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Behaviour of pile groups with defective piles 
Le comportement des groupes de pieux avec des pieux défectueux

H. G. Poulos - Colley Partners International and University of Sydney, N. S. W., Australia

ABSTRACT: This paper presents analyses for response of single piles with defects, and of pile groups containing defective piles. 
Consideration is given to the influence on load-settlement behaviour o f both structural defects (such as “necking” of the pile) and geotechnical 
defects (such as softened soil below the pile base). For single piles, the presence o f defects leads to a reduction in pile head stiffness, and the 

possibility of reduced load capacity. If failure of the pile occurs because o f a structural defect, there is a sudden and dramatic increase in 

settlement. With geotechnical defects, the apparent loss o f load capacity is characterised by a more gradual increase in settlement with 

increasing load. For each type of defect, typical relationships have been developed, for a single pile, between the reduction in stiffness, the 

extent of the defect, and the applied load level. These relationships have then been used to examine the behaviour of a typical six-pile group 

containing defective piles. The ability of the group to redistribute the pile loads from defective to intact piles results in a less severe reduction 

in axial stiffness than is the case for a single defective pile. However, the presence o f defective piles will generally lead to the development 
oflateral deflection and rotation of the group, and induces additional bending moments in the piles, even under purely axial applied loading.

1 INTRODUCTION

Defects in piles may be introduced during the construction of 

both driven piles and cast-in-situ piles. Techniques have been 

developed for assessing the nature, location and extent of a 

defect in a pile, including low-strain integrity testing, and 

high-strain dynamic pile testing (for example Davis et al, 
1991; Rausche et al, 1988, 1992; Likins et al, 1993; 
Middendorp and Reiding, 1988; Kido et al, 1988). Chin 

(1978) proposed a procedure for identifying the presence of 

defects from a hyperbolic interpretation of the load-settlement 
curve.

Rao (1996) has reported the results of model tests on piles 

with various types of defects, and found (as would be 

expected) that significant increases in settlement could occur 

because of the presence of such defects. However, there 

appear to be no well-established procedures for assessing the 

likely effect of the defects on pile performance other than by a 

load test. Such a process will indicate how a single pile will 
behave, but will not provide information on the behaviour of a 

pile group containing the defective pile. In many cases in the 

past, it has been assumed that the defective pile will not carry 

any load and an additional pile or piles have been installed 

within the group to compensate for the defective pile. Such a 

procedure is both costly and time-consuming, and it is 
therefore of some interest to examine whether such remedial 
works are indeed justified, or whether the group containing the 

defective pile (or piles) can still function satisfactorily.

This paper addresses the above question, and presents a 

theoretical analysis for assessing the load-settlement 
performance of groups containing defective piles. A number 

of different types of defect are considered, including defects 

arising from geotechnical inadequacies, and also structural 
defects The objective of the paper is to identify the effects 

which different types of defect have on pile behaviour, and 

how group action is modified when one or more of the piles is 
defective. An attempt is made to relate the number of 

defective piles, and the extent of the defects, to the load- 
settlement behaviour of the group. The results may provided

some guidance for assessing when the defects are sufficiently 

serious to warrant remedial action, and when the group can 

perform adequately without such action.

2 TYPES OF PILE DEFECT CONSIDERED 

Pile defects can be divided broadly into two categories:

1. geotechnical defects, which arise from either a mis- 
assessment of the in-situ conditions during design, or else 

from construction-related problems.
2. structural defects, which generally are related to 

construction and which result in the size, strength and/or 

stiffness of the pile being less than assumed in design.

Figure 1 illustrates the above-mentioned examples of pile 

defects.

In this paper, both types of defect will be considered, and it 
will be demonstrated that the type of defect plays a significant 
role in determining the subsequent behaviour of that pile and 

of the pile group containing it.

