 and S2-0P-114-6 were 

carried out prior to compression loading. It is evident from Figures 5.24 a and b that 

the mobilisation of total pile capacity of an open-ended pile is greatly affected by 

carrying out a tension test prior to pile loading with pile S2-0P-114-121 displaying a 

much stiffer response to loading than S2-0P-114-6. Although a tension test was 

performed prior to the compression loading of S2-CP-114 at L = 1.5m, the pile was 

subjected to a single installation load cycle to a displacement of 50mm before the 

compression test was performed. 

I This pile had a much higher IFR value during installation 
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5.6.3 Base resistance 

152 

3000 

The evolution of pile end resistances (qbopen and qb) with normalised displacements 

(~t/D) measured during compression testing at a pile penetration (L) of 1m are shown 

on Figure 5.25 . The following points are noteworthy: 
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Figure 5.25 Mobilisation of end-bearing resistance compression tests at L=1.0m 

• The extremely soft response of S2-0P-114-6 is again evident. The pile did, 

however, attain a qbopen value similar to that of a closed-ended pile at large 

disp lacements. 

• The qb values of the closed-ended piles were similar, However, the 40mm pile 

reached an ultimate value before d h ID = 10%, whilst the 114mm closed-ended pile 

displayed a slightly softer response with qb at d h ID = 10% being about 90% of the 

maximum value. Such a scale effect has been noted from the results of tests on 

field-scale piles; see chapter 2. 

• The open-ended pile S2-0P-114-12 was almost fully coring up to L = 1m. The end 

bearing resistance of the pile was fully developed at d h ID = 10% and was 

approximately 70% of the value of the equivalent closed-ended pile. 
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Figure 5.26 Comparison of components of end bearing resistance 

The evolution of the separate components of end resistance with displacement for S2-

OP-114-12 is compared with S2-CP-114 in Figure 5.26. Values were measured during 

compression tests at a depth (L) of 1m. Although the qbopen value for pile S2-0Pl14-12 

is considerably lower than the equivalent closed-ended pile at similar displacements, 

qbann is very similar to qb measured on the closed-ended pile prior to the unload-reload 

loop both in terms of ultimate value and stiffness. This trend was evident in the other 

first time static load test (i .e. all piles except S2-0P-114-6). 

5.6.4 External shear stress 

It was seen in Chapter 2 that the shear stresses developed on a closed-ended 

displacement pile could be described as a function of the variable h (the distance from 

the pile tip) divided by the pile radius R. 

5.00 
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• "C f value at hJR = 3.5 and hJR = 11 for a closed-ended pile is 1.3 and 1.6 times 

respectively the corresponding value of the open-ended pile. (See figures 5.27a and 

b). 

• As in Series 1, "C f values are lower for un-plugged open-ended piles and appear to 

be linked to the pile end bearing resistance developed during installation. The 

higher ratio of closed to open ended shear stress at lower depths is most likely due 

to the much lower end-bearing capacity generated at this depth by the open-ended 

pile, rather than by an accelerated hJR effect on open-ended piles as postulated by 

Jardine and Chow (1996t 
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Figure 5.27a Mobilisation of "Crz at h/R = 3.5 during load tests at L = 1m 

I See Chapter 2 
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5.6.5 Internal shear stresses 

The mobilisation of internal shear stresses during compression load tests on S2-0P-

114-12 at L = 1 and 1.6m are presented in Figures 5.28a and b. The behaviour 

supports the observations made in section 5.4.3. Additional insights provided by the 

Series 2 piles may be summarised as follows: 

• Increases in peak internal shear stresses at h!R = 1 of approximately 200% occurred 

between L = 1m and 1.5m. Similar increases were noted in the series 1 piles. 

• Comparable distributions of internal shear stress during installation, were recorded 

for the two 114mm diameter open-ended piles S2-0P-114-6 and S2-0P-114-12 

(See Figures 5.22a and b). However, when the piles were tested in compression S2-

OP-114-6 displayed an unusual response, with no load being shed in the soil plug 

above a height of 20mm from the pile toe. Such behaviour could be explained by 

the formation of a rigid arch at the tip of the pile (Paikowsky 1990). The formation 

of such an arch may have been encouraged by the release of stress in the 

underlying sand which resulted from a tension test. 
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5.7 DISCUSSION 
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10.00 

The results of an experimental programme investigating the behaviour of open and 

closed-ended piles revealed the following trends: 

(i) Open-ended piles can achieve base stiffness and capacities comparable to 

closed-ended piles, providing penetration in a fully plugged mode has occurred 

for a number of pile diameters. 

(ii) Very high internal skin friction can develop just above the pile tip of an open

ended pile. The magnitude of these stresses increases as IFR decreases 

(iii) The distribution of internal and external skin friction differs. Internal shear 

stresses reduce at a much faster rate with distance from the pile tip than 

external stresses. 
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(iii) The base resistance of an open-ended pile is strongly controlled by the IFR 

value during installation. Open-ended piles with high IFR values develop 

substantially lower ultimate base capacities than closed-ended/fully plugged 

piles. 

(iv) The external shaft friction developed on an open-ended pile is a function of the 

pile end bearing resistance during installation (which depends on IFR) and the 

distance h from the pile tip. 

(v) The annular base resistance developed on an open-ended pile is similar to the 

resistance developed on an equivalent closed-ended pile, and is independent of 

IFR. 

A full interpretation of the experimental results is presented in the following chapter. 



CHAPTER 6 

INTERPRETATION OF EXPERIMENTAL RESULTS 
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CHAPTER 6 

INTERPRETATION OF EXPERIMENTAL RESULTS 

6.1 OVERVIEW 

In this Chapter, the interpretation of the model pile tests carried out in the pile testing chamber 

is presented, and where necessary, corrections are made to the test results to account for scale 

effects. Relationships between the radial effective stress and end bearing resistance developed 

during the installation of a pile are explored. Finally, the factors affecting the capacity of the 

pile plug in an open-ended pile are considered. 

6.2 EXTERNAL SHAFT FRICTION 

6.2.1 External shaft friction on closed-ended piles 

To interpret the results of the TCD model pile experiments within the framework of the recent 

I.e. pile testsl, the local external radial effective stress acting at failure (a'rf)2 must be 

separated into its separate components, i.e. are' and a rd . 

An empirical correlation proposed by Lehane (1992), was used to predict ~a' rd : 

where a = ( 0.4 ± 0.2 ) 

An a value of 0.4 was used in the calculations presented in this Chapter and a l 
rc values for 

the TCD closed-ended pile tests were derived from the expression: 

1 Outlined in Chapter 2 

2 a 'rf = arc' + ard (Lehane 1992) : See Chapter 2 
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Lehane (1992) found that the major variables controlling the development of equalised radial 

effective stress G rc ' on a closed-ended displacement pile were qb and h, and further proposed 

that qb ~ qc for a closed-ended I driven pile and that the variable h (the distance from the pile 

tip), may be normalised by the pile radius R (For full details see chapter 2). 

Relationships of this form are explored for the closed-ended pile test results in Figure 6.1. 

Bearing in mind the possible range of a values which may be used in equation 6.2, there is 

reasonable agreement between the I.e and TeD data. The following trends may be identified: 
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Figure 6.1 Normalised external radial effective stress during load tests 

Note: qc = qb for the TeD tests 

25 

• The inferred G rc ' values are approximately 10% and 2.5% of those recorded at Labenne and 

Dunkirk respectively. However, normalising by the qb value recorded during pile 

installation brings the data set into a relatively narrow range. The TeD experiments have 

therefore confirmed the validity of a correlation between Grc' and qb. 

I For the Ie pile D = 100mm 
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• The qb value recorded during installation of the 114mrn diameter test piles was equal to the 

qe l trace in the pile testing chamber. Similar trends at Labenne and Dunkirk led Lehane 

(1992) to suggest that qb and qe were interchangeable . 

• The mInImum hIR vale recorded on the Ie piles was 8. Additional data at hIR = 3 

measured in the TeD experiments suggests that radial effective stresses decay rapidly with 

distance from the pile tip. The Ie correlation shown in Figure 6.1 is restricted to hIR values 

~ 8, and on the basis of the TeD tests, is likely to lead to a significant underestimation of 

the shaft capacity which develops near the toe of the pile. 

6.2.2 External shaft friction on open-ended piles 

Because of the difficulty in estimating the end bearing resistance of an open-ended pile during 

installation, many current design methods assume that the external shaft friction mobilised on 

an open-ended pile may be related to the qe value. A reduction factor is often applied to the qe 

value to account for the lower shaft friction developed on an open-ended pile (usually in the 

range 0.5-0.8). The validity of such relationships for the TeD static load test is investigated in 

Figure 6.2. which plots the measured ratio of 't f / qe 2 against hIR. 

The figure is annotated with the IFR value recorded during the final stage of the pile 

installation prior to load testing. The ratio 't f / qe is seen to be strongly dependent on the mode 

of penetration during installation. 

As seen on Figure 6.3, a more consistent fit to the available data is achieved when the total 

end bearing resistance (qbopen) developed during installation of the open-ended pile is used in 

place of qc to determine the external shaft capacity of an open-ended pile. The limitation of 

such an approach is that it would first be necessary to determine the end bearing resistance the 

pile will develop during installation. 

1 As determined by the 40mm diameter pile fitted with a 60° cone end. 
2 The dilational component of an open-ended pile will differ from that developed on a closed-ended pile and 

therefore equation 6.1 may not be used to predict O"rd 
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6.3 PLUG CAPACITY 

6.3.1 IFR as an indicator of plug capacity 

It was evident in section 6.2.2 that the mobilisation of external shaft friction et f ) on open

ended piles is strongly dependent on the IFR value measured during pile installation. Similar 

relationships between IFR and the unit plug capacity (qbPlug) are in evidence in the following. 

The development of the plug capacity during installation of S2-0P 114-12 is considered by 

comparing the ratio of qbplug /qc with IFR during the installation of the pile in Figure 6.4. 
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1.60 

During the initial installation, there is a marked trend for local peaks in the plug capacity to 

coincide with local minima in the IFR trace. This is consistent with the mechanism of pile 

plugging suggested by Paikowsky (1990), whereby, soil arches are continually forming and 

collapsing. As the IFR value reduces, the zone of soil just above the tip of the soil plug 

becomes densified and may generate sufficient skin friction to exceed the bearing capacity of 

the soil underneath the pile. Further penetration of the pile in this mode will be accompanied 

by sand moving away from the pile tip in a manner similar to closed-ended pile penetration. 
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Further evidence of the IFR being an indicator of plug capacity is seen in Figure 6.5, where 

the results from a number of static load tests are plotted against the IFR value recorded prior 

to the test. It is clear that a strong relationship exists between IFR and the plug capacity (and 

by inference the ultimate internal shear stress ('t fi). 

6.3.2 Mobilisation of plug capacity during static loading 

The mobilisation of the plug capacity during a typical static load tests is examined in Figure 

6.6a and b; these figures plot data recorded in a load test on a pile which was almost fully 

coring prior to the load test (Figure 6.6a) and a pile that was almost fully plugged (Figure 

6.6b )1. By plotting the ratio of the local internal shear stress (trzi) to qbplug with pile 

displacement, it is evident that: 

(i) A maximum 'trz;!qbPlug ratio (of ~ 0.3) is mobilised close to the pile tip after a pile head 

displacement of less than O.lmm, i.e. before any significant movement of the plug takes 

place. 

I Note the different horizontal scale on the two figures 
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Figure 6.6b Mobilisation of 'trz/qbPlug during compression test on S2-0P-1l4-12 

at L=1.6m IFR prior to test = 8% 
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(ii) The plug capacity mobilises progressively from the bottom of the plug, with shear stresses 

propagating upwards with increasing pile head displacement. 

(iii)The ratio of'trz;!qbP'Ug becomes relatively constant when the maximum' plug capacity is 

mobilised. Failure of the soil plug at a pile head displacement of 4mrn during the 

compression test plotted on Figure 6.6a results in a redistribution of stresses within the 

upper part of the plug. 

(iii) The ratio of 'trz;!qbPIUg is insensitive to IFR. This trend is confirmed by plotting all TeD 

data2 recorded on Figure. 6.7. 
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Figure 6.7 Normalised internal shear stress developed during load tests 

Whilst a plot such as figure 6.7 is useful in as much as it indicates a certain distribution of 

stresses exist within the soil plug, and little dependence on the distribution of stress in the 

plug on IFR, it offers no insight into the actual plug capacity of a given pile. 

I The maximum plug capacity of the pile shown in Figure 6.6bwas not measured as the plug did not fail 
2 Infonnation was available from four static load tests, the results from pile S2-0P-114-6 were excluded because 
of the effect of an initial tension test on the response of the soil plug 
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6.4 PREDICTING THE PLUG CAPACITY OF AN OPEN-ENDED PILE 

To predict the plug capacity of a given pile, the ultimate internal shear stress (1"r,) can be 

related to a readily measurable in-situ test parameter such as qc' 

6.4.1 Relationships between 1"fi and qc 

Relationships between 1"r, /qcl and IFR taken from installation data recorded during three 

model pile tests are investigated in Figure 6.8. Shear stress measurements presented are those 

inferred at h = 47 .5mm (i .e. ~ =1). Data scatter is large, but the following observations can 

be made: 

• The ratio 1"r, /qc at hIR; = 1 is relatively constant when IFR > 50%. 

• For IFR < 50% the internal shear stress increases rapidly, appearing to reach a limiting 

value (at hIR; = 1) of approximately 0.2qc at IFR = O. 
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Figure 6.8 Normalised ultimate internal shear stress during installation 

I The shear stress measured is not an ultimate shear stress when IFR = 0 
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The trend for 'tfi /qc to increase as IFR decreases IS also evident from the results of the 

compression tests presented in Figure 6.9. 
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Figure 6.9 Effect of IFR on the mobilised internal shear stress 

6.4.2 Separate components of plug capacity 

Based on the findings of section 6.2 and 6.3, the local ultimate internal radial effective stress 

(arfi') acting in the pile plug at failure can be expressed as the sum of three separate 

components. 

a ' = a .' + a' + a ' (6.3) rfi n rq rd 

(i) a ri ' 

This component of the radial stress is a measure of the initial radial effective stress acting in 

the ground prior to pile installation, and as such can be conservatively estimated from a 
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know ledge of the height of the soil plug and assuming that the coefficient of earth pressure at 

rest (Ko) equal 0.40. 

crr;, = 0.40 cr/ (6.4) 

Assuming the plug capacity develops over the lowest 3D j of the soil plug results m a 

component of load in the soil plug due to equation 6.4 of: 

Component of plug capacity = (0.4 crv' tan8) (1t 2R 6R) 

= 15 cr v' R 2 tan8 I (6 .5) 

This is the increase in radial effective stress due to installation and loading of the pile plug. 

This term represents the dilational component of radial effective stress. Consideration of the 

development of external shaft resistance in Section 6.2 indicated that significant increases in 

radial effective stress occurred during loading of the model piles. Due to the confined nature 

of the soil plug and the mechanisms controlling the contribution of dilation in the soil plug2
, 

simple expressions such as Equation 6.2, which were developed based on measurements of 

external radial stresses, are unlikely to predict the dilational component of internal stress with 

accuracy. 

Unfortunately, as radial stresses were not measured directly, the experimental results can only 

be used to infer profiles of 'tfi and crrfi ,3 in the soil plug at failure. To interpret the 'tfi 

measurements within a similar framework to that presented in section 6.2, some estimate of 

crrd ' acting during the tests must be made. 

I This component will be relatively minor for typical plug lengths 
2 The factors affecting dilation in the soil plug have been examined in detail by Hight et al. (1996) 
3 Where O"rfi' = 'tfin/ tan8 
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To achieve this, use was made of the OASYS SAFE Finite Element (FEM) package. The 

FEM mesh used in this analysis is shown in Figure 6.10(a). The problem was considered as 

being axi-symmetric and because of constraints regarding the number of elements which 

could be used only the bottom 425mm (:::::: 4D), of the pile was modelled. 

Five different material zones were used in the analyses, Zone 1 was Air, Zone 4 was the sand 

outside the pile which was considered to be unaffected by pile installation, whilst the stiffness 

of the sand in zones 2 and 3 was varied in an attempt to simulate the effect of pile installation, 

Zone 5 was steel and the properties were constant throughout all the analyses. By constraining 

the dilation angle (\If) of the soil to remain equal to zero throughout loading, an estimate could 

be made of the increases in radial effective stress at any level in the soil plug due to an 

increase in qbpJug , the vertical effective stress in the soil at the pile toe. The plug was loaded by 

displacing the pile downwards into the soil in small increments. 
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Zone 4 

700mm 

Figure 6.10(a) Detail of finite element mesh 
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5 

The results of this analysis, corresponding to a number of increments of pile displacement are 

presented in figure 6.1 O(b). The effect of soil stiffness was assessed by completing a number 

of runs with the soil stiffness (E) varying in the range 20-100 MPa. A Mohr-Coulomb failure 

criterion was adopted and po is sons ratio was a constant (=0.2). 

The observed ratio of a' r/qbPlug appeared to be independent of the displacement, over the range 

of increments examinedl. Statistical analyses of all the computations indicated that the 

following equation2 could predict a rq' to an accuracy of ± 15%.3 

a '= 0 25q e(-O.4h1Ri) rq . bplug (6.6) 

The components of arfi' measured during the model pile tests can be assessed using equations 

6.4 and 6.6. This analysis was confined to the static load tests performed at z = 1m, for the 

following reasons I ,. The results are shown in Table 6.1. 

I Slight variations in the ratio can be seen at a given displacement, but these follow no discernible trend and may 
be due to variations in convergence between separate FEM runs. 
2 Form of equation suggested by Randolph et al (1991) 
3 A slight variation in the constant in Equation 6.4 is achieved by varying Poissons ratio 
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• Failure of the soil plug was achieved, indicating that crrfi' was fully mobilised. 

• IFR values prior to performing the load tests were ~ 0.8. It is reasonable to assume that the 

soil state in the plug is generally similar to that which existed prior to installation. The 

same cannot be said for tests performed at L = 1.6m. 

Table 6.1 Components of radial effective stress at failure 

Test h~ crrfl' cr' , 
crrd ' crrd'/crrfl' rI O"rq 

Sl-OP114-12 1 62 7.2 19.3 35 0.56 

2.3 34 6.5 11.5 16 0.47 

3.8 15 5.8 3.6 3.7 0.25 

S2-0P114-12 1 169 20 64 85 0.5 

2.3 92 20 38 34 0.37 

3.8 46 20 21 5 0.11 

The di lational component of radial stress is inferred by subtraction2
• 

6.5 CORRELATION BETWEEN cr/q AND qc 

A relationship between and cr/ q and q/ can now be proposed using the information in Table 

6.1. The available data are plotted in figure 6.11, a best fit equation determined from statistical 

analysis resulted in the following expression. 

cr/ q = O.lqc e(-OAhfRi) (6.7) 

I The results of S2-0P-114-6 were not considered because of the effect of the initial tension test on the plug 
response. 

2 crrd '= arfi' - (an' +a'rq) 
3 Corresponding to IFR = 0.8 
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6 

Equation 6.7 provides a plausible lowerbound for cr'rf (when IFR ::::: 0.8), as it ignores the 

possibility of a contribution to capacity from dilation, i.e. cr'rd is taken = O. This of course, is 

only true for fully coring piles. Experience of open-ended pile installation suggests that most 

open-ended piles are driven in a nearly fully coring condition. However, in certain conditions, 

such as for piles with D < 600mm driven in dense sand\ IFR may fall below 0.8 (e.g. Brucy et 

al 1991), and predicting the plug capacity by means of equation 6.6 would be highly 

conservative. It is important therefore to include an allowance for some increase in plug 

capacity with decreasing IFR value. 

The factors affecting the rate of soil intrusion into an open-ended pile were considered in 

Chapter 2, and were shown to be varied and complex. The very nature of the problem 

precludes the use of correlations with values such as qc' as the condition of the soil plug is 

likely to have changed from the original condition reflected in the qc value. 

The effect of IFR on plug capacity has been examined in Figure 6.4. Consideration of that 

figure suggests that the plug capacity is varying approximately with the reciprocal of IFR. 

I Dilation effects may be significant 
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This simple relationship was investigated by plotting all of the available data from the 

installation of three instrumented piles on Figure 6.12. 

1.2 ,--------,-------,--------~------_.--------r_--------------_. 