3 METHOD OF ANALYSIS

3 .1 Single Piles

For single piles, a boundary element analysis has been used in 

which the pile is discretised and interaction among the 

elements is considered. In this analysis, geotechnical or 

structural defects on any given element or section of a pile can 

be modelled.

This analysis has been implemented via a computer program 

called DAMPA. This program can analyse a single pile, and a 

group of piles in which the pile heads are fixed into a massive 

cap which does not allow rotation of the pile heads, i.e. the 

pile group movement is purely vertical. This program is an 

extension of the program PIES (Poulos,1989) for a single pile, 
and GAPFIL (Hewitt, 1988) for a pile group. When DAMPA is 
applied to defective piles, structural defects are incorporated
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Figure 1 Example of Geotechnical and Structural Defects in Piles

via the input of appropriate values of cross-sectional area, 
Young’s modulus and structural strength for those elements of 

the pile or piles which are defective. For elements which fail, 
the Young’s modulus is reduced to a fraction (typically 0.1%) 
of the original value for the pile material. This approach is 
crude, but provides a simple means of simulating pile yield. 
Geotechnical defects are incorporated by inputting reduced 

values of soil Young’s modulus at appropriate elements, and/or 

reduced values of the limiting pile-soil stresses fc and f, (for 

compression and tension respectively). The program allows 

for easy specification of the defective piles, and the elements in 

those piles which contain the defects.

3.2 Pile Groups

For groups, a more approximate approach has been developed 

in which one or more of the piles can have stiffness and load 

capacity characteristics which reflect the effects of pile defects. 
This analysis allows both vertical and lateral movements of the 

groups to be considered. Implementation is via a computer 

program called DAMPIG. This program is an extension of the 

program DEFPIG (Poulos,1990) for the analysis of a pile 

group subjected to axial and lateral loading. DAMPIG allows 

for the consideration of piles of different stiffness and capacity 

within a group, and for the assignment of limiting axial, lateral 
and moment capacities to each of the piles. The program is 
written in FORTRAN77 and can analyse a group with up to 

200 piles. The single pile responses and the interaction factors 
for undamaged pile are computed from boundary element 
analysis, as described by Poulos and Davis (1980). For 

simplicity, it is assumed that pile defects do not influence 

interaction between the piles; this assumption is over- 
simplistic, but can be modified in the light of future research. 
For defective piles, reduction factors are input for axial and 

lateral stiffness and pile capacity, these being obtained from an 

independent analysis for a defective pile, using the program 

DAMPA. This program can run on a 386 or 486 personal 
computer, and for a typical problem involving 20 piles, takes 
about 3 to 5 minutes to run on a 486 computer.

4 CHARACTERISTICS OF SINGLE PILE BEHAVIOUR

A series o f analyses has been carried out, using the program 

DAMPA, to examine the characteristics of behaviour of single 

piles containing:
a) structural defects,
b) geotechnical defects.
In each case, the load-settlement behaviour of the pile has been 

computed, and attention has been focused on the increase in 

settlement (or reduction in stiffness) of the pile relative to an 

intact (undamaged) pile.

Two hypothetical (and rather simplified) cases have been 

considered, a floating (or friction) pile and an end-bearing pile. 
Figure 2 shows the dimensions and assumed parameters for 

each case.
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Figure 2 Single Pile Cases Analysed for Structural Defects

4.1 Effects o f Structural Damage

An example of the effect of structural damage on the load- 
settlement behaviour of a single floating pile is shown in 

Figure 3. The structural defect consists of a “neck” in the pile 

from the pile head to a depth of 8 m, the necked area being 

10% of the area of the undamaged pile. Load-settlement 
curves are plotted for various values of the compressive 

strength of the pile material. The applied load P is expressed 

as a proportion of the ultimate geotechnical capacity Pu of the 

pile. The following characteristics may be noted:
i) as would be expected, the presence of the defect leads to an 

increase in settlement.
ii) for pile strengths in excess of about 100 MPa, the pile 

remains intact structurally, and the settlement increase is 
relatively small.
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iii) as the pile compressive strength reduces, the pile fails 

structurally, at progressively lower loads, relative to the 

geotechnical capacity Pu.
iv) the onset of structural failure results in a very sudden 

increase in settlement; this behaviour is consistent with the 

results of model pile tests reported by Rao (1996).