-\ 
0.8 a • • S1-0P-114-12 . . 

u o S2-0P-114-12 
0-

0 I -OJ 0.6 
,. 

::l 
0.. 0 a .0 

• S2-0P-114-6 

0- • 
a 1 / IFR 

0.4 ! 0 

• • 
0 

0 

0.2 
a 
~ 0 

• 0 0 - 0 
0 I 

0 
I 0 

0 0.2 0.4 0.6 0.8 1.2 1.4 
IFR 

Figure 6.12 Variation of qbopen/qc with lIIFR 

The expression is shown to provide a reasonable fit to the available data, and follows the 

trends observed regarding IFR behaviour. It is therefore included in expression 6.7 . 

cr/
q 

= O.lqc e (-O.4h1Ri) (lI1FR) (6.8) 

Evidence presented in chapter 5, suggested that the distribution of internal shear stress was 

concentrated over the lower 6 radii of the plug. Integrating the above equation between the 

limits of 0 and 6R results in the following expression for the plug capacity, (Qsplug)' 

(6.9) 

1 It follows from equation 6.9 that for typical steel piles (with /) = 28°) qbplug > qc when IFR < 0.24, i.e. piles with 
IFR less than this value are likely to behave in a fully plugged manner during loading. e.g. Since Qsplug = qbplug 
rrR/ = 1.43R; 2qc tan/) ( lIIFR) 
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Equation 6.7 indicates that the plug resistance depends on the initial density and stress level in 

the sand (as indicated by qJ, the IFR value during installation and the constant volume 

interface friction angle between the pile and soil. It also suggests that the ultimate unit plug 

capaciti is independent of the pile diameter. This finding apparently contradicts the results of 

recent research by Hight et. al (1996), and Jardine and Chow (1996). The large contribution as 

a result of dilation in the soil plug of small diameter piles will inevitably result in a diameter 

effect on ultimate end bearing resistance. However, the results of the TCD model pile tests 

suggest that even when a pile is completely plugged during a static load test, it requires a 

penetration in this plugged mode for a number of pile diameters to attain an equal stiffness to 

a closed-ended pile. Therefore relying on this component of plug resistance in field scale piles 

may lead to unacceptable displacements. 

6.6 SUMMARY 

The experimental data gathered from a programme of model pile tests carried out at Trinity 

College was interpreted within the framework of recent instrumented pile tests. Further 

insights were provided into the development of external and internal radial effective stresses 

on piles in sand. The insights are formulated into new design correlations for closed and open

ended piles in chapters 7 and 8 respectively. 

1 For a soil plug with \jI = O. 
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CHAPTER 7 

PREDICTION OF THE CAPACITY OF CLOSED ENDED PILES IN 

COHESIONLESS SOILS FROM IN-SITU TESTS 

7.1 INTRODUCTION 

Because of the difficulties in sampling cohesionless soils , many design correlations that are 

used to assist in the estimation of pile capacity in these soils are based on the results of in-situ 

tests. Recent research by Jardine and Chow (1996) has highlighted the effect of scale on both the 

shaft and base unit resistance of driven piles and these findings have been incorporated in design 

methods that use the end bearing resistance (qJ measured in the Cone Penetration Test (CPT) as 

the in-situ test parameter. 

In countries such as Japan, America and Ireland, the Standard Penetration Test (SPT), despite its 

many drawbacks, is the preferred in-situ test. Given the widespread use of the SPT, this Chapter 

extends the work of Jardine and Chow (1996) by investigating similar relationships based on the 

SPT N blowcount. 

7.2 DATABASE OF DRIVEN CLOSED-ENDED PILE TESTS IN SAND 

A database of driven pile tests in sand has been assembled by the author, with a view to gaining 

further insight in to the development of the capacity of such piles. General details of the 

database are outlined in Table 7.1 whilst Tables 7.2 and 7.3 contain more specific details 

regarding end bearing and skin friction capacities from pile tests (where the two components of 

capacity could be assessed with confidence). 

Ideally, empirical design methods should be based on results of full-scale pile tests. However, 

implementation and interpretation of such tests is not always straightforward. Some common 

problems encountered during the examination of the pile test database were: 
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Site Location Reported by PUe no. Pile type Test type Dr Length Diameter 
% (m) (mm) 

A Low sill Mansur 2 Steel (C) C&T 65 19.8 533 
and 4 Steel (C) C&T 65 20 432 
Kaufman 5 Steel (C) C&T 52 13.7 432 
(1958) 6 Steel (C) C&T 63 19.8 483 

B Seattle Gurtowski A Cone (C) C 70 30 610 
and Wu B Cone (C) C 73 26 610 

C Lake Jendeby, 23 Cone (C) C 53 16.8 235 sq. 
Munksjon Noren and 25 Cone (C) C 52 17.8 235 sq. 

Ranka 26 Cone (C) C 53 16.2 275 sq. 
(1990) 

D Ogeeehee Vesie H11 Steel (C) C 30 3.05 457 
(1970) H12 Steel (C) C 51 6.1 457 

H13 Steel (C) C 61 9.15 457 
H14 Steel (C) C 63 12.2 457 
H15 Steel (C) C&T 65 15.25 457 
H2 Cone (C) T 65 15.25 457 

E San Briaud , Tucker Single Steel (C) C 46 9.15 273 
Francisco and Ng (1988) 

F Arkansas Mansur and 1 Steel (C) C&T 55 16.18 339 
Hunter 2 Steel (C) C&T 55 16.09 432 
(1970) 3 Steel (C) C&T 55 16.15 518 

4 Steel (C) C&T 53 12.26 406sq 
G Norway Gregersen A Cone (C) C&T 29 8 280 

(1973) D/A Cone (C) C&T 23 16 280 
E Cone (C) C 23 --- 280 

H Holland Beringen (1979) II Steel (C) C&T 100 6.75 356 

I Iraq Altae, PI Cone (C) C&T 46 11 285 sq. 
Fellinius and P2 Cone (C) C 44 15 275sq 
Engin (1984) 

J Dunkirk Chow (1997) DKI Steel (C) C 88 7.4 102 
DK2 Steel (C) C 88 5.96 102 
DK3 Steel (C) T 88 7.4 102 

K Labenne Lehane 1992 LB/ I Steel (C) C 45 5.95 102 
LB/2 Steel (C) T 45 5.95 102 

L Akaska BCP IC Steel (C) C 67 11 200 
Committee 6B Steel (C) C 46 4 200 
(1970) 6C Steel (C) C 67 11 200 

M Hsin Ta Yen et al. TP4 Steel (C) C 40 34.25 610 
(1989) TP5 Steel (C) T 40 34.25 610 

TP6 Steel (C) C 40 34.25 610 

N Vancouver Robertson et al. 3 Steel (C) C 16.76 324 

0 Albysjon, Bergdahl and S2 Steel (C) C&T 38 12.2 89 
Sweden Wennerstrand 

(1976) 

P Vihti, Honkaniem and I Cone (C) C 18 250sq 

Finland Lempinen 
(1995) 

Q Virginia Martin et al T-4 Cone (C) C 16.8 235sq 
(1987) T18-2 Cone(C) C 16.2 275sq 

.TABLE 7.1 Database of closed ended piles in sand 
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Site Reference L D CJV DSO N60 qc qb@ MD qbO.l qbO.l Max 
(m) (mm) (kPa) (mm) (MPa) 10% % from from qb 

TID qc N 
D Vesic 9.2 457 84 0.5 16.12 8.39 3.4 8.75 14.7 

(1970) 12.2 457 105 0.5 14.68 8.0 3.4 7.99 16.8 

E Briaud, 9.2 273 104 0.3 18 8 6.13 10 4.8 4.48 7.14 
Tucker and N g 
( 1988) 

G Gregersen et al 8 280 83 0.6 2.72 0.97 9 1.5 1.3 
(1973) 16 280 164 0.6 4.25 1.88 9 2.34 2.45 

H Beringen 6.8 356 90 0.16 28 13.43 10 15.79 28 
(1979) 

I Altae, 11 285sq 158 0.15 15 6.5 3.69 10 3 .76 3.6 4.43 
Fellinius and 15 285sq 204 0.15 21 7.1 5.934 10 4.11 4.73 5.93 
Engin (1984) 

Foray et al 1 60 400 0.32 13.7 11 .5 10 12.06 13.8 
(1993) 

J Chow (1997) 7.4 102 102 0.25 14.25 11.26 4.2 10.98 14.4 
6 88 0.25 15 9.67 10 11 .57 12.5 

K Lehane ( 1992) 6 102 79 0.32 4.98 4.53 10 3.84 5.58 
1.8 102 34 0.32 13 6.53 4.48 2 5.035 5.48 5 

F Mansur and 16.2 339 150 0.3 36 8.4 10 8.23 
Hunter (1970) 16.1 431 150 0.3 36 7.3 10 7.84 1l.l 

16.2 518 150 0.3 36 6.75 10 7.56 
12.3 406sq 108 0.18 22 5.62 10 5.52 

0 Bergdahl and 12.2 89 93 5.3 2.81 - 2.92 2.81 
Wennerstrand 
(1976) 

Q Martin et al 17.5 O.36sq 6.7 2.06 3.7 1.94 
(1987) 20.5 O.46sq 6.7 1.78 10 1.82 

M Yen et al 34.3 609 323 0.13 24 11.25 3.49 4 4.44 4.24 5.1 
(1989) 34.3 609 323 0.13 24 9 3.84 12.8 5.54 4.24 9.5 

L BCP 11 200 140 2 51 29.4 19.4 10 19.15 18.7 26.2 
Committee 4 200 54 0.15 15 9.6 4.5 10 6.25 4.5 7.49 
(1971 ) 11 200 14 2 51 24.5 18.36 10 15.96 18.7 27.4 

0 

TABLE 7.2 End bearing resistance of driven piles in sand 
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i Site Pile Test Pie 'tf N CJc IC96 API IC94 Toolan LPC 
No. Type . Length Meas method .. lDethod method method Emp Cone 

(kPa) ".' 

A 2 T 19.8 50 0.94 0.93 0.84 0.91 0.63 
4 T 20 65.7 0.79 0.78 0.64 0.67 0.52 
5 T 13.7 38.3 0.99 0.63 0.57 0.52 0.53 
6 T 19.8 54.6 0.88 0.93 0.77 0.81 0.7 

D H16 T 15.25 71 1.0 0.77 0.7 0.85 0.62 0.88 

E 1 C 9.15 18.7 1.23 1.02 1.66 1.75 1.66 1.5 

F 1 C 16.18 46 0.98 0.76 0.59 0.67 
1 T 16.18 50 0.72 0.59 0.54 0.49 0.6 
2 C 16.09 53 0.91 0.67 0.51 0.60 
2 T 16.09 48 1.12 0.62 0.56 0.53 0.625 
3 C 16.15 39 1.12 0.95 0.69 0.86 
3 T 16.15 41 0.85 0.74 0.66 0.66 0.732 
4 C 12.26 43 0.93 1.02 0.65 0.61 
4 T 12.26 32 1.0 0.78 0.88 0.67 0.94 

G A C 8 30 0.81 0.8 0.77 0.64 1.57 
A T 8 14 1.39 1.47 1.64 1.14 1.4 3.4 

I 

AID C 16 28.6 0.8 1.02 0.874 0.76 2 
AID T 16 19 0.97 1.35 1.31 0.95 1.2 2.73 

H II C 6.75 202 0.98 0.99 0.177 0.94 0.58 
II T 6.75 162 0.98 1.0 0.23 0.94 0.83 0.74 

I 1 C 11 53 1.03 1.06 0.73 0.77 0.714 1.07 
2 C 15 65 .4 0.89 0.93 0.573 0.63 0.612 0.96 
1 T 11 46.3 0.95 0.97 0.61 0.89 0.63 0.518 1.1 

J DKI C 7.4 92.1 0.98 0.74 0.44 0.9 0.92 
DK2 C 5.95 80.3 0.94 0.84 0.43 0.86 0.9 
DK3 T 7.4 77.8 0.96 0.75 0.55 0.88 0.9 1.09 

K LBI C 6 33 0.86 0.92 0.79 1.18 1.01 
T 6 29 0.86 0.96 0.9 0.83 1.0 1.15 

L 6B C 11 13.8 0.73 0.8 1.1 0.8 0.75 1.92 
lC C 4 80 0.69 1.13 1.03 0.53 1.05 0.72 
6C C 11 94.6 0.58 0.96 0.86 0.44 0.89 0.61 

M TP4 C 34.25 50.5 1.09 1.09 0.59 0.87 0.72 0.75 
TP5 T 34.25 51 1.1 1.08 0.58 0.86 0.72 0.59 0.75 
TP6 C 34.25 38.1 1.16 1.15 0.6 1.16 0.87 0.99 

Ave. 0.94 0.99 0.86 0.75 0.81 0.77 1.24 
S.D. 0.17 0.14 0.25 0.33 0.23 0.26 0.71 

c.o.v. 0.18 0.14 0.29 0.44 0.28 0.33 0.57 
No. 22 22 34 34 34 16 22 

. Table 7.3 Shaft frictIOn of pIles In sand 
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1) Incomplete site investigation data: Extrapolation of limited borehole results to pile test 

locations is highly subjective due to the natural variability of cohesionless soils. 

2) Residual loads : The effect of residual loads (i.e. loads in the pile prior to load testing), on 

the evaluation of pile test results has only been fully recognised relatively recently. Also 

the effect of strain gauge drifts can make the interpretation of such data difficult. Thus, for 

some of the case histories, residual loads have necessarily been assumed to be zero. 

3) Limited data: Despite a comprehensive survey of the available literature, the majority of 

case histories are on piles in medium to dense, medium grained sands. The limited range 

of pile diameters probably reflects the difficulty of driving large diameter piles into such 

materials. Where large diameter piles are required at depth they are often driven open 

ended and subsequently plugged with concrete (see Gurtowski and Wu 1984 and , Mc 

Gammon and Golder 1970). A summary of the range of the variables examined in the 

database is presented in Table 7.4. 

Table 7.4 Summary of piles in the database 

No of piles Pile Length (m) Diameter (mm) Dr 0/0
1 

42 3-34 89-610 30-100 

4) Testing procedure : Factors such as test method, (maintained load or constant rate of 

penetration), loading sequence (e.g. carrying out initial tension tests and cyclic load testing) 

affect the load displacement behaviour of piles. However, in terms of the database presented 

the greatest problem was in the interpretation of pile failure load, and the fact that some of the 

piles were tested to very small displacements. 

I Where qc results were available, Dr was estimated using the Lunne and Christofersen (1983) approach, where N 
'values were reported the Skempton (1986) method was used 
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Ideally, evolution of base resistance should be related to displacement of the pile base. Pile head 

displacement at the maximum test load and, where available, pile base displacements are given 

in Table 7.2. 

The qc and N values given in Table 7.2 are average values over three diameters above and 

below the pile base. Two important corrections made to the SPT data were: 

• The correction factor proposed by Terzaghi and Peck (1967) for sand with a fines content 

above 5% was used. 

• Correction of N values to a rod energy ratio of 60%' were made. 

• No correction factor was used to adjust for the effect of overburden pressure on the measured 

N value. 

5) Further details on correction factors, soil profiles and pile details etc. are available In 

Appendices C and D. 

7.3 TRENDS FROM THE DATABASE 

7.3.1 Diameter dependence for qc based correlations 

Detailed information is contained in Table 7.2 for sites in the database where end bearing 

resistance could be determined with sufficient accuracy. The effect of increasing pile diameter 

on the ratio of pile end bearing resistance at a displacement of 10%2 of the pile diameter (qbO')' 

to qc is shown in Figure 7.1. 

I The recommendations of Skempton (1986) were used 
2 A pile head displacement equal to 10% of the pile diameter is often used as a measure of base resistance in terms 
of serviceability i.e. although the full pile load may !lot have been developed, further displacement may cause 
unacceptable damage to a structure being supported. 
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There is a clear trend for a reduction in mobilised end resistance with increasing diameter. The 

trend is evident for medium-dense and dense sand. 

, 

0.9 
, 

- - _. 
0.8 

0.7 

• 

u 0.6 -- - - - -
0"' , 

l _____ 1. ______ J ______ J __ _ 

• 

, 
• 

• 

, , 

+ - - -• 
• 

-J _ -J 

, Eqn 7 . 1 

-- 0.5 
o 

~-------~-------T ·------~-----~-~-~,~-~-----~~ ____ ~I 
.0 

0"' 0.4 --

0.3 

0.2 

0.1 

o 
o 

, o • 
, 

L 1 ____ .0 _ .L r. Med / Dense _ 

__ ~ 0 Loose I 

0.1 0 .2 

- ~ , 

0.3 0.4 

Diameter (m) 

• 

0.5 

'• 
• 

-, 

0.6 

Figure 7.1 Effect of pile diameter on the ratio qbO./ qc 

0.7 

A tentative proposal to separate the calculation of the end bearing resistance of piles founded in 

loose sand was examined. Statistical analyses were carried out on the database and the following 

correlation between qbOI and qc was obtained. 

qbO. 1 = qc (D / DCPTy o.25 for Medium-Dense and Dense sand (7.1) 

Equation 7.1 is similar that proposed by Chow (1997). However the reduction factor is not as 

severe, because piles founded in loose sands were excluded. The proposed equation is a best fit 

to 16 data points, with a coefficient of variation (COV)I of 0.17. 

1 Coefficient of variation = Standard deviation! Average 
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Only two sites in the database had Dr < 40%, and at both of these sites the maximum qb value at 

displacements greater than 10% of the pile diameter was approximately equal to 0.4 qc' This is 

despite the fact that at both sites the effect of residual loads appeared to have been considered 

and the pile diameter at one site (Site 0) was only 89mm. 

On the basis of the available but limited data for piles in loose sand the following equation is 

proposed: 

for Loose sand (7.2) 

A number of workers have intimated that the trend shown in Figure 7.1 arises because qbOI is not 

an ultimate end bearing capacity (qb)' as qb often requires much larger displacements to mobilise. 

Results of model pile tests conducted in a large calibration chamber by Foray et al (1993) show 

a trend for the end bearing capacity of a 60mm diameter model pile to approach the qc value at 

large displacements l
. Lehane (1992) found that qb measured during the installation of a 102mm 

diameter pile to a depth of 5.95m was approximately equal to qc' with variations being due to the 

fact that the qc value is affected more by localised density variations than qb' 

Pile tests are rarely continued to full base failure. Therefore to examine whether a similar trend 

for qb = qc exists for larger diameter piles, an estimate must be made of the ultimate value of qb ' 

A common empirical method of predicting the ultimate capacity is given by Chin (1970t 

Fellenius (1980) and Fleming (1992) among others have found a tendency for the Chin method 

to overpredict the ultimate load. Fleming (1992) describes a method of predicting the settlement 

behaviour of single piles which is more accurate than Chins method for the following reasons, 

firstly Flemings method considers separately the development of shaft and base capacities, and 

consideration is given to the elastic shortening ofthe pile under load. 

I Such trends were confmned in the TCD experiments presented in Chapter 5 

2 The method which assumes a hyperbolic load displacement curve was tested against two case histories where 
piles were load tested to very large displacements. These included a 200mrn diameter field pile reported by the 
BCP committee (1971) and a model 60mrn pile reported by Foray et al (1993). Chin ' s method was applied using 
the load - displacement (t.h) curve measured up to a normalised displacement t.hlD of 6% as input. The method 

predicted base resistances which were 84 and 101 % of that measured in the field and laboratory piles respectively. 
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Where available, base load versus displacement graphs were used to predict ultimate loads. For 

all other cases the shaft friction was considered fully developed at a pile head displacement of 

10% and any additional capacity was assumed to be given by an increase in base capacity. 
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Figure 7.2 shows a tendency for qb / qc to tend towards unity for piles founded in medium-dense 

sands at very large pile displacements. Notable exceptions to this trend however, were: 

• The piles founded in loose sand where qb is typically about 0.4 qc. This trend is in keeping 

with that reported by Bergdahl and Wennerstrand (1976) for a large number of small scale 

piles in loose sand. 

• The 356mm diameter pile reported by Beringen et al. (1979) founded in heavily over

consolidated sand in Hoogzand where a very high qc value at 6.7m was recorded (28 MPa). 
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• One pile at Hsin Ta reported by Yen et al. (1989) of diameter 610mm. The pile was founded 

close to a clay layer and underwent a plunging failure at very low displacement. 

These results suggest that further research into the mechanics of large scale pile penetration are 

required (particularly in loose sand). Variations in the ratio qb / qc can only be partly explained 

by soil variability in the larger failure zone associated with pile failure. 

7.3.2 Extension of qc approach to N approach 

A review of evidence available in the literature indicates that the relationship between qc and N 

is not a simple one. Robertson et al. (1983) showed how the ratio q/N increased significantly as 

the mean particle size of the deposit (Dso) increased. Chin et al (1988) observed that, for a given 

Dso, qc/N reduced with increasing fines content while Tokimatsu et al. (1995) imply a vertical 

effective stress (cr' J level dependence of q/ N. 