In an attempt to provide a more convenient and general 
measure of the extent of pile structural defects, a “structural 
integrity factor” FSI has been developed, in which

E dA dL

E A L ,
(1)

where E =  Young’s modulus of intact pile 

A =  cross-sectional area of intact pile 

L =  total pile length
Ed =  Young’s modulus of damaged portion of pile 

Ad =  cross-sectional area of defective portion of pile 

Ld =  length of defective portion of pile.

If the pile is intact, Fs] is infinity; if the pile is seriously 

defective, FSi may be small (e.g. 0.1 or less), with a lower 

limit of zero.

Figure 3 Effect o f Structural Defect on Load-Settlement Curve 

Single End-Bearing Pile

To provide a measure of the pile performance, the “head 

stiffness reduction factor” RKS is introduced, where

s t if fn e s s  o f  s t ru c tu ra lly  d e fe c t iv e  p ile  

s t if fn e s s  o f  in ta c t p i le

Figures 4 and 5 plot RKS as a function of the structural 
integrity factor, FSi, for friction piles and end-bearing piles 

respectively. It is assumed that the pile has a compressive 

strength sufficient to not fail structurally. In each figure, mean 

curves are plotted for a defect located at the pile top (zd/L =
0) and at 0.4 times the pile length below the top (zd/L = 0.4). 
The applied load level P/Pu is 0.5.

These figures show that:

2.

3.

4.

5.

different types of defect gives similar values of RKS, if the 

value of FSI is the same.
the head stiffness reduction factor RKS decreases as FSI
decreases (i.e. as the defect becomes more extensive).
the reduction in stiffness is more severe when the defect is
at or near the surface rather than at depth.
for a given value of FSI, the reduction in pile head stiffness
is generally more severe for an end-bearing pile than a
friction pile.
the effects of structural defects begin to be significant for 

Fsl less than about 1.

NOTE < PILE IS ASSUMEO NOT TO FAL STRUCTURALLY, (fc > 8 0 MPa typically)

STRUCTURAL INTEGRITY FACTOR F „  = —  ' ^ 1  —  
»-I- E A L<j

Figure 4 Influence of Structural Defects on Pile Head Stiffness 

Floating Pile

NOTE -  PILE IS ASSUMEO NOT TO FAIL STRUCTURALLY ( fe y  M h f a  fypeally)

Figure 5 Influence of Structural Defects on Pile Head Stiffness 

End-Bearing Pile

4.2 Influence o f Geotechnical Defects

Herein, only the case of a “soft base” will be considered, in 

which the Young’s modulus of the soil directly below the pile 

tip is less than the modulus of bearing stratum itself. The
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softer soil implicitly extends to several diameters below the 

pile tip, and hence provides a conservative representation of 
the real situation. The reduction in pile head stiffness is 
expressed in terms of a head stiffness reduction factor RKb, 
where

_  s tif fn e s s  o f  g e o te c h n ic a l ly  d e fe c t iv e  p ile s

Kk s t if fn e s s  o f  in ta c t p i le

For a typical case, Figure 6 shows computed load-settlement 
curves for a pile without a soft base (Ebs/Eb =  1), and for two 

cases of a soft base (Ebs/Eb = 0.4, 0.1). The presence of a soft 
base has at least two clearly-demonstrated effects:
1. the initial pile head stiffness is reduced
2. the settlements at higher load levels may be extremely 

large.

The latter aspect gives the appearance of a significantly- 
reduced ultimate load capacity; however, the ultimate capacity 

is, in fact, unaltered, but the base settlement required to 

mobilise it may be extremely large.