A review of qJN relationships carried out by the author is presented in Appendix C, the main 

findings of which may be summarised as follows : 

• The performance of several existing correlations between qc and N is extremely poor. 

• The data scatter evident in published qJN test data is reduced somewhat when allowance is 

made for energy ratio effects (Skempton 1986) and the correction proposed by Terzaghi and 

Peck (1967) to reduce the N value in fine / silty sands is used. 

• qJN increases with increasing N and Dso, and decreases with increasing cr'v. 



189 

7.3.3 Relationship between unit end bearing capacity and N 

Based on the foregoing and the trends exhibited by qjN correlations (Appendix C), a 

relationship of the following form was explored for the measurements in the database: 

qbOI = f [ N, Dso , D, crv' ] (7.3) 

The value ofN referred to in the remainder refers to N60 \ where N is corrected for fines content 

(F), where F >5%2, using the relationship proposed by Terzaghi and Peck (1967). 

A clear trend for qbO. 1 / N to reduce with increasing pile diameter is shown in Figure 7.3. The 

reduction is more marked than that shown for qbO. 1 / qc in Figure 7.1. A tendency for qbOI / N to 

increase with increasing mean particle size Dso was noted (but only up to Dso = 2mm). 
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Introducing the Dso term results in better predictions for unit end bearing using N values, and by 

combining with the term for pile diameter provides a useful means of non-dimensionalising the 

equation. It would be unwise to extrapolate such a trend to piles in gravel as the size of 

individual particles can unduly affect the N value achieved in such soils. 
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The effect of vertical effective stress on the end resistance is shown in Figure 7.4. Regression 

analyses of the sixteen data points indicated the following best-fit relationship (with a COY of 

0.12), 

1 The figure seems to indicate a stronger cry' than that shown in the exponent, however the COY of the equation 
was insensitive to exponents in the range 0.1-0.33, a lower value was adopted as the only data available at high 
stress levels (the two piles at Hsin Ta were founded close to a clay layer and this may have affected their end 
resistance ). 
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7.4 Trends from the database regarding shaft capacity 

7.4.1 Background 

Jardine and Chow (1996) used the results from two pile test sites to show that the equalised 

radial effective stress (cr'rJ acting on the IC pile was a function of qc' hand cr/ (See equation 

2.3). Observations from the study on factors controlling the ratio of q/N suggest that the radial 

stress acting on a pile shaft will also be dependent on the D50 value of the soil. 

7.4.2 The effect of Dso on predicted shaft resistance using CPT methods 

This section uses selected information from the pile test database to assess whether 

improvements can be made to the existing IC methods for estimating the shaft capacity 

developed by a closed-ended piles in sand by accounting for the effect of mean grain size. 

The effect of mean grain size on mobilised shaft resistance was investigated by combining data 

from the IC test sites in Dunkirk (D50 = 0.25mm) and Labenne (D50 = 0.32mm), with data from 

two additional sites reported in the literature by Briaud et al (1989) and Altae et al (1992). These 

latter two sites were chosen to add to the high quality IC data for two reasons: 

(i) Residual stress effects were considered at both sites 

(ii) They allowed D50 values in the range 0.1 to 2mm to be investigated. 

Since equalised radial effective stresses (cr' rc ) values were not directly measured at the 

additional sites, some estimate of the value must be made. A significant feature of the IC pile 

tests was a tendency for the radial stresses to increase during pile loading due to interface 

dilation. Lehane and Jardine (1994) propose an empirical correlation (See Equation 6.1), to 

account for this effect and suggest this effect should contribute typically less than 5% to the 

shaft capacity of piles with D ~ 300mm. 
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The radial stress at failure cr'rf at the hvo IC sites was determined from 't f using the relationship 

('t f = cr'rf /tan8) . The radial effective stresses at the latter hvo sites were adjusted using equation 

6.1 with a = 0.4 to give a value of cr'rc. 

The tendency for the ratio of cr'rc / qc to increase with depth and decrease with h/R, as identified 

by Lehane (1992); (see chapter 2), is incorporated in figure 7.5 which shows the effect of Dso. 

by plotting the constant of proportionality in Jardine & Chow's expression (equation 2.3) 

against the mean particle size of soils (i.e cr'rc = C qc (h/R) .... ). 

Additional data from the Pentre l site (Chow 1997) containing predominantly silt particles and 

sites from the database in Table 7.3 where radial stresses could be approximately estimated2
, are 

included to examine the trend over a wider particle range. 
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The tendency for reduction in the ratio with increasing grain SIze IS clear, albeit with 

considerable data scatter. Incorporating a term for particle size resulted in the following best to 

the four sites listed above, (COY = 0.21). 

where Dmax is the maximum size of a sand particle ( i.e. 2mm when D50 is given in mm). 

Equation 7.5 maintains the general form of the equation produced by Lehane (1992) and Chow 

(1997) : 

Details of the range of values of each variable studied in the various correlations together with 

recommended exponents are included in Table 7.5 . 

Table 7.5 Range of Variables in Previous Studies 

Reference a'v max b hlR c Dr% 

Lehane (1992) 81 0.2 8-50 -0.33 50 

Chow (1997) 102 0.13 8-74 -0.38 50&85 

This Thesis 175 0.2 6-91 -0.33 39-85 
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7.4.3 Traditional methods of predicting shaft capacity using N values 

Traditional methods of predicting the shaft capacity of a pile using the SPT N value determine 

the average shear stress acting over the pile shaft through equations of the form Lav (kPa) = B x 

N, where B is a constant and depends on the soil and pile type. Typical recommended values of 

Bare 2 for driven piles (Meyerhof 1976) and 1.9 for all piles in granular soil (Robert 1997). 

Relationships of this form are investigated in Figures 7.6a to 7.6c. The data taken from Table 7.3 

include only sites were the shaft capacity could be determined with reasonable accuracy. 

Figure 7.6a shows a plot of average ultimate shear stress (LaJ versus the average N value over 

the pile shaft embedment (NaJ for closed ended piles. The majority of data falls into a band 

whereby Lav (kPa) is between two and five times the average N value. The data shown in figure 

7.6b as a plot of Lav I N ave versus pile length (L) and indicates a depth dependence of La v I N ave' 
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However, the sites containing interior labels will be disregarded from future consideration for 

the following reasons: 

• Site F & J Tests at Ogeechee river site (Vesic 1970) and Drammen (Gregersen et al. 

1973) reported N values (typically equal to 1) which were incompatible with measured 

qc values. 

• Site K Tests at Hoogzand were performed in highly over-consolidated sand. 

Figure7.6a is recast as figure 7.6b omitting the above sites. It is clear that using a B value of 2 

provides a good lower bound to the value of 'tav at the sites considered. However, it can be 

extremely conservative, under-predicting shaft capacity at some sites by a factor of 2-3. 

7.4.4 Predicting shaft capacity using N values 

Based on the foregoing and the trends identified by Lehane (1992), the sites with reliable 

measurements of local shaft friction at failure ('t f) used to determine equation 7.5, (with the 

exclusion of Dunkirk where no N values were available) were used to examine relationships of 

the following form: 

cr'rc = f [N, Dso ,hIR, crv' ] (7.7) 

cr' rc, in the following, is assumed to vary with cr/ 2 in the same way as equation 7.5 . The effect 

of hIR on the ratio 't f / N is shown in Figure7.7, Data from two piles at a site in Iraq, with 

penetrations of 11 and 15m (Altae et al 1984), are included in the figure. A clear trend for 

reduction in the ratio of 't f / N with increasing hIR is shown. 
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Radial effective stress measurements made after installation of a 102mm diameter pile at 

Labenne are combined with results from Iraq and San Francisco to plot cr'rc I (N60 ' (cr/I Patnl 2
) 

in Figure 7.8. A tendency for the ratio to be significantly higher in sand with a low D so is 

evident. 
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A best fit to the 46 available data points in sand produced the following equation with a COY of 

0.19. 

0-' (kPa) = 17N 0.8 (0- / P ) 0.2 (hIR)-0.33 (D / D )-0.25 (7.8) 
rc 60 v' atm 50 max 

A smaller reduction factor on D50 compared to the CPT case was obtained. This may be as the N 

value is already affected to some extent by the grain size of the deposit. 
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7.5 BEHAVIOUR OF NON-DISPLACEMENT PILES 

7.5.1 Introduction 

It is of interest to examine whether the trends observed for driven pile behaviour, i.e. the effect 

of pile diameter on the rate of qb mobilisation, and the dependence of the radial effective stress 

on distance from the pile tip are evident in bored pile behaviour. Attempting to predict the 

capacity of non-displacement piles results in additional uncertainties over and above that of 

driven piles. By virtue of the fact that the piles are formed on site, the construction method and 

the workmanship may affect the capacity the pile. 

7.5.2 Database of Non-Displacement piles 

The area of non-displacement piles has not attracted as much research interest as that of driven 

piles (possibly because displacement pile research has been initiated by the offshore industry). 

The following database consists only of conventional bored piles with straight sided shafts, 

formed using the dry or slurry displacement methods. The majority of the piles were 

instrumented or were formed by means which allowed separation of end bearing and shaft 

resistance. The database was used to examine whether the trends observed for driven piles held 

for larger diameter bored piles. 
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Table 7.6 Database of Non-displacement piles 

Author Pile Length Dia qc Nat Nav 'fav qbO.l qbO.O Notes 
(m) (m) (MPa) the (kPa) (MPa) 5 

pile (MPa 
base 

Tooma and US5 9.8 0.76 66 56 236 6.6 3.78 Piles 
Reese (1974) 9 7.6 0.61 88 - 306 5.5 3.78 fonned in 

HH 18.2 0.915 25 18 86 2.27 3.14 Fine to 
G1 13.2 0.76 50 78 150 4.58 1.77 Medium 
BB Sand under 

Clay and 
Silt. 

BCP IB 4 0.2 4.5 13 4.5 1.26 0.7 Unable to 
(197 1 ) 4B 4.5 0.2 9.6 20 9.6 2.2 1.373 determine 

5C 11 0.2 27.37 51 27.37 5.4 4.82 shaft 
capacity 
due to 
scale of 
figures 

Ismael and 1 6.7 1.1 - 10 14 47 - 1.1 Test 
Klym stopped at 
(1979) disp of 

4.4%. 
Franke 1 13 1.1 13 .5 34 4.19 2.62 Skin 
and 3 14 1.5 13.5 34 4.23 3.08 friction 
Garbrecht 5 6 1.1 17 42 4.42 2.62 eliminated 
(1977) 7 6 1.5 16 40 3.74 2.5 

7.5.3 Predicting the base capacity of Non-displacement piles 

Conventional empirical methods linking the end bearing resistance of bored piles in sand take 

the general form of the equation proposed by Meyerhof (1976) for piles penetrating below the 

critical depth. 

qb = 0.12N (MPa) (7.9) 

Meyerhof (1983) proposed the following reduction factor depending on pile diameter and soil 

density: 

Rb = ((D + 0.5) / 2B)" ~ 1 for D ~ 0.5m (7.10) 
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The exponent varies with sand density from 1 for loose sand to 3 for dense sand. No reduction 

was proposed for piles with diameter less than 0.5m. Reese and O'Neill (1988) recommend the 

following equation for predicting the unit resistance at a pile displacement of 5% of the 

diameter. 

qb = 0.60 N (MPa) 

fd = 0.0625 

0.05D 

(7.11) 

(7.12) 

An upper limit of 4.5 MPa is recommended for blow counts over 75 . A reduction factor (fd) in 

included for piles with diameters above 1.25m. 

Because bored piles often have a diameter greater than 0.5m, use of a serviceability criteria of 

10% of the pile displacement (See Page 181-Footnote 2), may require excessive displacements, 

and the serviceability base resistance is often defined at a lower displacement such as 5% 

(Lancellota and lamiolkowski 1988). For consistency between results from driven piles, the data 

will be plotted at pile base displacement of 5% and 10%. 



140 

120 --

100 

Z 
-... 80 -
........ 
cu 

CL 
~ 60 -

.Q 

0-

40 

20 

0 
0 

- r - - -
I 

- r- - -

~ 

o 

L __ _ 

I 
Q 

!... - -

0.2 

- - ~ - ----+--- -.- .; - - - -
I 

• I • 
-i -

I 

• 
o 

• 
- - - --i 

I 

I -

I 
_ .L ___ J. ______ ..l __ _ _ _ _ -l _. ____ I __ _ 

I I 

l 
I 

0.4 

I 

o 
- - - - -

I 

0.6 

J 
I 

0.8 

o 

o 

I 

- - ~ - - ~ 
I 

--!-

r . qbO.1/N 

L 0 qbO.05/N 

1.2 
Diameter (m) 

Figure 7.9 Effect of diameter on qb / N 

1.4 

202 

• 

o 

1.6 

Due to the scarcity of available data, SPT values inferred from qc values are used at the site 

reported by Franke and Gabrecht (1977) , using the simple relationship qc (lcPa) = 400N for a 

medium sand. While these points are useful in confirming general trends, errors associated with 

the data points should be borne in mind. 

The data in figure 7.9 shows that at a pile displacement of 5% the ratio of qb (lcPa)/ N is 

approximately = 60, which is in agreement with the trend proposed by Reese and O'Neill. When 

the displacement is increased to 10% the ratio increases to approximately 100. It is interesting to 

note that the ratio is independent of pile diameter at both displacements. 

The ratio of qb/qc at displacement ratios of 5 and 10% for the limited number of points in the 

database are shown in figure7 .1 O. This data appears to be independent of any scale effect for pile 

diameters up to 1.5m. 
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Most design methods incorporate a reduction factor to account for scale effect in the sense 

intended by De Beer (1963), this being the effect on mobilised end bearing resistance of 

penetrating from a relatively soft layer into an underlying stronger layer. The database was 

examined by considering the depth of penetration (1) of a pile into the strong layer, normalised 

by the pile diameter (D), shown in figure 7.11. The data ranging from lID of 1 to 8 shows no 

trend for increase with increasing lID and although no data were available for values greater than 

8, information from other studies indicates that no significant increase is likely. Thus, no 

correction appears to be necessary if a sufficient averaging technique is used to estimate the in

situ test parameter in the vicinity of the pile base. 
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7.5.4 Prediction of the shaft capacity of Non-Displacement piles 
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Typically the unit skin friction ('raJ of a bored pile is considered to be equal to the average N 

value over the length of the pile shaft (Meyerhof 1976). Recent studies by Robert (1997) 

suggested using the same value for driven and bored piles in sand (Equation 7.13). 

'tav (lcPa) = 1.9N (7.13) 
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For the sites available, load distribution in cohesive soil, which accounted for up to 2/3 of the 

pile length in one case were disregarded. Unfortunately due to the dearth of available data 'tav 1 

N data were only available for four sites; see Figure7.12, which appears to support the 

hypothesis that Meyerhofs recommendation is very conservative. 
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Figure7.12 'tav versus Nav 

Considering the variation of'trz with hIR, data from four sites were again available. Significant 

variations in 'trz 1 N occur with no apparent dependence of the proximity of the pile tip to the 

point of interest; see Figure 7.l3 . Figure7.l4 reveals no dependence of vertical effective stress 

on the ratio 'trz IN. 

7.5.5 Conclusion 

It would appear from the limited database examined that the factors controlling both the 

development of end bearing and skin friction of driven and bored piles differ. The current 

empirical design methods of Meyerhoff (1976) and Robert (1997) for bored piles appear to be 

highly conservative, but insufficient data were available to recommend improvements due to the 

shortage of published instrumented load tests. 
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7.6 PERFORMANCE OF PROPOSED CORRELATIONS FOR CLOSED ENDED 

DRIVEN PILES IN SAND 

7.6.1 Outline 

The accuracy of the proposed correlations is first considered by using the database of pile tests 

to compare the accuracy of the equations with current popular design methods. In the case of end 

bearing predictions good agreement is to be expected as the whole available database was used 

in the development of the correlation, this is not the case for shaft friction. The database in Table 

7.1 is augmented by several sites where no separation between end bearing and skin friction 

could be made. Predictions for the total load at a pile head displacement of 10% are made for 

these piles using the proposed equations to check their validity. 

7.6.2 End Bearing Resistance 

The methods developed in this Thesis for calculating pile end bearing resistance at a pile head 

displacement of 10% (qbOl) are summarised in Table7.7. 

Table 7.7 Methods for predicting end bearing resistance 

Predictions methods for the end bearing resistance of driven closed-ended piles 

1) Using Oc values 

a) When Dr > 30% - (D I D yO.25 q!!Ol - q£ CPT 

b) When Dr < 30% q!!O.l = 0.4 q£ 

2) Using N values qbO.l (MPa) = 2~8S (Dpile l Dso ) -0.2 ( cr) Palm yOl 

Comparison of the proposed equations with existing methods is difficult as most current 

methods predict the ultimate end bearing resistance to which a suitable factor of safety is 
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appllied. Chow (1997) compiled a database (similar to this one) of 28 measured qbO.l values to 

show that qbOl nonnalised by an average qc value reduced as the pile diameter increased in 

accordance with : 

qbO.ll qc = 1- 0.510g (D 1 DePT) (7.14) 

Approximations used in the derivation of Equation 7.14 were that where necessary qc could be 

estimated from SPT N values (using the indirect method, see Appendix C) and that Franki piles 

could be included in the database to obtain infonnation on larger diameter piles. Jardine and 

Chow (1996) compared the perfonnance of equation 7.14 with three methods including (i) API 

RP2A , (ii) a method whereby qb = qc and (iii) the LPC cone method. They found that equation 

7.14 resulted in a decrease of S.D. and COY of between 5 -10 times that achieved by the other 

methods. 

De Nicola (1997) suggests a method whereby qb at a given nonnalised pile displacement (~h/D) 

is a function of the in-situ vertical effective stress and can be calculated through equation 7.15 : 

g!!- = (0. 71.. (~h1Qll (7.15) 
qc (~h /D) + 0.015 

where I.. is related to the effective vertical stress by 

I.. = (1.75 - (cr'v 1200» for cr' v < 200 kPa 

or 0.75 for cr'v~200kPa 

Since the major variables controlling the qb value mobilised at a pile head displacement of 10% 

identified in the three approaches appear to be pile diameter and vertical effective stress, the 

perfonnance of the methods with respect to the relevant parameters will be considered. In all, 

five methods are presented, the new qc and N approaches outlined in section 7.3 .1 & 7.3.3 , the qc 

approaches proposed by Chow (1997) and De Nicola (1997), together with a further set of 

results included to examine the effect of using N values in an empirical approach developed 

using predominantly qc data, (Chow N method). The qc values in this investigation were 

detennined in accordance with the recommendations of Chow (1997). 
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Pile Diameter 

The effect of pile diameter on the performance of the methods is considered in figure 7.15. The 

'lc method proposed by De Nicola can be seen to perform relatively poorly at all pile diameters, 

predicting only half the measured capacity of some piles, whilst overestimating others by a 

factor above two. The results are considered as the ratio of the predicted (pred) to measured 

resistance (meas). 
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Figure 7.15 Effect of pile diameter on prediction methods 

The method was developed based on the result of centrifuge tests, the range of pile diameters 

used in the formulation is unknown to the author. All other methods worked well over the range 

of pile diameters considered, with the exception of Chows method when SPT values were used 

as input. The excellent performance of this method when measured qc values were used as input 

indicates that this trend arises because of errors in converting N to qc. 
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Vertical Effective Stress 

The effect of vertical effective stress is considered in Figure 7.16. The method proposed by De 

Nicola appears to overestimate the end bearing capacity when cr'v is less than ~ 150 kPa. 
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Figure 7.16 Effect of vertical effective stress on prediction methods 

The fact that the qc methods work well over a range of cr'v supports the hypothesis that any 

effect of reduction in the unit end bearing capacity of a pile with depth is reflected in the qc 

profile obtained from the CPT probe. 
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Statistical Analyses 

The perfonnance of the methods is compared in Table 7.8. The new qc method is very similar to 

that proposed by Chow (1997), indicating a less pronounced dependence on D as it excludes 

piles founded in loose sand. Comparison of the two approaches reveal a slight improvement 

from the new method because of the tendency for equation 7.14 to over-predict the capacity in 

loose sand, (Dr <30%); only two such piles are included in the database. The excellent 

perfonnance of the TCD N method shows that when corrections for the effect of Dso and cr/ are 

made, very good results can be obtained. The relatively poor perfonnance of the De Nicola 

method reveal the importance of considering the effect of pile diameter on the unit end bearing 

resistance mobilised at a given pile displacement. 

Method Ave S.D. No of tests COY 

TCD qc method 1.03 0.19 18 0.19 

TCD N method 0.98 0.16 17 0.16 

I.e. using only qc 0.98 0.22 18 0.22 

using N values 0.93 0.36 17 0.39 

De Nicola 1.17 0.44 18 0.38 

Table 7.8 Performance of End beanng correlatIOns 
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7.6.3 Shaft Friction 

The new methods for predicting shaft capacity were compared to the following existing design 

methods. 

(i) A vearage shear stress method (Toolan et al 1990). 

(ii) LPC cone method (Bustamante and Gianesselli 1982) 

(iii) American Petroleum Institute (API) 1993 method 

(iv) Imperial College (I.e.) 1994 method (Lehane & Jardine 1994) 

(v) Imperial College 1996 method (Chow & Jardine 1996) 

A blief review of each method is included in Chapter 2. The performance of each method was 

assessed by comparing the predicted average ultimate shear stress to the actual ultimate shear 

stress measured in each test. Since two of the major variables which affect the shear stress 

developed on a pile in sand appear to be the penetration length (L) and the relative density (Dr) 

of the sand , plots of the ratios of predicted to measured average shear stresses were made to 

allow any significant trends to be identified. 

(i) Average shear stress method 

This method involves the estimation of the skin friction based upon an assessment of the relative 

density of the soil. The results of the analyses show the method to work reasonably well 

regardless of relative density albeit with a slight tendency for under-prediction as the pile 

penetration increases; see figure 7.17. 
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(ii) LPC Cone method 
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35 

This method is characterised by the greatest scatter in the ratios of predicted to measured 

capacity. The method has an overall average 1.24 with a standard deviation of 0.77. The method 

displays a tendency for over prediction as penetration increases. Such a trend may well have 

emerged because of the methods omission to cater for the dependence of skin friction on the 

relative depth of the piles toe (as discussed by Lehane 1992). 

(iii) API RP2A (1993) method 

Previous assessments of the method have shown a trend for the API method to underestimate the 

capacity of short piles and to overestimate the capacity of long piles (Lings 1985). A similar 

trend was observed in this review with the capacity of piles with a penetration less than 50 pile 
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diameters being underestimated and the capacities of piles with greater penetrations being 

overestimated. 
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In addition when considering the effect of relative density, as illustrated on figure7 .18, it appears 

that there is a trend towards the under-prediction of the capacity as the relative density of the 

sand increases. These trends suggest that the method is unsafe for very long piles and 

uneconomical at sites with high relative densities. It should be noted that the method is in fact a 

design method for offshore structures and as such many of the foundations to be designed for 

these structures would fall into these two categories. The analyses reveal the method to have an 

average predicted to measured pile capacity of 0.75 with a standard deviation of 0.33 . 

(iv) & (v) Ie methods (1994 & 1996) 

The methods may be considered together as they are essentially the same basic equation with the 

main variation being the calculation of increases in radial effective stresses during loading. The 

methods are a significant improvement on previous design methods and provide good 

predictions over a range of relative densities and pile lengths; see figure 7.19. 
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New qc and N methods 
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100 

Predictions made using the new methods provide significant improvements over all other design 

methods when tested against the database. The N method gave an average ratio of predicted to 

measured capacity of 0.94 with a standard deviation of 0.17, whilst the qc method resulted in an 

average of 0.99 and a standard deviation of just 0.14. The better performance of the qc method is 

unsurprising given the quality of the CPT test when compared to the SPT. 
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Figures 7.20 and 7.21 show the method seems to work well regardless of relative density of pile 

length. The method will predict similar capacities to the I.e. 96 method in medium grained 

sands but will predict higher capacities in fine grained sand. 
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Figure 7.22 compares the results obtained from the qc Nand I.C. methods when used to predict 

the local shear stress at failure on a pile reported by Altae et al (1984) in a fine sand (D50 = 

0.15mm). 

Summary of statistical analyses 

Comprehensive results of the analyses are contained in Table 7.4, including the authors 

interpreted shear stresses at each site. A summary of the statistical analyses are shown in Table 

7.9. It should be noted that the method proposed by Toolan et al (1990) was developed from a 

database of tension pile tests and therefore was used to predict tensile capacities only. 

Table 7.9 Summary of analyses on shaft prediction methods 

Method Mean S.D. COY No. of 
Tests 

TCDN 0.94 0.17 0.18 22 

TCDQc 0.99 0.14 0.14 22 

I.C.96 0.86 0.25 0.29 34 

API (1993) 0.75 0.33 0.34 34 

I.C.94 0.81 0.23 0.28 34 

Toolan et al. 0.77 0.26 0.33 16 

LPC Cone 1.24 0.71 0.57 22 
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7.7 TOTAL CAPACITY OF PILES USING THE NEW METHODS 

In this section the new methods will be applied to a wider database of pile tests (See table 6.4) to 

predict the combined base and shaft capacity of piles at a pile head displacement of 10% in order 

to check the effectiveness of the methods outside the database on which they were formulated. 

Complete results are included in Tables 7.10 (for qc) and 7.11 (for N) together with pertinent 

data from each of the sites. A summary of the results is included in Table 7.12. 

Table 7.12 Performance of proposed methods over entire database 

Method Average S.D. COY No. of tests 

TCD qc method 1.0 0.13 0.13 34 

TCD N method 1.0 0.15 0.15 30 

The results are very encouraging and illustrate the feasibility of developing reliable seml

empirical methods in the manner described. 



Author Pile qc Ov Dso ~ Q. Qb Q Pred Q_. Ratio 

~ 
No. (MPa) (kPa) (mm) (deg) (kN) (kN) (kN) (kN) 

Velie H15 13.48 95 0.1-0.5 25-31 1952 1278 3230 3734 0.87 
Hl2 10.61 50 0.1-0.5 25-31 628 1151 1779 2045 0.87 
H13 12.28 64 0.1-0.5 25-31 1039 1435 2474 2587 0.96 
H14 11.32 78 0.1-0.S 25-31 1343 1310 2653 3067 0.87 
ill 10.2 95 0.1-0.5 32 1489 1389 2878 2679 1.07 
HI6 1348 95 0.1-0.5 25-31 1562 1562 1538 1.02 

Briaud Single 6.01 69 0.3 23 148 282 430 505 0.85 

Gregerson A 3.53 59 0.2-0.6 34 171 108 279 278 1.0 
ACT) 3.53 59 0.2-0.6 34 140 140 96 1.46 
AID 3.68 100 0.2-0.6 34 323 144 468 489 0.96 

AfDT 3.68 100 0.2-0:6 34 267 267 262 1.02 
El 4.78 30 0.2-0.6 34 77 1{)2 239 220 1.08 
E2 2.74 53 0.2-0.6 34 134 94 228 202 1.13 

I E3 3.83 66 0.2-0.6 34 153 129 282 326 0.87 
E4 4.23 80 0.2-0.6 34 23.8 148 3.86 460 0.83 
E5 7.25 94 0.2-0.6 34 322 245 567 639 0.89 
E6 8.76 110 0.2-0,6 34 446 297 742 839 0.88 

E6 (T) 8.73 110 0.2-0.6 34 357 357 309 1.16 

Beringen CIE 19.5 54 0.1-0.16 32 1359 1628 2987 2600 1.16 
CIE(T) 19.5 54 0.1-0.16 32 1189 1113 1.07 

A1tae PI 5.09 99 0.15 34 705 306 1010 946 1.07 
P2 5.90 126 0.15 34 1049 357 1406 1600 0.88 

Pl(T) 5.09 99 0.15 34 552 - 552 577 0.96 

Yen TP4 7.59 181 0.13 30 3355 1259 4614 4330 1.07 
TP6 7.59 181 0.13 30 3355 1574 4929 4460 1.10 

TP5(T) 7.59 181 0.13 30 2684 2684 2500 1.07 

Chow DKI 14.58 68 0.25 28 213 '88 301 309 0.97 
DK2 14.6 57 0.25 28 144 92 236 231 1.02 
DKJ 14.58 68 0.25 28 178 -1.78 186 0.96 

RCP 6B 4.37 26 0.15 27 24.3 157 181 152 Ll9 
IC 11.45 71 0.15 27 627 501 1128 1130 1.0 
6C 11.45 71 0.15 27 627 501 1128 1125 1.0 

Labenne LBI 4025 57 0.32 28 53 31 84 97 0.86 
LB2 4025 57 0.32 28 50 50 51 0.98 

Finland L=18 4.86 108 0.15-0.1 34 454 343 800 857 0.93 
L=16 4.29 98 0.15-0.1 34 470 158 628 534 1.18 
V~14 5.06 88 0.15-0.1 34 486 572 543 541 1.00 

Ave 1.00 
SD 0.13 

COY 0.13 

Table 7.10 Use of qc to predict pile capacity 
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AuthOr Pile N cr'v D50 8 Q. Qb QT Qtotal ~JD Ratio 
No. (kPa) (mm) (kN) Pred Pred Meas (%) 

(kN) (kN) (kN) 

Manur 2 18 99 0.1-0.3 31 1952 1802 3744 3357 6.7% 1.00 
and 2(T) 99 1554 - 1554 1660 0.94 
Kaufman 4 99 1776 1247 3023 3115 4.7% 0.97 

4(T) 99 1421 1421 1792 0.79 
5 68 878 659 1537 1289 10% 1.19 

5(T) 68 702 702 712 0.99 
6 99 1813 1509 3322 3115 4.2% 1.07 

6(T) 99 1450 1450 1640 0.88 
Gurtowski 1 28 164 0.15- 34 4358 1830 6189 4760 Failed 1.3 
andWu 2 26 146 0.3 3506 1453 4959 4003 Failed l.24 

Briuad 1 9 69 0.32 25 161 262 423 505 10% 0.84 

Mansur & 1 17 77 0.18- 28 724 740 1464 1529 10% 0.96 
Hunter l(T) 17 77 0.65 579 579 827 10% 0.7 

2 17 77 956 1140 2096 2151 10% 0.97 
2(T) 17 77 765 765 996 10% 0.77 

3 17 77 1183 1593 2776 2418 10% 1.15 
3(T) 17 77 946 946 854 10% 1.11 

4 15 59 34 803 910 1713 1511 10% 1.13 
4(T) 15 59 34 642 631 631 10% 1.02 

Altae 1 13 99 0.15 34 678 262 970 946 10% 1.03 
1(T) 13 99 557 557 577 10% 0.97 

2 14 126 982 394 1377 1600 10% 0.86 

BCP lC 6 33 0.2 30 25 126 151 152 10% 0.99 
6B 18 71 0.2 30 386 564 950 1130 10% 0.84 
6C 18 71 0.2 30 386 564 950 1125 10% 0.84 

Yen et a!. TP4 17 186 0.13 30 3616 1255 4871 4330 10% 1.13 
TP6 17 186 0.13 30 3616 1255 4871 4460 10% 1.09 
TP5 17 186 0.13 30 2893 2893 2500 1.16 

Thorburn 1 14 75 0.13 27 378 419 798 910 10% 0.88 
2 15 41 0.18- 27 336 497 833 735 8.5% 1.13 

0.3 

Ave l.0 
S.D. 0.15 
COY 0.15 

C & T denote compression and tension tests respectively 

Table 7.11 Prediction of total capacity for sites reporting N value 
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8.1 BACKGROUND 
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A number of trends have been identified regarding the behaviour of open-ended piles in sand, 

based upon the interpretation of instrumented model pile tests considered in Chapter 6. This 

chapter initially considers the main findings of relevance to the determination of open-ended 

pile capacity determined from the experimental programme, and formulates these into a 

simple design method for open-ended piles in sand. A database consisting of information on 

large diameter open-ended pile case histories is subsequently presented. The database is 

initially utilised to examine the general behaviour of open-ended piles in the context of the 

insights provided from the TCD model tests, and is then used to assess the relative 

performance of a number of design methods for open-ended piles in sand. 

8.2 FINDINGS FROM TCD RESEARCH ON OPEN-ENDED PILES 

8.2.1 The key findings with regard to open-ended pile behaviour may be summarised as 

follows: 

(i) The external shaft capacity mobilised during static loading, is dependent on the end

bearing resistance developed during installation. 

(ii) The important variables affecting the plug capacity are (a) the initial consistency of the 

ground in the vicinity of the soil plug (reflected by the qc value), (b) the IFR ratio 

during installation and (c) the constant volume interface friction angle between the soil 

and pile. 
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(iii) When a pile is subjected to a static load test after installation in an almost fully coring 

manner I , the maximum internal shear stresses in the plug, are mobilised at similar 

displacements to those required for full mobilisation of external shear stresses. 

(iv) The load capacity and stiffness response of the annular component of the base capacity 

is similar to that observed from a closed-ended pile of equal diameter. 

8.2.2 Implications for design 

Some consequences of these points for the design of open-ended piles are: 

• Piles driven with high IFR values will develop very much lower shaft and end-bearing 

capacities than closed-ended piles. 

• Piles driven with high IFR values may develop their full plug capacities at very small 

displacements (i .e. less than DIl 0). This has important design implications as the factor of 

safety against failure may be low at typical working displacements. 

• Due to the concentration of shear stresses over the bottom three diameters of the pile, the 

capacity of the plug is independent of the plug height above this level. 

• The possibility of enhanced base and shaft capacity as a consequence of partial plugging 

during installation is best assessed through consideration of the IFR value recorded during 

the piles installation. 

I IFR:2: 0.8 
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8.3 FORMULATION OF NEW DESIGN CORRELATIONS FOR OPEN-ENDED 

PILES IN SAND 

The design method draws on the findings of the instrumented model pile tests performed at 

TeD as well as a review of the factors affecting the shaft and base resistance developed on 

closed-ended piles presented in chapter 7. 

8.3.1 Design procedure 

The design process is divided into a number of stages: 

1. A representative qe profile for the site should be established; qe should typically be 

determined at 1m intervals. l 

2. A suitable Dev value should be determined, preferably from interface shear tests between the 

soil and a material of similar roughness to the pile. In the absence of such tests, the 

graphical relationship of Jardine et al (1993), shown in Figure 2.9, can be used. 

3. The IFR value during installation of any test piles driven at the site can be measured if 

enhanced capacity due to plugging is to be incorporated in the design. IFR values should, 

at a minimum, be recorded at a frequency of one pile diameter over the final five diameters 

of penetration of the pile. 

4. A profile of end bearing resistance (qbopen) should be determined for the site. This procedure 

described in Section 6.4 is summarised briefly below: 

• The plug resistance may be described as the sum of two components, (i) a component due 

to the initial radial effective stress and (ii) a component caused by increased radial stresses 

due to installation and loading. Equations 6.5 and 6.9 were derived based on the 

assumption that the radial stresses are concentrated in the lower three internal diameters of 

the pile. Adding these equations results in the following expression: 

I In the case of long pile (>40m), or piles with D>2m, intervals of 2m may be appropriate, in the case of short 
piles «10m), use a minimum of 1 0 intervals. 
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QbPlug = (150-/ + 1.43qe (l/IFR)) R/ tan Dev (8.1) 

• It was shown in chapter 7 that the radial effective stress developed by a driven pile reduced 

with increasing mean particle size D so ' Equation 8.1 was developed from tests performed 

on a sand with Dso ~ O.2mm. It is therefore recommended that when equation 8.1 is used to 

predict the internal shaft capacity of a pile in sand with Dso > O.2mm a reduction factor (Rf) 

be applied. In the absence of specific data, a reduction identical to that observed in external 

shear stresses I is proposed: 

Rr = (Dsol0.2yo33 (8.2) 

5. The TCD experimental results showed that the variables affecting the shear stress 

developed at a given soil horizon on an open-ended pile depended on (a) the end bearing 

resistance (qbopeJ measured in that horizon during pile installation, and (b) the normalised 

distance (h/R) from the pile tip. 

The ratio of't j qb developed by closed-ended piles was similar to 'trz/qbopen recorded for open

ended piles at a given value of hIR. On this basis it is proposed to calculate the shaft 

resistance acting on an open-ended pile using the equation developed in Chapter 7 for closed

ended piles (Equation 7.5), and substituting qbopen for qe: 

6. Annular resistance during static Loading 

The development of the end bearing resistance on closed-ended piles at a given normalised 

displacement, was shown in chapter 7 to be a function of the pile diameter. In chapter 5 it was 

noted that the development of qbann during a static load test was identical to the qb value 

I See figure 7.5 



227 

generated by a closed-ended pile with the same external diameter. Therefore for the case of 

static loading the full annular resistance of the pile is unlikely to have been mobilised at the 

displacements associated with static load testing. 

Therefore, the annular resistance developed during static loading should be limited to that 

which would occur at a normalised pile head displacement (~hlD) of 10%. From equation 7.1 

we have: 

8.3.2 Summary of design procedure 

A summary of the design procedure is outlined in Table 8.1 

Table 8.1 Equations for determining pile capacity 

Open-ended pile capacity 

Base Capacity: 

1) QbpJug = (15 a/ + 1.43qc (lIIFR)) R/ tan ocv 

IfDso > 0.22 Eqn 1 should be multiplied by (DsclO.2y-033 

Shaft Capacity: 

3) are' = 0.017 qbopen (av'lP. tml 2 (hlRyO.33 (DI Dso) -0.33 

Comments 

The base capacity is the 

sum of two components: 

qbopen = Qbope/ Area of 

pile 
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8.4 DATABASE OF OPEN-ENDED PILE TESTS IN SAND. 

A database of case histories from the literature has been assembled and is presented in Table 

8.2. The scope of the database is summarised in Table 8.3. 

Table 8.3 Summary of open-ended pile case histories 

No. of Tests Dr Range (0/0) Diameter (mm) Length (m) 

24 27-100 324-2000 5.25-79.1 

Additional information from the database of model pile test results presented in chapter 2 will 

be included where appropriate. 

8.4.1 Effect of pile diameter on end bearing resistance 

A number of workers I have suggested that the unit end bearing resistance developed by an 

open-ended pile (qbopeJ reduces with increasing pile diameter. Ratios of qbope/qc with pile 

diameter from the database of open-ended piles together with data2 from the TCD test series 

are plotted on Figure 8.1. 

A tendency for the ratio qbopen/qc to reduce with increasing pile diameter is suggested in the 

figure. However, considerable data scatter occurs at a give pile diameter. Considering the ratio 

of qbope/qc in terms of the IFR value recorded during installation in Figure 8.2, shows a 

tendency for the plug capacity to increase with decreasing IFR value. These results suggest 

that the possibility of enhanced plug capacity for an open-ended pile is best assessed by 

consideration of the IFR value during installation. 

I Jardine & Chow (1996). Hight et al. (1996) 

2 qbplui qc is used because the area ratio of the TCD pile is ~ 30%, compared to a typical field scale value of < 

10%, implying the annulus will contribute disproportionately to qbopen of the models. 
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Site Location Reported by PUe Test Ave Length Diamete 
No. type1 Dr (m) r(mm) 

(0/0) 
A Hoogzand Beringen et I C&T 100 7 356 

al (1979) IlIa C 100 5.75 356 

B Dunkirk Brucy et al LL C&T 80 11 324 
(1989) LS C&T 80 11 324 
Chow 
(1997) 

C Kimitsu Ishihara et 1 C 61 19.8 1200 
al (1977) 

D Tokyo Bay Shoi et al 1 C 75 30.6 2000 
(1992) 

E Chiba Kusakabe et 1 C 53 40.6 800 
al. (1989) 

F Hokkaido Kusakabe et 1 C 70 40 1016 
al. (1989) 

G Shanghai Pump et al. 1 C 45 79 914 
(1998) 2 C 45 79.1 914 

B Saudi Helfrich and 1 C&T 100 18 610 
Arabia Cox (1985) 

I Lower Mc 1 T 38 45 610 
Arrow Lake Gammon & 

Golder 
(1970) 

J Mustang Reese & 1 T 38 21 610 
Island Cox (1976) 2 T 38 21 610 

K Malaysia Williams et NP C 50 40 1500 
al. (1997) SP C 34 33 1500 

L North Sea Jardine & L1 T 71 38 610 
Overy 
(1996) 

M Los Barrios Mey et al. 1 T 62 18 914 
(1985) 

Table 8.2 Database of open-ended pile load tests 

I Compression (C) or Tension (T) 
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8.4.2 Displacement required to mobilise the plug capacity 

The rate at which the plug capacity is mobilised is considered by plotting the total pile 

resistance generated at a given normalised displacement (~/D) during static load tests in 

Figure 8.3. It appears from the figure that in some situations large diameter open-ended piles 

developed their full load resistance at displacements very much lower than D/1 o. 
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Figure 8.3 Mobilisation of load resistance during static load tests 

8.4.3 Degree of plugging during the installation of open-ended piles 

It was noted in chapter 2 that the plug state was best assessed through the measurement of IFR 

during installation. However, with the exception of the test piles at Dunkirk, which were 

driven as part of an experimental programme, no site in the database appeared to have made 

this relatively simple measurement. This is probably due to the fact that full plugging during 

driving of large diameter piles appears to be rare l
. However, Tomlinson (1994) has noted that 

densification of sand in the plug can occur when piles are driven into loose sand; such 

conditions would promote plugging. 