The computed load-settlement curves for the geotechnically - 
defective piles in Figure 6 are consistent with some field 

observations. For example, Thorburn and Thorburn (1977) 
quote the example of an 18m long 600 mm diameter bored 

pile, which performed satisfactory under a test load of 1.16 

times the required working load, but appeared to fail at 1.5 

times the working load. It was found subsequently that the 

base was resting on about 0.6m of natural debris (small lumps 

of soft clay) which had fallen from the unlined portion of the 

bore, thus giving a “soft base” condition. It will also be noted 

that the apparent “failure” of the pile is more gradual than is 
the case when structural failure of the pile occurs (see Figures
4 and 5). This observation is consistent with the results of the 

model pile tests reported by Rao (1996).

An example of the influence of the relative “softness” of the 

pile base, Ebs/Eb, on the pile head stiffness reduction factor 

RKb, is shown in Figure 7 for a variety of load levels. The 

lower the value of Ebs/Eb, the lower the value of RKb. Also, as 
expected from Figure 6, the higher the applied load level, the 

smaller is RKb, i.e. the greater is the reduction in pile head 

stiffness compared to a normal pile without a soft base.

Curves such as those in Figure 7 can be used to modify the 

stiffness o f damaged piles within a pile group, and thence to 

analyse the behaviour of the pile group via the program 

DAMPIG. The results of such analyses are presented in the 

following section.

5 CHARACTERISTICS OF PILE GROUP BEHAVIOUR

For the purposes of examining the influence of defective piles 

on group behaviour, a simple hypothetical example has been 

considered, as illustrated in Figure 8. A group of six bored 

piles, 1.0m in diameter and 20m long, is assumed to be 

installed through a soft-medium clay layer onto a stiffer 

stratum. The pile cap is assumed to be rigid. The ultimate 

axial geotechnical capacity of each pie is 9425 kN in 

compression, of which 6280 kN is derived from end bearing. 
The group is subjected to vertical loading only, with loads up 

to 80% of the ultimate capacity of the group being applied.

The basic case of a group with no defective piles has been 

used as the reference case. Consideration has then been given 

to a group containing piles which have either structural or

Figure 6 Typical Computed Load-Settlement Curves for Piles 

with Soft Base

L /d  = 20  Eb / E ,  * 5  K= ISOO

Figure 7 Effect o f Soft Base on Stiffness of Single End-Bearing 

Pile

geotechnical defects. For each defective pile, the reduction in 

axial stiffness, as computed for a single pile, has been input 
into the program DAMPIG, these reductions have been derived 

from Figure 5 for structural defects and Figure 7 for 

geotechnical defects. For piles with structural defects, the 

piles are assumed to be severely “necked”, such that the 

structural integrity factor FSI is 0.25, and the defects have been 

assumed to commence from the pile head.

Figure 9 shows the reduction in axial stiffness of the group as 
a function of the proportion of piles which have structural 
defects. This figure reveals the following, and expected 

results:
1. the reduction in stiffness is more severe as the percentage 

of defective piles increases.
2. the reduction in stiffness is more severe as the applied load 

level increases.
3. the reduction in stiffness of the group is less than for the 

case of an isolated pile, because of the ability of the stiffer
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undamaged piles in the group to carry a greater proportion 

of the load.

The location of the defective pile has some effect on the 

average axial stiffness of the group. For example, for an 

applied load level of 50% of ultimate, when Piles 1 and 2 have 

defects, the axial stiffness reduction is about 30%, whereas if 
Piles 1 and 4 are defective, the axial stiffness reduction is over 

45%.