I Based on observations from the authors database 
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Available measurements of Plug length ratio (PLR) at final penetration of the piles in the 

database is shown in Figure 8.4. The data-points are annotated with the site reference (See 

Table 8.1).The following observations can be noted: 
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1.8 2 

• With the exception of site K, PLR generally tends to reduce with reducing pile diameter. 

• The majority of piles are founded in medium-dense to dense sand, although, the pile at site 

K was driven through a 20m loose sand layer to an underlying dense sand and appears to 

have experienced significant plugging at some stage during its installation. 

• The dual effect of pile diameter and soil density is also suggested in the above. When D is 

small and Dr is high, dilation at the pile-soil interface may encourage plugging, whilst for 

large diameter piles driven into loose sand densification of the soil by vibrations caused by 

driving may induce plugging. 
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8.5 Recent design methods for predicting plug capacity 

Consideration of the plug capacity by means of a one-dimensional analysis has been carried 

out by Randolph et al (1991) and Paik & Lee (1993Y, and result in equations for the plug 

capacity in the form: 

qbplug = (y'Lup +( D iy'/4 P)) e(-4PfDi)Lwp - D iy'/4P (8.5) 

where y' = Effective unit weight of soil 

Lup = Length of unwedged plug 

Lwp = Length of wedged plug 

P = "Crz/ cr/ (=K tan 8) 

The problem with computing the plug capacity lies in the estimation of a suitable value of P . 
Various possible relationships have been proposed to predict p, such as : 

P = f [~ ,PLR] - Paik and Lee (1993) 

and P = f [Dr] - De Nicola & Rabdolph (1997) 

The experiments at TCD indicate that P is a function q/ and IFR. It appears that both of the 

design methods recognised the importance of the initial soil strength I on the plug capacity, 

whilst the first method attempts to include an allowance for the variation in the condition of 

the plug through the variable PLR. The effectiveness of using PLR as a guide to the condition 

of the plug was shown by the same authors to be flawed (see section 2.3.1). 

Based on the experimental data obtained by Paik & Lee shown in Figure 2.29, the design 

methods of both Paik & Lee and De Nicola & Randolph suggest a constant value of 8 and a 

value of K which varies from a maximum at the pile tip to a minimum at the top of the 

wedged plug. The experiments at TCD suggest that only a relatively small variation of K 

occurs over the length of the active soil plug . Reconsideration of the data from Paik & Lee 

I See Section 2.3.3 
2 gc is a measure of the relative density and stress level of the sand 
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(See Figure 2.29) suggests that K in the active plug zone (lower 3D; ~ 100rnrn), was typically 

in the range 0.8 - 1.1. 

The sensitivity of the distribution of shear stress in the soil plug to the value of K was 

examined by considering the soil as a series of horizontal discs and using the equation of 

vertical equilibrium, (Equation 2.9). Three distributions of P in the soil plug were considered: 

Table 8.4 Values of P used in sensitivity analyses 

Method 1 P 
1 A constant value of 0.3 throughout the plug was used. 

2 P decreased linearly from 0.3 at the pile tip to 0 at 3D; above the tip 

3 P reduced in a stair step manner with 

P = 0.3 from 0 to ID; above the toe 

P = 0.2 from ID; to 2D; above the toe 

P = 0.1 from 2D; to 3D; above the toe 

The results of this simple analysis are presented in Figure 8.5, the following conclusions can 

be drawn: 

• the distribution of internal shear stress is insensitive to changes in the value of K chosen 

due to the exponential term. 

• the plug capacity will be properly assessed if the K value at the tip of the pile is correctly 

determined. 

1 Reflected by ~ or Dr 
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The only physical measurements of internal shear stress in the soil plug are those made in 

model tests. The available data from case histories presented in Table 2.2 are presented in 

Figure 8.6. The information is based on the results of 21 pile load tests over a range of pile 

diameters, sand density, IFR , and installation method. It is clear that the distribution of shear 

stresses similar for all cases, and is therefore independent of pile diameter, sand density and 

IFR. 

8.6 APPLYING THE NEW DESIGN METHOD TO FULL SCALE PILES 

Two recent case histories exist in which the shaft and base components of the total pile 

capacity were inferred. A brief review of these case histories is presented and the new 

methods for predicting the shaft and base capacities are initially checked against these static 

load test results. The methods are then used to predict the total load capacity of the remainder 

of the database presented in Table 8.2. 

8.6.1 Assessing the base capacity of a pile using the new method 

Case History No.1 

Reference: Installation and load testing of deep piles in Shanghai alluvium 

Authors: Pump et. al. (1998). 

Large diameter instrumented open-ended piles were driven through alluvium to found on 

dense alluvial sand. The piles which were to be used to support an 88 storey building were 

load tested to large displacements. The diameter of the piles was 914mrn and the driven length 

was::::: 79m. A typical cross-section through the site and pile is shown in Figure 8.7. 
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The piles were driven at 4.7-5m spacings (::::: 5D). The soil plug filled 80 to 85% of the length 

of the pile at the completion of driving. The load settlement curve shown in Figure 8.8a 

indicates that essentially elastic behaviour of the pile was evident up to a load of about 

11500kN, at which stage a yield point in the behaviour was apparent. 

Figure 8.8 Pile behaviour during static load testing 

The distribution of load for pile ST1, as inferred from strain gauge data, is included in Figure 

8.8b. The lowest strain gauge position was at 1m from the pile toe and therefore the load 

distributed below this gauge consists of the sum of the following: 

(i) External skin friction over the bottom 1m. 

(ii) Internal skin friction over the bottom 1m and 

(iii) The load developed on the annular area of the pile to.e (Aann = O.056m2). 
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The total load capacity of pile STI at a pile head displacement of96mm (~/D = 10.5%), was 

14910kN, of which 4229kN1 was shed below 1m from the pile toe. The load capacity 

predicted using the proposed method is outlined in Table 8.5, where it can be seen that the 

ratio of predicted to measured load is (3655 / 4229) = 0.86. An identical pile ST2 was tested 

and displayed a capacity of 2800kN for the bottom 1m of the pile. The ratio of predicted to 

measured load for this pile is (3655/2800) = 1.26. 

Table 8.5 Predicted capacity of pile STI & ST2 

Component of load Load(kN) 

External skin friction over the bottom 1 m. 548 

Internal skin friction over the bottom 1 m and 2569 

Load developed on the annular area of the pile 538 

Total 3655 

8.6.2 Applying the new methods to predict shaft capacity 

Case History No.2 

Reference: Offshore Technology Conference" paper and PhD. Thesisb. 

Authors: Brncy et. al. (1991) " & Chow (1997)b. 

This case history is unique in that a full record of IFR was made during the installation of a 

full scale pile. The piles, denoted CL & CS, had an external diameter of 324mm and a wall 

thickness of 12.7mm. Pile CS was equipped with a shoe which was 50% wider than the wall 

over a distance of two diameters from the pile toe. 

I No mention was made about whether residual loads were measured. 
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Figure 8.9 Soil conditions and IFR trace during pile installation at Dunkirk 

The piles had thirty strain gauges affixed to their external walls at ten levels (3 gauges per 

level) and were driven to a penetration of 11m in dense sand where a series of static load tests 

were performed, these consisted of an initial large displacement (~JD = 19%) tension test 

followed by a compressioni test. 

A trace of the CPT end resistance (qc) and IFR are presented in Figures 8.9a and 8.9b 

respectively. This information was used to predict a trace of qbopen for both piles from which 

the ultimate external shear stress distribution could be deduced. 

I The mobilisation of the base resistance was affected by the initial tension test. 
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A typical prediction using the new method is compared graphically in Figure 8.10, with the 

shear stress profiles deduced by Chow! (1997). Predictions were made for the shear stress 

assuming IFR measurements were not available and compared to the values obtained using 

the measurements. The results from all tests are presented in Table 8.6. 
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Table 8.6 Performance of new methods at Dunkirk test site 

Load Test Measured Qs(ext) Ratio Qs(ext) Ratio 

Qs(ext) predicted (predl predicted 

(kN) with IFR Meas) withoutIFR 

CL(Comp) 692 683 0.99 357 0.76 

CL (Tens) 458 546 1.19 286 0.73 

CS (Comp) 623 616 0.99 408 0.87 

CS (Tens) 395 494 1.25 326 0.83 

Average 1.10 0.8 

1 Chow corrected the original data for residual loads using the Briaud & Tucker 'Method 3' approach 
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The following conclusions can be drawn for the case histories reviewed: 

• The proposed new method provided reasonable predictions of the contribution due to base 

resistance of two 914mm diameter piles, and the shaft resistance in tension and 

compression of two 324mm diameter piles. 

• The importance of a knowledge of the IFR value is evident from Table 8.7, where it is seen 

that the accuracy of the method increases when the IFR value is included in the calculation. 

However, it should be noted that the occurrence of plugging during the installation appears 

to be rare, with the only piles in the database appearing to undergo a significant degree of 

plugging during installation being piles with D < 356mm and piles driven in loose sand 

8.7 PERFORMANCE OF DESIGN METHODS 

Due to the complexity associated with the behaviour of open-ended piles the majority of 

current piles design methods are empirical and are based on the results of a number of full

scale pile tests. It is the authors contention that current pile design methods have poor 

reliability because of mis-interpretation of the results of static load tests due to the following : 

(i) The effect of residual loads generated during driving are rarely taken into account. Some 

workers argue that the effect of residual loads on open-ended piles is small and can 

therefore be ignored, however, information from high quality field tests is needed to 

confirm this assumption. 

(ii) The interpretation of instrumented pile tests by extrapolating the load from the lowest 

strain gauge down to the pile base and assuming all loads above this to be the external skin 

friction, leads to situations where large components of load (i.e. internal skin friction 

developed near the toe of the pile), are miss-classified as being part of the external shaft 

resistance when they are more properly considered to be components of end-bearing. 

Design methods which are based on such misconceptions will therefore overestimate the 

shaft capacity of piles, and thus underestimate the base capacity of such piles. This 

discrepancy should be particularly evident in the results of tension tests as the internal shaft 

capacity will not be mobilised during tension loading. 
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The relative perfonnance of three design methods will be examined using the database in 

Table 8.2. The methods are : 

(i) The API (1992) method - chosen because it is the most widely used method currently used 

to design offshore piles 1• 

(ii) The Ie method (1996) - As it was shown to predict pile capacities with much greater 

accuracy than a number of other popular methods, when checked against a database of pile 

tests similar to that contained in Table 8.2. 

(iii) The method developed in this Thesis. 

In the context of the preceding discussion, the methods will be compared on the basis of their 

evaluation of: 

• The accuracy of the methods for predicting the tension capacity of piles in the database will 

be assessed, as by their nature tension tests allow the correct estimation of shaft capacity to 

be detennined. 

• The ultimate axial compressive capacitf of piles in the database. 

I See Tomlinson (1994) 
2 Defmed as the load at 10% of the pile diameter or at plunging failure 



244 

8.7.1 Tension Capacity 

A total of nine static tension load tests were available in the database. The three methods were 

applied and the results are presented graphically as a plot of predicted to measured tension 

capacity in Figure 8.11. The following points are noteworthy: 

• The API method tends under-predict the capacity of pile In sand with a high relative 

density. 

• The IC method tends to slightly over-predict the capacity at all relative densities. 

• The TCD method works well over a range of relative densities. 

The results of the analyses are compared in Table 8.7. 
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Table 8.7 Ratios of predicted to measured tension shaft capacity 

Predicted / Measured 

Sitel Pile No. Total Load API method IC method TCDmethod 

(kN) 

A I (T) 830 0.28 1.03 1.25 

III(T) 550 0.25 0.99 1.1 

B CS (T) 395 1.26 1.47 1.25 

CL(T) 458 1.22 1.2 1.19 

H C 12700 0.22 0.71 0.89 

J 1 1722 0.55 1.38 0.87 

2 1851 0.51 1.5 0.81 

L BD 5030 0.91 0.95 0.93 

M PI 2500 0.71 1.23 0.96 

Average 0.66 1.16 1.03 

S.D 0.4 0.26 0.17 

COY 0.61 0.22 0.17 

8.7.2 ULTIMATE PILE CAPACITY 

The ratios of ultimate to predicted ultimate pile capacities for the three methods are shown in 

Table 8.8. The effect of relative density on the accuracy of the predicted capacity is 

considered in Figure 8.12. The performance of the design methods can be summarised as 

follows: 

• The API method significantly underestimates the capacity of a number of piles in the 

database and is the most unreliable of the methods tested. 

• The IC method provides accurate predictions of total capacity but shows a tendency to 

overpredict the shaft components. 
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• The new TeD method appears to provide reasonable estimates for both the shaft and total 

load components of field scale open-ended piles. 
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I See Table 8.2 
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Table 8.9 Prediction of the total capacity of open-ended piles 

Predicted I Measured 

Sitel Pile No. Total Load API method IC method TCDmethod 

(kN) 

A I (C) 2255 0.24 0.88 0.85 

I (T) 830 0.28 1.03 1.25 

III(T) 550 0.25 0.99 1.1 

B CS (C) 1200 0.68 1.015 1.37 

CS (T) 395 1.26 1.47 1.25 

CL (C) 1200 0.68 1.05 1.31 

CL (T) 458 1.22 1.2 1.19 

C H27 11200 0.93 0.893 1.06 

D 1 32373 0.76 1.12 1.26 

E 2 9800 0.62 0.74 0.84 

F 1 15814 1.2 0.69 0.96 

G STI 15120 1.12 1.08 1.04 

ST2 16220 1.047 1.0 0.97 

H C 12700 0.22 0.71 0.89 

C 16800 0.35 1.03 1.00 

I lA 1577 3.2 1.53 0.75 

J 1 1722 0.55 1.38 0.87 

2 1851 0.51 1.5 0.81 

K SP 5100 1.7 0.82 0.94 

NP 9100 1.6 1.02 1.2 

L BD 5030 0.91 0.95 0.93 

M PI 2500 0.71 1.23 0.96 

Average 0.91 1.06 1.04 

S.D 0.67 0.24 0.18 

COY 0.73 0.23 0.173 

1 See Table 8.2 
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CHAPTER 9 

CONCLUSIONS 

9.1 OUTLINE 

An experimental and analytical investigation into the factors affecting the behaviour of open 

and closed-ended piles was performed. This chapter initially presents a summary of the main 

findings contained in this Thesis. The pile design methods developed as a result of the 

findings are briefly described and recommendations are made for further research in this area. 

9.2 PRINCIPAL FINDINGS 

The observations arising from the instrumented pile tests, analytical work and observations 

from the database are summarised as follows : 

• The external shaft capacity mobilised by open and closed-ended driven piles IS 

dependent on the end-bearing resistance developed during installation. 

• Contrary to the implications of recently proposed design methods, the rate of 

degradation of ultimate external shear stresses with increasing distance from the pile 

tip was found to be similar for all open and closed-ended piles. 

• The influence of dilation of the sand within the plug of laboratory test piles was 

demonstrated and quantified. Consequently, it was proposed that the laboratory test 

pile measurements of plug capacities could be extrapolated to predict approximate 

plug capacities of full scale piles. 
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• The important variables affecting the plug capacity are (a) the initial consistency of the 

ground in the vicinity of the pile tip (as defined by qc) and (b) the constant volume 

interface friction angle. 

• Distributions of internal shear stresses within soil plugs are relatively insensitive to the 

degree of plugging. The distributions show a very strong reduction in shear stress with 

increasing distance from the pile tip (h) so much so that quantification of the capacity 

of a plug relies only on an accurate assessment of the ultimate shear stresses developed 

at h=O. This shear stress can be described as a simple function of the CPT qc value and 

the constant volume angle of interface friction oev. 

• When a pile is subjected to a static load just after installation in an almost full y coring 

manner, (i.e. IFR > 0.8), the maximum internal shear stresses are mobilised at similar 

displacements required to mobilise external shear stresses. 

• Increases in radial stresses can occur during pile loading due to dilation effects at the 

pile-soil interface. The mechanisms controlling this behaviour are complex, but the 

following trends may be identified. The effect of dilation will be greatest in: 

(i) Dense sand 

(ii) For piles jacked into place 

(iii) For piles with small diameter 

(iv) For piles with rough surfaces. 

• Since the process of pile driving appears to suppress the soils tendency to dilate, a pile 

which was driven fully coring may tend to plug during static loading. However, 

although this may result in the pile having a much increased ultimate end-bearing 

resistance, the displacements necessary to mobilise this capacity are likely to be 

excessive. 

• The radial effective stress developed by a driven pile was found to decrease with 

increasing mean particle size D5o . 
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• The annular base resistance developed by an open-ended pile during installation was 

equal to the end bearing resistance developed by a closed-ended pile and was 

independent of the degree of plugging and thickness of the pile wall. 

• The annular base resistance at a given normalised displacement (~/D) in a static load 

test was equal to that developed by that of a closed-ended pile with an equal external 

diameter. 

• The ratio of shaft and base capacity of open and closed-ended piles was found to be 

dependent on the IFR value measured during installation. 

• The ratio of tensile to compressive shaft capacity of both open and closed-ended piles 

was found to be approximately 0.6-0.8. 

9.3 DESIGN METHODS 

Design methods to calculate the shaft and base capacity of both open and closed-ended driven 

piles have been proposed. 

The methods for predicting shaft friction are an extension of the effective stress approach first 

proposed by Lehane (1992). The original method which used the CPT end resistance (qc) as an 

input parameter was extended to allow the use of 8PT (N) values. A new parameter Dso was 

introduced which resulted in increased reliability when the correlation was tested against a 

number of other methods for determining the shaft capacity (including an updated version of 

Lehane's original IC method) and found to provide more accurate predictions. 

A recent method of predicting the end bearing resistance of closed-ended piles at typical 

working displacements proposed by Chow (1997) was also extended to allow the use of N as 

the input parameter. 
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The main objective of this thesis is to investigate the basic mechanisms controlling the 

capacity of open-ended piles, and propose a simple design method which can capture the main 

aspects of open-ended pile behaviour. 

Some recent design methods have been proposed based on the results of instrumented pile 

tests perfonned on large diameter piles. However, the separating of the various components of 

total load from the results of such tests is complex. The only way to successfully separate the 

shaft and base capacity of open-ended piles is to use double-walled intrumented model piles, 

which measure separately the shaft and base components. Scale effects associated with the use 

of model piles are well recognised and to extrapolate the results of model tests to field 

conditions, account must be taken of these effects. 

A new design method for open-ended piles has been fonnulated. Separate estimations are 

made for the base resistance during installation and loading. A profile of base resistance at 

each site is detennined and this is used to calculate the ultimate shaft resistance of the pile. 

The base capacity at typical working displacements is then calculated. The new method is 

shown to predict reasonable shaft and base capacities over a range of conditions, and by 

considering the basic mechanisms of pile capacity, result in a significant improvement on the 

reliability of the industry standard method of predicting the capacity of large diameter 

offshore open-ended piles. 

9.4 SUGGESTIONS FOR POSSIBLE FURTHER RESEARCH 

Some aspects of the behaviour of driven piles in sand which require further investigation are 

as follows: 

• The research at TeD indicated that the behaviour of open-ended piles was controlled by 

the radial effective stress acting in the soil plug. Precise measurements of these stresses is 

necessary to gain a full understanding of the behaviour of these piles. 

• Valuable insights into plug behaviour can be obtained even from un-instrumented piles if 

the IFR value during installation is recorded. 
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• The anomaly between the apparent difference between end-bearing stress mobilised by a 

driven pile in loose sand and the qc value needs further investigation. 

• An investigation of the effect of Dso on the radial effective stress developed on a driven pile 

is an exercise than can be performed relatively simply in a pile testing chamber similar to 

the one used at TeD. 
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APPENDIX A 

CALIBRATION CHAMBERS 

A.t OUTLINE 

In-situ testing is a very important part of site investigation, particularly in non-cohesive 

soils where it is difficult to obtain high quality samples. Any new testing device requires 

extensive calibration under strictly controlled conditions, with known soil properties, 

density and stress level etc. Calibration chambers have been developed for this purpose 

in many countries. These chambers, whilst differing slightly, are basically similar. The 

following section briefly outlines the main features of four such chambers. 

A.2.t Cambridge University calibration chamber 

A calibration chamber was developed at Cambridge University to calibrate a self boring 

pressuremeter, Jewell et al. (1980). The chamber was designed to allow the application 

of independent horizontal and vertical stresses to a sand sample, approximately 1 m high 

and 1m in diameter. The chamber shown in Figure A.l consists of a lateral membrane 

(1), a base membrane (2) and a rigid top. 

Initial tests using de-aired water to apply the boundary pressures proved troublesome, as 

small leaks in the system made maintenance of constant pressure difficult. A system 

using compressed air with self bleeding valves (3) was found to operate successfully. 

Boundary pressures were monitored using pressure gauges (4) and pressure transducers 

(5). Lateral movement was monitored using five Linear variable differential 

transformers (LVDT's), three placed at 1200 intervals on the circumference (6), and one 

above (7) and below (5) the mid-height probes. 
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Figure A.I Cambridge Calibration Chamber 

A 2.2 Oxford University 
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The Cambridge chamber was later re-assembled at Oxford University, as described by 

Houlsby (1984). The chamber allows a sand sample of height 1200mm and diameter 

900mm to be tested. The principle difference being that the boundary pre~sures were 

supplied through water filled bags operated by a servo-pressure controller. The pressure 

and displacement at the chamber boundary could be pre-calculated, thus allowing the 

creation of partially stiff boundaries. 

This chamber was further modified by Schnaid (1990) for the calibration of a cone 

penetrometer. Separate but identical pressurisation systems were developed to 

independently investigate the influence of vertical and horizontal stresses on either the 

cone resistance or pressuremeter limit pressure. Test pressures were produced by an air 

compressor driving an air water interface system. This system was considered preferable 

as it permitted stabilisation of pressure fluctuations due to variations in volume 

experienced by the sample during testing. 
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A 2.3 NGI/ Southampton Chamber 

The large calibration chamber developed by the Norweigan Geotechnical Institute was 

recommissioned at Southampton University. The chamber allows the application of 

controlled triaxial stress and strain fields to a sand sample 1.5m high and 1.25m in 

diameter. 

Essentially the apparatus consists of a double walled chamber, confined laterally by a 

water filled membrane and at the base by a water filled membrane attached to a 

cylindrical piston, (see Figure A2). Support to the top of the chamber is in the form of a 

fixed wooden platen. 

Cho.Mber 
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ChuMber bo.rrel 
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outer wo.ll 
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MeMbro.ne 

SAND 

Lo.tero.l 
MeMbro.ne 

clO'MPing ____ ~~~~~~:::::::::!~~~:s0e:D~~ rings 

Sliding '0' ring 
betwwen piston 
cylinder 

'0' ring 
seo.ls 

Piston 
cylinder 

COMPRESSED 
AIR 

Figure A2 Base detail on the Southampton chamber 
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Vertical loads are transferred to the sample by means of the piston. This transfers a load 

to the water in the base membrane and this fluid cushion provides uniform pressure to 

the sample. 

Lateral stresses are applied by varying the pressure of the water confined in the chamber 

cell. The chamber cell, shown in Figure A.2, is the innermost of two annular spaces in 

the chamber, the other being known as the cavity cell. Lateral displacements are 

calculated by measuring the volume change in the chamber cell fluid. Conditions of zero 

lateral strain can be obtained by making the pressure in the cavity cell equal to that in 

the chamber cell, thus ensuring that the lateral displacement of the inner wall is zero. 

To ensure minimal displacement of the chamber lid during testing, two jacks are 

positioned on the lid and these react against a steel frame. These hydraulic jacks 

automatically balance the piston force on the bottom of the sample and thus the L VDT 

in the base records the samples total axial deformation. 

A2.4 Italian Chamber 

The calibration chamber developed by the Italian national electricity board is described 

by Belotti et. al (1982). During a seminar on calibration chambers in 1984 Dr. Belotti 

stated that the Italian chambers were essentially the same as the NGI I Southampton 

chamber, with the exception of the following notable differences; 

1) The Italian chambers are located in pits, so that approximately half the height of the 

chamber is below floor level, thus reducing access problems. 

2) A single central jack is used to supply the reaction to vertical load. 

3) The Italian chamber contains some additional instrumentation (e.g. the pressure 

difference between the cell and cavity wall is data logged). 
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A major difference is that the Italians have devised a system for undertaking saturated 

tests. The set-up allows sand samples to be saturated with de-aired water. The apparatus 

for this procedure consists of a water storage tank, a water diffuser (10mm plastic tubing 

arranged in concentric circles), and a collection reservoir which is also used to supply a 

back pressure to the sample. 

Two methods are used to achieve saturation of samples. One method depends on the 

application of a large vacuum to the sample. De-aired water is fed slowly to the sample 

until the water level balances out between the water tank, calibration chamber and 

collection reservoir. This method has the advantage of being both cheap and successful, 

but has the disadvantage that the application of a vacuum causes a pre-stress to be 

applied to the sample, thus causing problems for tests carried out at low confining 

pressures. 

The second method involves flushing the sample with carbon dioxide, followed by 

pumping de-aired water through a membrane type displacement pump. This pump can 

accommodate the large pressure difference between the water tank and calibration 

chamber. Carbon dioxide is highly soluble in water and fresh sullies of de-aired water 

displace the initial water resulting in a fully saturated sample. This system has the 

advantage that it does not pre-stress the sample, but the disadvantages of being 

expensive, time consuming and labour intensive. 

A3 Conclusion 

Having carried out a review of calibration chambers it was obvious to the author that the 

sophistication of these installations e.g. the ability to measure and control strains in the 

sample, was beyond the requirements of this project. 
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APPENDIXB 

STRUCTURAL DESIGN OF THE PILE TESTING CHAMBER 

B1.0 INTRODUCTION 

Aspects concerning the structural design of the pile testing chamber are described in 

the following. The design of concrete members was carried out in accordance with BS 

8110 (1985): Structural Use of Concrete, whilst the structural steelwork was designed 

in accordance with BS 5950 (1985): Structural Use of Steelwork in Building. The 

abbreviations used in this Appendix refer to the terms as set out in these standards and 

as such are defined when they are first used and should be considered as being solely 

applicable to this Appendix. 

B.2.0 DESIGN BRIEF 

The pile testing chamber was designed III accordance with the following 

specifications: 

• The pile testing chamber should allow a prestress pressure of up to 300 kPa to be 

applied to a large sand sample. 

• The entire assembly must act completely independently of the laboratory in which 

it was housed, (i.e. the structural floor of the laboratory could not be used to support 

the reaction frame. 

• A 1.68m diameter, 2.3m high reinforced concrete pipe was available for use as the 
sample container. 
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A scheme was developed around the use of the large concrete pipe to retain the sand 

sample, an outline sketch of which is shown in Figure B 1. The 1.68m pipe is seated 

on a 2.5m square reinforced concrete base, to which a reaction frame is bolted. 

Figure Bl Sketch of Pile Testing Chamber 

The model pile is placed centrally in the sand sample, and as it is loaded the upward 

reaction is countered by the reaction frame uprights. The sand is stressed by inflating 

membranes at the top and bottom of the sample. The lower membrane reacts directly 
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against the reinforced concrete base whilst the upper membrane reacts against a 

stiffened steel plate which in turn transfers it's load to the reaction frame uprights. 

B.3.0 LOADING ON PILE TESTING CHAMBER 

The total loading consists of the stress applied by the pressure membranes to the sand 

combined with the reaction force necessary to load test the pile. 

(i) Loading due to prestress pressure 

The maximum prestress pressure to be applied is 300 kPa. 

The load to be carried by the stiffened steel plate = (300 x nD j
2

) - See Figure B2 

= 1064 leN 

Top Plate 

Uprights 

Stiffener Beams 

Figure B2 Load carried by stiffened top plate 
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(ii) Loading due to pile testing 

Some estimate of the force required for pile penetration is required. 

The total pile load QT = Shaft Load (Qs) + Base load (Qb) 

Shaft Load 

Assuming a linear increase in 't f with depth, 'tav is equal to 't f at the mid-depth of the 

pile. 

where ~= 1 

cr'v = 325 kPa 

tano = 15° 

't f = 1 x 325 x tan(15°) 

= 70 kPa 

Qs = 'tav X As (Perimetric area of the pile shaft) (B2) 

The largest pile used in the experimental program will have a diameter of 168mm and 

an embedded length of 1.6m. 

Qs = 70 x (3 .142 x 0.168 x 1.6) 

Qs = 59 kN 



264 

Base Load 

The conventional approach for calculating pile end-bearing resistance using bearing 

capacity factors developed by Berezantsev et al (1961) was used!. 

I See Page 8. 

(B3) 

where Nq = 32 (For~' = 32° - See Figure 2.1) 

a'v = 350 kPa 

qb = 32 x 350 

= 11200 kPa 

(B4) 

where Ab =Area of the pile base 

Qb = 11200 x (3.142 x 0.1682)/4 

= 248 kN 

The total pile load QT= 59 (Qs) + 248 (Qb) 

say QT= 300 kN 
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B4.0 DESIGN OF REINFORCED CONCRETE BASE 

B4.1 Design bending moment 

480 

UDL ~ TkNm 1 t 

1 1< 168m ,i I 

~2.5m~ 

(a) (b) 

Figure B3 Calculation of bending moment in concrete base 

Bending Moment (BM) = (W x 1)/4 + (w x 12) / 8 

= (480 x 2)/4 + (1064 x 2)/8 

= 506 kN.m 

B4.2 Steel requirement in base 

(BS) 

W = Point Load 
1 = Span 

w = UDL 

The base is divided into middle and column strips, as the column strip is supported 

directly by the columns and so can take a higher proportion of the total moment. 

I 114 

II II 

Column Strip 
II II 

Figure B4 Division of base into column and middle strip 
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Assume 75% of moment is taken in the column strip, and an effective slab depth (d) 

of 500mm, See Figure B5. 

o o o 

Figure BS Definition of effective slab depth 

The lever arm (z) = O.95d 

where b = breadth of section 

feu = compressive strength of concrete 

k = 0.75 x 506 x 106 

1000 X 5002 
X 40 

= 0.038 

=> z = 0.95d (B7) 

= 0.95 x 500 

= 475mm 



The area of steel (As) required to resist the tensile load in the concrete is given by 

equation B8: 

As = M I (0.87 fy z) (BS) 

where fy = Yield stress of reinforcing steel (460N/mm2
) 

A = 380 X 106 
s = 2000mm2 

0.87 x 460 x 475 

Provide T20 's @ 150mm centres Each Way - As provided = 2090 mm2
• 

B 4.3 Shear check on reinforced concrete base 

A failure mechanism of the concrete pipe punching through the reinforced concrete 

base will be considered, See Figure B6. 

Shear Failure 
Surface 

T 
2.5m 

_1 

Section 
Concrete Pipe 

I <E---( 2.5m 

Plan 

Figure B6 Shear failure mechanism of base 
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The length of the shear failure surface (See Figure B6), is approximately 2.5m. The 

Shear Load (V) of a simply supported slab is given by the total load divided by two. 

v = 1544/2 = 772 kN 

r 
1 1544 kN 

r 
772 kN 772 kN 

~1 .68m ~ 

1.25m ----4 
1E-- ---2.5m 

(a) Line Diagram of Shear Loads 

I 
772 kN t 

1 
316 kN 

(b) Shear Force Diagram 

Figure B7 Distribution of shear loads in concrete base 
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Because of small shear span there is enhanced shear capacity near the support. 

Therefore, consider the shear force at d (SOOmm), from the support. 

Shear (V) at d from support 

= [(772-240) x (0.SI0.84)] 

= 316 kN 

The shear stress in the concrete (v) is given by the following expression: 

v = V 1 (Shear Area) (B9) 

v = 316 X 103 
= 0.2S3 N/mm2 

2S00 x SOO 

The applied shear stress (v) must be compared to the shear capacity of the section (ve> 

vc = 0.8 [0.79(100A/ bd)I/3 (400/d)I /4 (fe/2St3] (BIO) 

Since Vc > v the section is safe from punching shear failure. 
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BS.O DESIGN OF STEEL TOP PLATE (LID) FOR THE PILE TESTING 

CHAMBER 

BS.l Design of Steel Lid 

The steel plate is 12mm thick and will require stiffening cross beams cross-beams to 

provide efficient moment resistance. A centre to centre spacing of O.35m is assumed 

for the stiffener beams. 

Main Cross 
Beams 

Concrete Pipe 

Minor Cross Beams 

(a) PLAN Steel Plate 

Major Cross Beams 

~--------~~~~~ 

(b) SECTION A-A 

~UDL= 130kN/m 

I 
1.68 

r Ra Rb 

1< 2.5 )1 
(c) SIMPLIFIED SECTION FOR ANALYSIS 

Figure B8 Determination of design moment in top plate 



B5.2 Loading on the plate 

The load on the plate is due to the prestress pressure suppied through the inflatable 

membranes, and is calculated per metre run See Figure B8: 

Load per m1run = prestress pressure x length x width 

= 300 x 1m x 0.35m 

= 130 kN/m 

B 5.3 Calculation of Maximum Bending Moment 
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The Reaction force at point A (Ra), See Figure B8(c) = the reaction force at point B 

Ra = Rb = (130 x 1.68) I 2 

= 109 kN 

Max Bending Moment = (109 x 1) - (130 x 0.84 x 0.42) 

= 63.3 kN.m 

B 5.4 Determination of Section Size 

The moment capacity (z) required by the section is given by the expression: 

z = MI Py (Bll) 

where M = Design moment 

and Py = Design strength of steel 

= (63 .34 x 106
) I 275 

= 230 cm3 



Calculate second moment of area of the section for the Minor Beams: 

I - Beam 

B B 

O.35m ~ 

12mm Steel plate 

Figure B9 Determination of Stiffness of Composite Section 

Take moments about BB (See Figure B9), to find distance to centroid x 

x (Area of plate + Area ofl beam)= (3230 x 113.5) + (4200 x 6) 

x = 57.23mm 

Calculate the Moment of Inertia (IxxJ of the Composite Section 

Where y = the distance from the area under consideration to the 

centroid 

b = the breadth of the section (i.e. span) 

d = depth of section 

Ixx = ((350 x 123)/12) + (4200 x (52.73 - 6 )2» - Plate 

+ ((2.35 x 107
) + (3230 X (101.5-52.73)2» - I Beam 
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Check the moment capacity of assumed section 

z = 45.77 X 106
/ (213 - 52.73) 

Provide a 203 x 133 x 25 UB @ 350 crs 

BS.S Design of Major Cross Beams for Chamber Lid 

The major cross beams transfer the load from the chamber lid, via the minor cross 

beams to the uprights. For the location of the major beams see Figures Bland B8. 

Considering Figure B8 (a), it is clear that the minor cross beams carry different loads, 

with the beams at the centre carrying the highest load as they span the full diameter of 

the concrete pipe i.e. 1.68m. 

53 88 101 105 

1 k- 0.52m 
1 

I( 
1 
1 
1 

~ 
1 

300 )1 

Centre 
O.18m Line 

Figure BIO Loads Transferred From Minor to Major Beams 

Design Bending Moment = 300 x 1 - (53 x 0.78) + (88 x 0.52) + (101 x 0.26) 

= 188 kN.m 



z required = (188 x 106
) / 275 

= 680 cm3 

Try a 356 x 171 x 45 UB 

The plastic modulus (SJ ofthe section is 774 cm3 

Moment Capacity of the Section = (Sx / P y) 

= 774 / 275 

= 212 kN.m 
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Moment Capacity (212) is greater than applied moment (188) Hence section is OK 

B6 DESIGN OF REACTION FRAME 

The reaction frame transfers the loads from the chamber lid and the reaction force 

from the pile installation to the concrete base. The reaction frame consists of four steel 

columns, two I beams and two channels welded together by plates at the end to 

provide a 50mm gap, See Figures B 1 and the sketch below. 

Uprights 
(Steel H 
Sections) 

Major Cross Beams 
2 No. Steel Channels 

Minor Cross Beams 
(Steel I Beams) 

Figure Bll Line Diagram of Reaction Frame 



B6.1 Reaction Frame Main Cross Beam 

The cross beam is made of two channel sections See Figure B 11. 

t 
I< 

480kN 

1.9m 

t 

Load 
Cell 

(a) Line diagram ofloads Pile 

(b) Section 

Figure B12 Reaction frame - main cross beam 

Design moment = ( 480 x 0.95 ) - (240 x 0.95 ) 

= 228 kN.m 

Try 2 No. 305 x 102 x 46 Universal Channel sections 
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2 No Channels 

Steel Plate 

Because the channels are unrestrained laterally, it is subjected to torsional moments, 

to account for this the effective length (Le) of the beam is increased. 

Le is given by equation B 12: 

Le = 1.2 (L + D) (B12) 

Where D = the overall depth of the beam 

Le = 1.2 (1.9 + 0.61) 

= 3.012m 
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To a number of checks are necessary to prove the suitability of the chosen channel 

section; 

The slenderness (A) of the section is calculated 

(B13) 

where ry is the radius of gyration with respect to the y axis 

The Torsional Index (X) of the section is calculated 

X=D/T (B14) 

where T is the thickness of the compression flange 

Using these values of A and X a slenderness correction factor (n) of 0.86 is obtained 
from Table 20, BS 5950. 

~ nA = 0.86 (104) 

= 89 

The bending stress (Pb) on the section is given by Table 19b, BS 5950 as 193 N/mm2 

The actual bending stress on the section is given by (M/Z): 

= 228 X 106 11276 

= 178 I mrn2 
( < Pb) 
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B 6.2 Reaction frame minor cross beam 

Each Minor cross beam carries half the load generated by the major cross beam (See 
Figure B11). This load is transferred to the minor beams at the mid-point. 

Try a 356 x 127 x 39 Universal Beam Section 

240 kN 

120 
0.95m 120 

1.9m 

Figure B13 Loading on reaction frame minor cross beams 

The design bending moment at the mid-point of the beam (See Figure B 13) is given 

by: 

M = (240 x 0.95) - (120 x 0.95) 

= 114kN.m 

The top flange of the beam is torsionally unrestrained, however, the connection with 

the main reaction frame cross beam at the mid-point provides lateral restraint. 

Le = 1900 

'A = 1900/26.9 = 70.6 

X = 353110.7 

From Table 20 BS 5950 - The corrected slenderness n'A = 0.86 (70.6) 

= 61 
From Table 19b BS 5950 - Pb = 233 N /mm2 
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The moment capacity (Mall) of the section is : 

Mall = Z X Pb (BlS) 

Mall = 653.6 X 2331103 

= 152 kN.m > 114 kN.m Hence section is OK 

B 6.3 Connections between reaction frame main and minor cross beams 

Shear Check 

The maximum shear load acting at the end of the simply supported beams is half the 

applied load (480/2) = 240 kN, See Figure B12. 

The shear resistance (P s) of a bolted connection is the sum of the shear strength of 

individual bolts (Ps) and the area of the bolts (As): 

Ps = Ps As (B16) 

Assume we will use 4 No. 20mm grade 8.8 bolts: 

Ps = 375 X 2451103 

= 91.8 kN 

Shear Capacity of 4 bolts is 4 x 91.8 = 367 kN > 240 kN Hence OK 

Bearing Check: 

Use an 8mm thick connecting plate, the beam flange thickness is 6.5mm. 

The capacity of a bolt in bearing (Pbb) is given by multiplying the bearing strength of 

the bolt (Pbb) by the nominal diameter of the bolt (d) by the thickness (t) of the 

connected play. 



P bb = Pbb X d x t 

= 0.46 x 20 x 6.5 

= 59.8 
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(B17) 

Bearing capacity of 4 No. Bolts is 4 x 59.8 = 239.2 kN - Too low use 24mm diameter 

B 6.4 Joint between minor cross beam of reaction frame and upright 

Shear Check 

The maximum shear load acting at the end of the simply supported beams is half the 

applied load (240/2) = 120 kN, See Figure B13. 

Try 2 No. 20mm diameter bolts grade 8.8 bolts Ps = 184 kN > 120 (Hence OK) 

Bearing Check 

Connecting plate is 8mm thick: 

Pbb = 20 x 8 x 460 / 103 

=74kN 

Try 4 No. 20mm diameter bolts Pb = 2 x 74 = 148 kN 
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B 6.S Joint between lid and upright 

f--------~ Reaction frame main cross 
beam 

Shear Check 

Stiffener Beams 

Major beam from 
top plate to column 

Top Plate 

Connection between lid and 
upright 

Figure B14 Location of joint between lid and column 

The maximum shear load can be calculated by dividing the total factored load on the 

lid by four (the number of supports). 