Changes in load distribution will occur when defective piles 

are present in the group. The load carried by the defective 

piles decreases, while the intact piles are forced to carry more 

load. For the case of four defective piles, the two intact piles 

(numbers 3 and 5) carry substantially larger loads than the 

other piles, and indeed the capacity of Pile 5 is fully mobilised. 
Nevertheless, in that case, the corresponding reduction in pile 

group stiffness is only slightly more than 50% (see Figure 18), 
demonstrating that the ability of the group to redistribute the 

loads restricts the loss of stiffness.

r a
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Figure 8 Pile Group Analysed
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Figure 9 Effect o f Structurally Defective Piles on Group Axial 

Stiffness

An important feature of group response with defective piles is 
that the group will deflect laterally and suffer a rotation, with 

bending moments being developed at the pile heads. Figure 10 

shows the computed maximum pile head moment, lateral 
deflection and rotation, as a function of the applied load level 
and the number of defective piles. It will be seen that, once 

the applied load level exceeds about 0.35, substantial bending 

moments can be induced, perhaps exceeding the yield moment 
of the piles. Significant lateral deflection and rotation are also 

developed. The more asymmetric the location of the defective 

piles, the more severe are the induced lateral response effects. 
For the cases analysed, the group with three defective piles 

(pile numbers 1, 2 and 4) appears to generate the most severe 

lateral response.

For a group with piles containing geotechnical defects, the 

general characteristics of behaviour are very similar to those 

found for the piles with structural defects. The reduction in 

pile group stiffness is generally even more severe than in the 

case of the structural defects, and the induced lateral responses 

are also more severe. It is interesting to note that the largest 
lateral deflection, rotation and bending moments can, in some 

cases, occur for a load level of between 0.5 and 0.67 of the 

ultimate. At load levels higher than this range, some of the 

piles reach their ultimate load capacity, and the non-uniformity 

of response then becomes less marked.

6 CONCLUSIONS

Two types of analysis have been developed to examine the 

axial behaviour of piles with either ’’structural” or 

“geotechnical” defects:
a) a boundary element analysis(via the program DAMPA), 

which is primarily oriented towards a single pile.
b) an approximate group analysis (via the program 

DAMPIG), which allows consideration of both axial and 

lateral responses of a group.

A study of the behaviour of single piles with defects reveals 

that:
1. the presence o f defects leads to a reduction in axial 

stiffness of the pile; at higher load levels, this reduction 

can be severe and gives the appearance of a reduction in 

axial load capacity.
2. for structural defects, such as “necking”, the reduction in 

head stiffness can be related to a dimensionless structural 
integrity factor, which incorporates the size, stiffness and 

length of the defect.
3. a structural defect located near the pile head cause a greater 

reduction in head stiffness than the same defect located 

lower down the pile.
4. for geotechnical defects such as a “soft base” at the pile 

tip, the reduction in pile head stiffness depends on the soil 
modulus at the pile tip, and the applied load level.

5. failure, or apparent failure, is more abrupt in piles with 

structural defects than for piles with geotechnical defects.

In general, it appears that even quite extensive structural 
defects may lead to only modest reductions in single pile 

stiffness, as long as structural failure of the pile does not 
occur. In contrast, even a modest “softening” of the soil near 

the pile base can lead to quite significant reductions in pile 

head stiffness. The lower the applied load level, the less 

severe is the effect of either type of defect likely to be.

For a typical group of six piles, the following characteristics 

are noted:
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1. the reduction in axial stiffness o f the pile group becomes 

more marked as the number o f defective piles, and/or the 

applied load level increases.
2. a critical aspect of the group response is that the presence 

of defective piles can result in induced lateral deflection 

and cap rotation of the group, and additional bending 

moments in the piles. This induced lateral response can 

become more severe as the location of the defective piles 

becomes more asymmetric.

The analyses demonstrate that the presence of a small 
proportion of defective piles may lead to only a modest 
reduction in axial stiffness of the group, especially if the 

applied load level is relatively small. The ability of the stiffer 

undamaged piles in a group to carry additional load reduces the 

potential consequences of defective piles, as compared with an 

isolated pile. However, careful consideration needs to be 

given to the additional bending moments induced in the piles 

by the presence of the defective piles.
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