The total shear load = 300 x 1.6 x Area of tank 

= 1064 kN 

The shear load at each support therefore is 1064 / 4 = 266 kN 



Try 4 No. 20mm diameter bolts grade 8.8 bolts Ps = 367 kN > 266 (Hence OK) 

Bearing Check 

Connecting plate is 8mm thick: 

Pbb = 20 x 8 x 460 / 103 

=74kN 

Total resistance of 4 bolts is 4 x 74 = 294 kN> 266 Hence OK 

D 6.6 Column design 

The column loads originate from the lid and reaction frame minor cross beams, See 
Figure B15. 

Figure DIS Sketch of column loading 

Try a 203 x 203 x 52 UC 
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Because the column is subjected to a bending moment (due to the eccentricity of the 

applied loads), as well as axial load. The following interaction equation is used in the 

design: 

(BI8) 

Pc 

where : F = applied axial load 
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Pc = Py x A - the squash load 

Mcx = the moment capacity in the x direction with no applied load 

Mx = the reduced moment capacity in the x direction under the presence 

of axial load 

Mcy = the moment capacity in the y direction with no applied load 

My = the reduced moment capacity in the y direction under the presence 

of axial load 

P, = 275 X 5384/103 
= 1481 kN 

Mcx = 568 x 275 1 103 

Mcy = 264 x 275 / 103 

Substitute values into interaction expression: 

(38611481) + (53.21156) + (24/73) = 0.93 < 1 Hence section chosen is OK 
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APPENDIXC 

SPT - CPT CORRELATIONS 

Cl INTRODUCTION 

It is often necessary when using empirical correlations for foundation design to convert 

measured values in the field, e.g. Standard Penetration Test (SPT) N values, to equivalent 

Cone Penetration Test (CPT) qc values. The SPT is widely used throughout the world and 

consequently there are many correlations which relate the N value to soil stiffness, foundation 

bearing capacity and liquefaction resistance etc. The CPT has many advantages over the SPT, 

e.g. It is quicker and less operator dependent and also gives a continuous stratigraphical 

record of the soil investigated. Thus it would be of benefit to use the large database of 

standard penetration test results to develop correlations based on qc values, through a simple 

qc - N correlation. With this in mind many workers have suggested empirical equations, 

although data scatter tends to be large. Some of this scatter may be due to the fact that the 

variables controlling the ratio are poorly understood. Inconsistencies also arise with the 

interpretation of in-situ test results, particularly with respect to the variability in corrections 

applied to the SPT N value. 

Variations in SPT (N) values can occur from borehole to borehole due to poor site practices 

and variable soil conditions, and also from country to country because of differing test 

procedures. These effects have been reviewed by Skempton (1986), Ireland et al. (1970), 

Stroud (1989) and Burland and Burbridge (1985) among others. A brief review of the 

important factors is considered in the following. 
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C2 CORRECTIONS MADE TO THE SPT RESULTS 

The SPT test is used throughout the world to detennine the approximate in-situ density of 

cohesionless soils. The number of blows required to drive a sampler 300mm is recorded as the 

standard penetration number (N). Through vast experience in the use of the test, empirical 

relationships have been established between N values and characteristics such as in-situ 

density, settlement and angle of shearing resistance etc. 

However, although the test is known as the 'standard' penetration test, because of different 

practice adopted in many countries, including variations in the method of testing and 

equipment used, N values reported in the literature are far from being standard. As a result of 

this the application of empirical relationships can be difficult. 

C 2.1 Effect of in-situ conditions on measured N values 

(i) Particle size - Particle size is generally considered to have an insignificant effect on 

measured N values, with two notable exceptions being very fine or silty sand below the water 

table (See ii below), and gravely soils as noted by Burland and Burbidge (1985). Skempton 

(1986) using data from calibration chamber tests on five sands reported in the literature, found 

that N value increased slightly with increasing particle size. Three of the five sands tested 

(those with the largest mean grain size), contained between 20 and 50% by weight of gravel 

sized particles. The presence of such particles can cause erroneously high N values due to the 

small internal diameter of the sampler. 

(ii) Fine/Silty Sands- It has been found for soils of relatively low penneability, such as fine 

sands and silty sands, that full dissipation of pore pressures set up during installation of the 

sampler will not be immediate, thus producing an increased penetration resistance in the soil. 

To allow for this effect Terzaghi and Peck (1967) recommend the following correction be 

applied when an N value of greater than 15 is obtained. 

N' = 15 + 0.5 (N-15) (C.l) 
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where N= measured SPT value 

(iii) Overburden pressure_ - As the depth of the test increases, confining pressures will lead to 

higher N values in a material of constant relative density (DJ Therefore a stress level 

correction factor (CN), is necessary allow an assessment of Dr' On the basis of calibration 

chamber tests Skempton (1986) found that for a given density the blow count increases almost 

linearly with vertical effective stress (a' J . The maximum (a' J value considered by Skempton 

was ~ 300 kPa. many other workers, AI-Awkati (1975), Fardis & Veneziano (1981), 

Jamiolkowski et al (1985) and Liao & Whitman (1986) among others have found a non -

linear increase over a wide range of a' y • Correction factors of the form 

shown in equation C.2 have been proposed. Clayton et al (1985), found that the effect of a ' y 

on the penetration resistance of a dynamic cone varied with the relative density (Dr) of the 

soil. Jamiolkowski et al (1985) collated chamber test results on four sand types over a range of 

Dr from 19 to 92%. A best fit to 137 data points gave an exponent of 0.56 for the a'y term. 

Liao and Whitman (1986) carried out a review of available correction factors CN and found 

that the parameter 11 is most likely a function of Dr' overconsolidation ratio (OCR), particle 

size and ageing among other factors. Until a better understanding of the controlling IS 

achieved, they recommend the use of an 11 value of 0.5. 

(iv) Over Consolidation Ratio (OCRL- Research by Clayton et. al. (1985), on the dynamic 

penetration resistance of a uniform dry sand in the laboratory showed that the dynamic 

resistance is strongly dependent on current stress level, but is practically unaffected by its 

previous stress history. The effect of OCR was considered by determining the dynamic 

penetration value of a number of samples with a constant horizontal stress ( a h' ) and varying 

a' y ' Stress paths with and without pre-stressing were considered. Pre-stressed material had a 

penetration resistance between 10 and 15% higher than normally consolidated (NC) material. 

OCR was between two and five with the largest increase (15%), corresponding to OCR =2. 

Bieganowsky and Marcuson (1976) performed twelve SPT tests in a calibration chamber with 

an OCR value of 3. The results shown in Table C.l show a negligible effect of OCR, albeit 

with considerable scatter. 
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Dr% cr' v SPT(N) 
NC OCR=3 

58 70 11-13 12 

58 280 22-23 25-27 

58 560 - 35-38 

40 70 6-9 4-5 

40 280 7-15 16 

40 560 25-31 27-30 

Table C.1 Effect of OCR on SPT (N) (Beiganowsky and Marcuson 1976) 

Stroud (1989), suggests that if the penetration resistance is controlled by the mean effective 

stress in sand of constant relative density then relationships between N and Dr , such as one 

proposed by Terzaghi and Peck (1948), which is in widespread use, would not be expected to 

be unique, but will vary with OCR. 

Effect of test procedures on measured N values 

When considering the effect of test procedures on measured N values following variables may 

be significant. 

(i) Rod length - If the length of rod is less than 10m, an inflexion of energy occurs and the 

sampler does not receive the full rod energy. The following correction factors are 

recommended by Skempton (1986). 



CR = 1 at depths> 10m 

= 0.95 at 6-10m 

= 0.85 at 4-6m 

= 0.75 at 3-4m 
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Cii) Water table level - It is important to keep the level of water in the borehole up to 

groundwater level to prevent upward seepage of water into the base of the borehole, which 

can cause loosening and a reduction in measured N values. 

(iii) Type of anvil and hammer - The combination of hammer and anvil used to perform the 

SPT varies greatly from country to country. Skempton states that these two variables will 

control the energy, Er delivered into the rod stems which can be expressed as a ratio of the 

free-fall energy of the hammer, EX. Thus Err = E/ Ex and is known as the rod energy ratio, for 

which typical values are shown in table. (C2). 

Hammer Release Err % 

Japan Donut Tombi 78 

Donut 2 turns of rope 65 

China Pilcon type Trip 60 

Donut Manual 55 

USA Safety 2 turns of rope 55 

Donut 2 turns of rope 45 

UK Pilcon, Dando Trip 60 

Old standard 2 turns of rope 50 

Table C.2 Summary of rod energy ratios (from Skempton 1986). 

(iv) Borehole diameter - There is a tendency for measured N values to reduce as the diameter 

of the borehole increases. To avoid this Ireland et. al (1970) recommend a borehole diameter 

of less than 100mm should be used. 
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It has long been recognised (Ireland et. al. 1970), that worldwide standardisation of the SPT 

test was desirable. Attempts at such a move have met with resistance from some engineers 

who felt that the original standard test is antiquated, and had been greatly improved in certain 

countries ( de Mello et. al. 1960), to suit local conditions. Rather than standardising the test 

Skempton (1986), proposed normalising N values a standard rod energy ratio, which he 

suggested should be 60% where: 

However in order for N values to be truly comparable it is necessary to have good site 

practice, i.e. supervised testing, and full account of the method, i.e. type of hammer used and 

release method should be given in the literature. 

C3 OBTAINING qc VALVES FROM N VALVES 

C3.1 Direct empirical correlations between SPT and CPT 

Robertson et al. (1983), reviewed a number of published correlations, and found that ratio 

q/ N generally increases with mean grain size. The scatter in results was found to increase 

with increasing mean particle size (D50). This was attributed to the effect of gravel size 

particles on the penetration resistance. 

Kasim et al (1986) examined the effect offines content on the ratio of q/N. The ratio was 

found to be significantly lower for sands with higher fines contents than for mostly clean 

sands. This effect is explained by the effect of the fines content on the permeability and hence 

pore pressure distribution. 

Kulhawy and Mayne (1990) investigated the effect ofD50 and fines content on a large 

database. The data scatter was large and no correction for energy ratio was made. The 

following correlation's were proposed: 

(q/PamJ = 5.44N D500.25 (C.4) 
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and (qjPamJ = 4.2SN - (F/41.3) (C.S) 

where Dso is measured in mm, and Fines content (F) is given in %. 

Chin et al (1988) combined the data of Roberstson et aI, and Kasim et al (1986), with 

extensive data from the Hsinta power station site in Taiwan, The sand at Hsin Ta had Dso of 

0.13mm with a standard deviation of O.OSmm. The q/N ratio was found to vary from 

approximately 2 to S. Their data indicate that the scatter can be reduced by considering qclN 

as a function of the fines content. ( See figure Cl). 

z --r0-
c.. 
6 

u 
0' 

q/Nss = 461 - O.OS (F %) (C.6) 
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Figure Cl variation of qjN with fines content 

Tokimatsu et al. (199S), compiled a database of in-situ test results from eight sites around 

Japan where soil samples had been obtained following ground freezing. The CPT and N 

values were both corrected for stress level using an exponent of 11 equal to O.S ( see equation 

C2) , and the qc value was corrected for pore pressures giving qt, the resulting ratio of (q/N), 

was shown to decrease with increasing fines content, and to increase with increasing N. This 
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behaviour was attributed by Tokimatsu et al. to the fact that the CPT is essentially a drained 

penetration test, whilst the SPT test is a partially undrained cyclic penetration test. 

C3.2 Indirect method of converting SPT to CPT 

Another common method of converting SPT to CPT data is to utilise correlations which relate 

SPT(N) or CPT (qJ to the relative density (Dr)' of the soil. Two popular correlations are : 

Dr = 1 / 2.91 In { qc / 61 (crv') 0.71} - Lunne and Christofferson (1983) (C7) 

where qc and crv' are in kPa, and Dr is expressed as a fraction 

and (N1)60 / D/ = fl - Skempton (1986) (C8) 

where fl = 55, 60 or 70 for fine, medium or coarse sands respectively. 

and NI is N corrected to a reference overburden pressure of 100 kPa using the 

correction factor (equation C9) proposed by Peck et al. (1974). 

CN = 0.77 loglo (2000/ cry') (C9) 

To investigate the validity of using these relationships, the above equations were applied over 

a range of densities and vertical effective stress and their performance can be assessed 

graphically in Figures C2 - C4. Figure C2 shows that the ratio of qc / (N1)60 is unaffected by 

density for densities greater than 0.35, (Skempton recommends use of his equation when Dr 

exceeds 0.35). 
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Figure C3, displays a strong vertical stress effect, with the qc / (N')60 ratio increasing with 

increasing vertical effective stress. Many correction factors for the effect of vertical stress on 

qc have been proposed. lamiolkowski et al (1985) collated data from Calibration Chamber 

(CC) tests on eight sands and found that 11 values (See equation C.2), ranged from 0.584-

0.855; a best fit to all normally consolidated (NC) samples produced an exponent of 0.72 

similar to that proposed by Lunne and Christofferson. lamiolkowsli at al (1988) obtained a 11 

value of 0.51 from 124 CC tests on Ticino sand and 11 = 0.55 from 41 tests on Hokksund 

sands. 

Figure C4, shows the effect of grain size at a relative density of 0.5. The reduction in the ratio 

of qc / (N')60 with increasing grain size implied by Skempton's proposed variation of f, with 

particle size is found to be contrary to the results of field tests. 
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C4 INVESTIGATION OF NEW RELATIONSHIP BETWEEN qc AND N 

A number of case histories collected for the database of pile tests contained CPT and SPT 

data. This data was examined to see if any improvement could be made on the existing 

correlations. Bearing in mind the factors identified in section C2, which appeared to control 

the q/N ratio, a decision was made to use only sites that had sufficient data on the soil 

gradation e.g. mean grain size and fines content to produce a correlation. As well as the 

variables identified, the effect of vertical stress level was considered in the statistical 

analyses. 

Information from six sites, with eighty-two measurements of qc and N in the same soil horizon 

were collated by the author. (See Table C3). SPT data was corrected for energy ratio and fines 

content. 

Reference No. of points Max Vertical Dso(mm) Fines Content 

Stress (kPa) % 

Kasim et al (1986) 14 118 0.22 5-31 

(0.14-0.28) 

Chin et al (1988) 34 352 0.13 3-47 

(0.08-0.29) 

Briaud et al (1989) 7 94 0.32 <5 

Altae et al (1992) 13 169 0.15 6 

BCP Committee 9 175 0.2-2 0.5 

(1970) 

Table C3 References used to determine q/N correlation 

The following trends emerged from the available data. 

i) The data scatter in previous correlations were reduced somewhat when account is taken of 

energy ratio effects, and the correction proposed by Terzaghi and Peck to reduce the N value 

in fine / silty sands is used. 
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ii) The ratio of qjN was found to increase with increasing Dso and decrease with increasing 

(Jv', these trends are included in Figure C.S which shows a tendency for the ratio to reduce 

with increasing N value. 
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Figure C.S qjN trends from database 

The best fit to the data was obtained by the following relationship : 
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where Dso is given in mm 
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This equation has a Coefficient Of Variation (COV = standard deviation / average), of 0.33, 

The limited database consists predominantly of fine sands and contains only two points in 

sand with D so > 0.32mm. Therefore the expression should only be used as a guideline to the 

variables controlling the relationship between qc and N. 
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C5 PERFORMANCE OF EXISTING qjN CORRELATIONS 

To test the reliability of the existing correlations of this type, the four methods outlined in 

section C3 were used to predict qc values from the reported N values in the database presented 

in Table C3. The two methods proposed by Kulhawy and Mayne (eqns C4 & C5), Chins 

method (eqn C.3) and the method of obtaining qc from Lunne and Christophersons Dr 

correlation (,Indirect method' Eqn CA) were tested. The results are shown in table C4. 

Method Average Standard Deviation COY 

Kulhawy (Eqn C4) 1.4 0.50 0.36 

Kulhawy (Eqn C5) 1.05 0044 0042 

Chin 0.86 0.36 0042 

Indirect method 1.83 1.56 0.85 

Table C4 Performance of qjN correlations 

Overall the perfonnance is shown to be extremely poor. A number of workers have found that 

correlations such as the one proposed by Robertson et al (1983) give a good average result for 

a given site but produce significant scatter around the mean value. The methods tested (with 

the exception of the indirect method), give a reasonable average result, although due to the 

apparent unreliability of correlations between qc and N, and the data scatter inherent from 

empirical correlations based on pile test results, it is concluded that: 

(i) In order to estimate qc from N values, account must be taken of the absolute N value, the 

mean particle size of the sand and the stress level. 

(ii) Separate correlations should be developed relating both CPT and SPT to pile bearing 

capacity. Correlations of this fonn are explored in chapter 7 of this Thesis. 
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APPENDIXD 

BRIEF DESCRIPTION OF THE SOIL PARAMATERS 

DETERMINED FOR PILES IN THE CLOSED-ENDED PILE 

DATABASE 

A brief outline of the case histories are presented, the parameters required to test the 

design methods were noted or where no data were available, these values were 

inferred. (e.g. ocJ. The main uncertainties in this procedure are associated with the 

following: 

• Even at sites where strain gauges allowed separation of shaft and base capacity to 

be made, uncertainty exists as to their accuracy. Few authors explicitly state that 

these effects have been accounted for. Moreover, the load resistance profiles at a 

number of sites suggest that residual loads have been ignored. 

• Very few sites report interface shear test results, which is a key input parameter 

for the design methods. 

Site A 

Authors : Mansur and Kaufman (1958) 

Location : USA 

Steel piles were driven through silty sand (Assume D so = O.lmrn), to found in a 

medium sand D so =0.35mrn. The soil at the site was slightly over-consolidated due to 

removal of 14.5m of overburden. Sand on steel friction angle of 25° was measured in 

laboratory interface shear tests. 



Site B 

Authors : Gurtowski and Wu (1984) 

Location : USA 
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Ground conditions consisted of alluvium overlain by approximately 4m of hydraulic 

fill. Residual stress was not measured on either pile but is inferred, for pile A from a 

nearby very similar test during which residual stresses were measured. 

Pile driving was carried out using a single acting Kobe k45 diesel hammer. Driven 

pile lengths were 30m at site A and 26m at site B. Pile driving resistances within the 

alluvium were about equal to the recorded N values. Compression load tests were 

performed at each of site A and B, the piles being tested to plunging failure. 

Notes : 

1) Measured sand on pile friction angle = 31 degrees. 

2) Dso = O.3mm down to 23m, silty sand below so correction was made for Pore 

Water Pressures (PWP)I. 

3) Residual loads were inferred from a nearby pile. 

4) Possibility that pile was driven open ended and plugged subsequently with a 1m 

long concrete plug. 

1 See Appendix C2 



Site C 

Author: Jendeby et al (1990) 

Location : Sweden 
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The site consisted of O.3m of fill , over a peat layer which was up to 1m deep. The peat 

layer was underlain by a deep deposit of loose-medium dense sand. Cone 

penetrometer testing was carried out, together with dilatometer tests and ram sounding 

tests. 

Notes: 

1) Uninstrumeneted piles, no separation of shaft and base load. 

2) Soil to pile friction angle = 32 degrees (assumed). 



Site D Pile tests at the Ogeechee river site 

Author: Vesic 

Location : USA 
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These tests were performed at the site of the Ogeechee River Bridge in Georgia. The 

geology of the site consists of deep deposits of medium-dense to dense sand. Test 

borings were carried out prior to pile installation, near the position of the two pile 

testing points and included static deep cone penetration tests, standard penetration 

tests, nuclear density tests, and moisture content tests. 

Two test piles were used. Test pile No. 1 was an instrumented steel pile with an 

external diameter of 457mrn, 13mrn thick walls, consisting of five sections 

approximately 3.05m long. This segmentation of the pile allowed driving and testing 

of five sub-piles labelled H-ll to H-15. One tension test was performed when the pile 

was fully driven and following compressive testing of H-15 , this was labelled H-16. 

Test Pile 2 was a 360mrn square, 16.75m long, prestressed concrete pile and was 

labelled H-2. Loading was applied using the constant-rate-of-penetration procedure, 

the load being increased at such a rate to provide a displacement of approximately 

1.25mm1min. Loading was continued until a pile displacement of at least 125mrn was 

achieved. The strain gages were positioned along the length of the pile and dial gages 

were measured every 3 metres. 

Notes: 

1) Residual loads are not taken into account. 

2) SPT N values seem low in comparison to qc values. 

3) Dso = O.lmrn in the first 3m and below 15m, O.5mrn elsewhere. 

4) Soil on pile friction angle = 26 degrees in the fine sand, 32 degrees for the 

concrete pile. 



Site E 

Authors: J.L. Brand L.M. Tucker 

Location : USA 
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A group of 5 driven piles were loaded to failure in a medium dense sand, with a single 

pile as a reference. Geological conditions consisted of sandy gravel down to 1.37m 

with particles up to 10cm in size. From 1.37m to 12.2m is a hydraulic fill made of 

clean sand. Below 12.2m layers of medium stiff to stiff silty clay are interbedded with 

the sand down to bedrock found at 14.33m. The water table is at 2.4m depth. 

The piles were closed ended steel pipe piles, 273mm outside diameter, 9.3mm wall 

thickness with a cross-sectional area including instrumentation channels of 994.2mm2
• 

The piles were fully instrumented and were driven 9.15m below the ground surface. 

By providing full instrumentation along the pile, residual loads remaining in the pile 

after driving could be reassessed. This was achieved by firstly zeroing the instruments 

before driving and by then reading the instruments after driving. The residual point 

load measured at the end of driving of the single pile was 61KN, (i .e. it was assumed 

there was no drift in gauges during pile driving). The plunging load for the single pile 

was 505KN and the best estimate of the friction load was 147KN. 

Notes: 

1) Medium grained sand Dso = O.3mm. 

2) Soil on pile friction angle of 27 degrees was assumed. 
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Site F 

Location : USA 

Authors: Mansur and Hunter (1970) 

Soil investigations at the site indicated that the foundation soil consists of relatively 

dense medium to fine sands, with some thin layers of silt and clay. The piles were 

fully instrumented, with strain gauges to determine the distribution of loads and 

bending moments produced by applied axial and lateral loading. 

After installation of the test piles compreSSIve loading was carried out, with the 

compressive loads being applied in ten equal increments by means of a calibrated 

hydraulic jack, all piles were loaded to plunging failure. The distribution of the 

compressive loads over the length of the pile were determined from the strain 

readings. However, this procedure neglected the effects of a supplementary study 

which indicated that significant residual compression loads exist after driving. An 

estimate of residual loads was made by comparing strain readings before and after 

compression and tension tests. These values published by Coyle and Castello (1981), 

are used in this study. 

Notes: 

1) Dsoat pile base = O.3mm, Average along shaft is 0.45mm. 

2) Removal of 6m of overburden resulted in slight overconsolidation. 

3) Load quoted in main text are corrected for residual load and taken at a 

displacement ofDIlO, from Coyle and Castello (1981). 

4) Soil on pile friction angle = 28 degrees assumed. 
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Site G 

Location: Norway 

Authors: O.S. Gregersen, AAS & Dihiagio 

The test site located at Drammen, consists of an upper layer of uniform and loosely 

deposited sand, about 30m in thickness, which is underlain by layers of clay and 

finally bedrock, the soil deposits are normally consolidated. CPT data was available. 

Four precast instrumented concrete piles were fabricated for the tests, referred to as A, 

B, C and D. Piles A, B, and D were cylindrical, 280mm diameter, 8m long piles, 

whilst Pile C was conical in shape and had a uniform taper that varied from 280mm 

at the top to 200mm at the point. The piles were constructed in such a manner that 

piles A and C could first be tested separately as 8m long piles, one cylindrical and one 

conical, and following this the piles were lengthened by connecting piles D and B to 

Piles A and C respectively to make up two 16m long test piles. These are referred to 

as Pile DI A which was cylindrical throughout and Pile B/C which has a cylindrical 

top half and a conical bottom section. Only piles with straight sided shafts are 

considered here. 

Notes: 

1) Residual loads were measured. 

2) SPT values are extremely low and are at variance with CPT data. 

3) Dso = O.2mm to 3m, and O.6m below. 
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Site H 

Location: Holland 

Authors: F.L. Beringen, D. Windle and W.R. Van Hooydonk, (1979) 

The soil conditions at the test site features a very dense, over-consolidated sand layer 

occurring between approximately 2.S and 10m below ground level. A large number of 

cone penetration and standard penetration testing were carried out and average values 

over the whole site used in the analysis. 

1) Residual loads were accounted for. 

2) D50= O.16mm below approximately 3m. 

SITE I 

Location : Iraq 

Authors: Altae, Fellenius and Engin 

Instrumented test piles consisting of a 28Smm square, precast concrete pile were 

driven up to ISm into a sand deposit. The soil profile next to the test pile location 

consisted of two main soil layers: one upper 3m layer of clayey silty sand deposited 

on a lower thick layer of uniform sand with some silt, qc and N both available. 

Assume ~\v = 33°. Full account was taken of residual loads. 



Site J 

Location : France 

Author: F.e. Chow (1997) 
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The rcp was jacked into sand to a maximum depth of7.4 metres. Tests were designed 

to investigate the effect of pile length and depth, direction of loading and rate of 

loading. CPT qc profiles were available. The sand had a mean particle size D 50 of 

0.25mm. Relative density inferred 75-100%. Constant volume friction angle - 27 

degrees measured in laboratory direct interface shear tests. 

Site K 

Location: France 

Author: Lehanne (1992) 

Three static load tests using the rcp in loose to medium-dense sand. CPT data was 

available. Laboratory ring shear tests gave constant volume friction angle = 27.5 

degrees . 



Site L 

Location Japan 

Authors: BCP Committee 
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Field tests were carried out on driven, jacked and bored O.2m diameter piles at the site 

of a basement construction in Akaska, Tokyo. The geological conditions at the site 

consisted of 4m of loose sand fill overlying a thick deposit of diluvial sand, with 

water table at 9m. Coarse sand and gravel layers occur between 11 and 15m. Pile 

penetrations varied from 4 to 11 m, and loading cycles of 10cm penetration were 

repeated until settlement reached 5 to 9 pile diameters . 

Dso= O.15mm in sand and therefore Dev = 29 degrees inferred from Jardine et. al 

(1993). Dso =2.0mm in lower gravel. 



Site M 

Authors: Yen et al 

Location: Taiwan (1989) 
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The pile tests were carried out at the site of Hsin Ta power plant. Three closed ended 

piles were driven, two were tested in compression, and one in tension. The piles were 

steel, 609mm diameter, 34.25m long with a 12mm wall thickness. 

Soil Conditions consisted of 6m of silty sand, over 13m of silty clay with a thin 

interlayer of sand, over silty sand interbedded at depths between 28 to 36m with clay 

sub layers which are 1 to 2m thick. Residual forces were measured on the piles, 

however the measurements at some levels were extremely large. The authors suggest 

that this may have been due to local buckling or neutral axis shift of the pile piles due 

to severe driving impact or the great stiffness of the strain gauge mountings which 

could result in higher impact forces being transmitted to the gauge. 

Notes: 

1) Clay layers ignored 

2) TP6 had not failed 

3) TP4 has base in clay layer 

4) CPT data available, no particle size quoted in paper. Constant volume friction angle 

assumed = 30 degrees. 
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Site 0 

Location Albysjon, Sweden 

Authors: Bergdahl and Wennerstrand (1976) 

A number of model (89mm diameter) piles were driven to depths of up to 14m. No 

information on grain size was given. CPT data was available. Strain gauges allowed 

determination of end-bearing resistance. This site was only used in connection with 

investigations of base capacity. 

Site P 

Vihti, Finland 

Authors: Honkaniem and Lempinen (1995) 

The piles were 250mm sq. precast concrete. Profiles of CPT were presented with 

details of total pile capacities (no seperation of shaft and base load). Sand was 

described as silty sand and therefore constant volume friction angle of 34 degrees was 

assumed. 
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Site Q 

Location : USA 

Authors: Martin et al. (1987) 

Instrumented concrete piles (250 & 360mm sq). Soil conditions consisted of 1- 2m of 

sandy fill over 2 to 5m of fine to coarse sand. A thick layer of clayey silty sand 

overlies a fine to medium sand with some shell fragments found at a depth of ~ 18m. 

The piles were instrumented and so base capacity could be assessed. 

Notes: 

1) Shaft resistance in the clayey silty sand formation appeared to be strongly affected 

by existing timber piles. 

2) Large excess P.W.P. built up during driving in the upper formation (up to 680 kPa), 

95% of which dissipated within 24 hours. 
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APPENDIXE 

BRIEF DESCRIPTION OF THE SOIL PARAMATERS DETERMINED 

FOR PILES IN THE OPEN-ENDED PILE DATABASE 

A brief outline of the pile test sites included in the database of open ended pile test sites is 

given. Problems associated with the separation of shaft and base capacities of such piles were 

of concern. The proposed method for predicting open-ended pile capacity relies on the use of 

the qc value. a number of sites did not report qc values and therefore the correlation proposed 

by Robertson et al. was used where necessary to infer qc values. 

Site A 

Location : Holland 

Authors: F.L. Beringen, D. Windle and W.R. Van Hooydonk, (1979) 

The soil conditions at Hoogzand features a very dense, over-consolidated sand layer occurring 

between approximately 2.5 and 10m below ground level. A large number of cone penetration 

and standard penetration testing were carried out and average values over the whole site used 

in the analysis. 

Notes: 

1) Residual loads were accounted for. 

2) Open ended piles were fully plugged during load tests. 

3) Pile lIla with driving shoe had soil plug at -1.2m at a pile tip depth of 5.25m and pile I 

had soil plug - 2.4m at a pile tip depth of 7m, Implying that the piles showed signs of 

plugging during installation. 

4) D50= O.16mm below approximately 3m. 



Site B 

Authors: Brucy and Meunier, 

Location : France 
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The soil at the test site consists of a sandy alluvial deposit about 30m thick, overlain by a 

recent 3m thick layer of hydraulic fill which is also sandy. The water table is at 4.8m. A 

covered borehole revealed a fine grained sand down to 26m, D50 = 0.25mm. 

The test piles were open-ended steel tubes of 324mm diameter and 12.7mm wall thickness. 

Four piles in all were included in the test program, two of target penetration 11m and two 

longer 22m piles. 

Residual loads were measured but strain gauge drift was a problem. Full details of soil core 

development are included in the paper. The load distribution determined by Chow (1997) was 

used. 

Notes : 

1) D 50 = O.25mm 

2) Soil on pile friction angle of 28 degrees assumed. 
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Site C 

Location: Japan 

Authors: Ishihara et al (1977) 

A large open ended pile (l.2m diameter, 19. 8m long), was load tested as part of the 

foundation for a large blast furnace. 

The site was located on reclaimed land and consists of a 10m layer of reclaimed alluvial and 

diluvial layers over an alluvial layer of varying thickness, consisting of an upper sand layer, a 

clay layer and a lower sand layer. The soil plug length was slightly greater than the pile 

penetration (PLR > 1). 

An underlying diluvial layer consists of a thick sand layer with localised layers of gravel and 

hard silts. Grain size distribution show the cohesionless soils have a Dso particle size of ::: 

0.25mm. 

The test pile had a wall thickness of 13mm and had 20 strain gauges placed on the outside 

wall and were protected by 90 x 90 x 7 angles. During the load test, the pile was loaded to the 

assumed maximum service load in eight steps. 

An initial load test was carried out 2 weeks after the piles were driven. Seven weeks after 

driving, 3.3m of earth was excavated at the pile head and the load test was repeated. For the 

second load test the amount of settlement, elastic deformation, and plastic deformation 

decreased to 85%, 90% and::: 55% of the first loading test. 

Notes: 

1) Load shed in the clay layers from IO.8m to 13m and 15 .8m to 18m was ignored 

2) No information on residual loads 

3) Surface area of piles adjusted for instrument channels. 



Site D 

Location: Japan 

Authors: Shioi et al 
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A load test was carried out on a 2m diameter, 62m long pipe pile with a wall thickness of 

34mm. Soil conditions were investigated through a borehole approximately 200m from the 

test site and CPT and SPT tests adjacent to the test piles. Water depth at the site is 24.5m. A 

loose alluvial sand layer is situated about 4m below the seabed and is underlain by alternative 

layers of diluvial cohesive soil and sand, the lower sand layers are very dense with N > 70 and 

CPT qc = 40 MPa. 

1) Load versus depth profiles are shown, but no mention of residual loads are made 

2) Soil level is approximately 2.4m higher than sea bed = PLR = 1.08 

3) Pile underwent a plunging failure at a displacement of 1.5% of the diameter. 



Sites E and F 

Authors: Kusakabe et al (1989) 

Location: Japan 
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As part of a survey into pile design practice the authors compiled a database of 6 pile load 

tests, however, only 2 sites had soil conditions provided in the paper. 

1) Pile 1, driven in Hokkaido, Japan, was a l.016m diameter, 40m long open ended steel pipe 

pile with a wall thickness of 22mm. The pile possessed three levels of strain gauges. Soil 

conditions were as follows: 

5m of volcanic sand 

6m of sandy silt 

Over volcanic ash 

The soil inside the pile was:::: 8m below ground level for a pile penetration of 40m. The pile 

failed at a displacement of60mm ~/D = 5.9% and a load of 14,512 KN. 

Pile 2, driven in Chiba, Japan was a 800mm, 40.56m long steel open ended pipe pile with a 

wall thickness of 12m (varying down pile). The pile was strain gauged at 3 levels. Soil 

conditions were as follows: 

16.6m of fine sand 

5.3 m of silt 

5.6 m of fine sand 

8.7 m ofc1ay 

Over 4.4m of gravel and sand 
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SITE G 

Location : China 

Authors: Pump et al1998 

Two heavily instrumented, 914mm diameter piles were driven to depths of 80m. The soil 

conditions at the test site were described as follows: 

1m offill 

28m of Clay occasionally very soft 

100m of fine, occasionally silty Sand 

The piles were driven in four segments, three 24m segments and a final 8m long segment. 

The piles designated ST1 and ST2, were subjected to static load tests following the ASTM D 

1143 guidelines, followed by a less prolonged pile loading schedule traditionally used in 

Shanghai. 

Notes: 

The piles were driven at spacings of 4.7 - 5m, i.e. approximately 5 pile diameters. 

Comparison of pile driving records show comparable penetration resistances in 

terms of blows per 100mm of penetration at a given toe depth, suggesting that group 

effects were negligible. 

The soil plug remained within several metres of the ground surface during 

driving, and was found to have filled 80 85% 

" 



SITE H. 

Location: Arabian Gulf 

Authors: Helfirch and Cox (1985) 
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The geological conditions in the areas of interest consisted of loose to medium - dense, 

generally granular holocene deposits underlain by very dense, lightly cemented sand and silt 

pockets, and hard clay and gypsum deposits are often found within pleistocene soils. CPT 

reached refusal, and values were determined from SPT N values. 

Two driven 18m long, 0.61 m diameter steel piles ( test piles A and B ), were selected for 

testing in tension and compression. One 30m long, 0.61m diameter pile ( test pile C ), was 

chosen for testing in tension to investigate length effects. 

The soil conditions at the test site consist of a medium-dense to very dense sand to silty sand 

to a depth of approximately 10m. Below the depth 10m the soils are weakly cemented very 

dense sand and silty sand . Cone penetration results indicated a value of qc rising from 0 at 

ground level to 45 MPa at 6m depth, below 6m qc generally remained above 45 MPa. 

The first load test carried out was a tension load on test pile A. The predicted tensile capacity 

of pile A was 5.6 MN and the load was applied at a constant rate of deformation of 0.076mm 

per minute such that the expected failure load would be reached in 3 hours. However, loading 

continued up to 10.9 MN without failure being achieved. Because Pile A could not be failed 

in tension, it was decided not to proceed with the tension test on Pile B, but to instead carry 

out a compression test on Pile C. The pile was loaded at a rate of 0.15mrn per minute. The 

pile failed at a load of 12.7MN and a deflection of 36mrn. 

Notes: 

1) No details on soil plug. 

3) Sand on pile friction angle assumed to be 31 degrees from Lehane 1992. 
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Site I 

Location: Canada 

Authors: McGannon and Golder (1970) 

A 609mm diameter steel open ended pile was driven into a granular soil. For the first load 

test the soil below the bottom of the pile toe was excavated out to allow a measure of the skin 

friction of the pile to be deduced. A concrete plug was then inserted and another test done to 

measure the end-bearing capacity of the pile. Soil conditions were as follows: 

18m of very loose to compact grey sand and gravel 

3m of clayey silt 

18m of very loose to compact grey sand 

2m of grey clayey silt 

16m of dense to very dense grey fine toned sand 

eSlan water pressure was recorded as being between 3.5 and 9ft above ground surface 

respectively at depths of 67 and 97ft. 

otes: 

1) The steel tube was cleaned out after the driving of each 40ft length. 

2) The soil in the tube was excavated to one foot below the steel pipe pile to eliminate 

any end-bearing which might contribute to the pile capacity, and the pile was loaded to 

failure to give its skin friction capacity (test lA). 

3) A 36ft long concrete plug was then inserted into the pile and the pile was re-tested. 

The pile (Test Pile B) was then tested to the maximum capacity of the loading 

apparatus (508 tons) to give its combined support capacity in end bearing and skin 

friction. The maximum allowed settlement of the pile had been reached. 
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Site J 

Author: Reese & Cox 

Location: Mustang Island, Texas 

Three pull-out tests were carried out to determine tension capacity of piles at the site. Two 

tests were carried out following an initial lateral load test and so were discarded from the 

database. 

The test piles were 609mm diameter, steel open ended pipe piles with an embedment length of 

21m. Only the top 9.1m of the piles had strain gauges. The piles were driven using a delway 

12 diesel hammer. The instrumented section was then welded onto the pile and driving was 

resumed. 

The soil conditions were as follows: Sand at the test site varied from uniformly graded fine 

sand to uniformly graded silty fine sand. Average Dso = 0.2mm. Classification based on N 

values shows the sand to be medium dense to dense. 

The sand is underlain by two layers of clay, an upper layer from a depth of 12.8 to 16.1 m, and 

a lower layer which started at 22m and was still evident at the end of the borehole::::: 24m. 

During static loading the gauges were zeroed before each load test. Tension loads were applied 

in increments of 20,000 lbs, water table level was maintained just above ground level to 

simulate offshore conditions. 

Notes: 

1) No detail was given about the plug height but it is possible some plugging took place as a 

conical shaped depression was observed around the piles. 



Site K 

Authors: Williams et al. (1997) 

Lo~ation: Malaysia 
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1.5m diameter piles were installed in water depths of 12 - 20m. The soil conditions consisted 

of medium dense gravelly sand with layers of soft peat and firm to stiff clay. The piles were 

tested with the soil plugs intact and where then cleaned of soil and plugged with concrete 

before re-testing. 

Site L 

Authors: Jardine and Overy (1996) 

Location: North Sea 

A 609mm diameter pile was driven through dense fine sand to a penetration of 38m, a layer 

of stiff clay was present between depths of 5 to 10m below sea bed level. The pile was almost 

fully coring during installation. The pile was only tested in tension by means of a maintained 

load test with 10 cycles to 30% of the expected ultimate capacity. 

No es: 

CPT data was available 

Dev values recommended by Jardine and Overy were used, these included an allowance 

for smearing below the clay layers. 

The clay layer was ignored in the calculation of capacity. 



Site M 

Authors: Mey, Oteo, Rio, Soriano (1985) 

Location: Spain 
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In order to complete the geotechnical information at the site of a new pier, large scale load 

tests (compression and tension) were carried out. Soil conditions consisted of a relatively 

uniform stratagraphical profile of: 

l.5m of mud and silt 

15-22m of fine grey somewhat silty sand 

1-7m of grey sandy silt containing organic material and shells 

5-10m of silty sand with silt pockets 

A gravel and sand layer overlying the sandstone bedrock. 

Load tests were carried out using five piles, driving four 1372mm piles into the vertices of a 

square 6.35m on each side with a 914mm pile in its centre. The proposed load sequence was 

as follows: 

l. A compression test up to 3.5 MN subsequently to be followed by a traction test up to 2.2 

MN was to be carried out on the centre 914mm pile, using the other piles for reaction. 

2. Pile 1 to be re-driven monitored by the Pile Driving Analyser (P.D.A), the same as the 

initial driving length (1.1m) 

3. Repetition of the compression and traction tests, up to 5MN and 3MN respectively. 

Detailed measurements were taken during the compression and traction tests. In addition to 

measuring the settlement of the pile load, the distribution of the load throughout the pile shaft 
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could be deduced as also the mobilisation of the frictional resistance in terms of the pile 

settlement. 

Notes: 

1) Failure was not achieved during the compression test. 

2) Silty sand corrections made for PWP. 

3) No details on soil plug. 

4) No mention of residual loads. 

5) Possible interaction effects due to anchor piles. 

6) Soil on pile friction angle = 32 degrees from Lehane 1992. 
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