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Welcome Message from the President, Sri Lankan Geotechnical Society

The Sri Lankan Geotechnical Society (SLGS), formed in 1986, provides a forum for promoting
cooperation among the engineers, geologists and other scientists in Sri Lanka for the advancement
of knowledge in geotechnical engineering. Being a Member Society of the prestigious International
Society of Soil Mechanics and Geotechnical Engineering (ISSMGE), we have been successful in
getting cooperation also of the international community of geotechnical professionals in our efforts
in sharing and disseminating geotechnical knowledge by way of conducting conferences, seminars,
workshops, geotechnical forums and publishing journals and newsletters.

However, we are yet far away from understanding ourselves and convincing others on the important
role of a geotechnical professional in development. Almost all structures and facilities are founded
ultimately on soil or rock. Be it a house or a skyscraper, a culvert or a suspension bridge, a road
embankment or an earth dam, a ground reservoir or a dockyard, an excavation or a slide prone hill
slope, a quarry or a landfill, it is not only the safety, stability and economy that matters but also the
aspects of health, environment and sustainability which must be given primary attention. Knowing
the soil and rock we build upon, and understanding their characteristics and behaviors, we
geotechnical professional should be playing a leading guiding role in planning, design and
construction. For this we should constantly familiarize ourselves with the updated knowledge,
techniques and practices in geotechnical and related engineering and scientific fields.

This Annual Geotechnical Conference is yet another activity that exposes both international and local
experiences highlighting the geotechnical professional’s role in development. Associate Professor
Ken Kawamoto of Saitama University, Japan will enlighten us about geo-environmental problems
associated with landfills and gas and liquid transport within soil mass. Eng. Dr. W.A Karunawardena
of National Building Research Organisation and Eng. Dr. H.S. Thilakasiri of the University of
Moratuwa will share their experiences respectively on Geotechnical practices in Highway

Construction and Role of the Geotechnical Engineer in the Piling Industry.

On behalf of the SLGS I sincerely welcome the three resource personnel and all the participants of
this conference. | am hopeful that this forum will be a great opportunity for your interaction in

sharing experiences and enhancing your knowledge.

Eng. Kirthi Sri Senanayake
President

Sri Lankan Geotechnical Society.



SLGS ANNUAL CONFERENCE
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1:00 - 1:30
1:30 - 2:30
2:30 - 2:40
2:40 - 3:15
3:15 - 3:25
3:25 - 3:45
3:45 -4:20
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4:30 - 6:00
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Registration
Presentation 1:
“Environmental Risk Assessment At Waste Disposal Landfill Site: Emerging
Soil Physical Processes And Properties”
Prof. Ken Kawamoto
Discussion
Presentation 2:
“Geotechnical Practices in Highway Construction”
Eng. Dr. W.A. Karunawardena
Discussion
Tea
Presentation 3:
“Role of the Geotechnical Engineer in the Piling Industry”
- Eng. Dr. H.S. Thilakasiri
Concluding Remarks

13t Annual General Meeting of the SLGS (for members only)
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The Role of Geotechnical Engineers in the Piling Industry
H. S. Thilakasiri, Department of Civil Engineering, University of Moratuwa.

Abstract

The advantages of an integrated approach for the different stages of the piling process:
Site investigation; Preliminary design; Construction; and post construction testing are
investigated. The importance of the site investigation data at each stage of the piling
process is highlighted and thus the importance of the role of the geotechnical engineers in
making correct decisions at the crucial times are discussed. Some important aspects of the
construction process are discussed and guidelines are proposed to avoid the defects in
piles due to improper construction practices. Certain aspects of post construction testing
of piles are investigated and some guidelines are suggested for selecting number of piles
for integrity and load tests.

1.0 Introduction

Piles are used to support structural loads due to the inability of the soil strata present at
shallow depths to carry the applied loads using shallow foundations. In such subsurface
conditions, the piles transfer the structural loads to more strong layers present at the
lower levels of the subsurface. As piles highly rely on the capacity mobilized at the lower
levels of the ground, the designer should be familiar with the different soil strata present
in the subsurface to design an appropriate type of a pile foundation. On the other hand,
piles are installed to deeper levels of the ground through very difficult subsurface
conditions and the construction process has to be done from the ground surface. The
variability of the subsurface and bedrock condition across the site is another factor that
has to be considered during both design and construction stages. As it is not possible
directly to observe and control the construction process, the construction crew must use
some indirect quality control measures during the construction process of piles. Two of
the defective piles exposed from excavation are shown in Figure 1. These two piles are
from the same site and defects are found at about 3 — 5m depth from the ground surface.
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Due to these uncertainties associated with the design and construction of piles, some post
construction quality assurance tests are performed. In this context, it is extremely
important that well qualified and adequately experienced personnel are involved in all
stages of the piling process.

It is often found that the different stages of the piling process are carried out
independently and an integrated approach with information from one stage feeding the
other stages are required to achieve a successful foundation at an economical cost.
Furthermore, as bored and cast in-situ concrete piles are very frequently used in Sri
Lanka, the discussion here is based on bored and cast in-situ concrete piles. However, the
concerns raised here are equally valid for other types of piles as well.

2.0  Main Steps in the Piling Process

The major stages involved in the piling process can be divided into the following main
steps:

I. Site investigation,

ii. Design,

iii. Construction, and

iv. Testing.

The steps given above are not independent to each other, rather heavily interdependent. It
is observed that the most of the problems related to piles are due to compartmentalization
of the above steps and not using the feedback (or the results) of one step in planning and
executing the other steps. The flow chart given in Figure 2 shows the main sub-steps
involved in the design stage of the pile foundation. Similarly, the flow chart in Figure 3
illustrates the main sub-steps involved in the construction stage of the piles.
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Figure 2 — Flow chart illustrating the main sub-steps in the design stage.
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The flow charts given above show the interdependency of the main steps in the design
and construction of pile foundations. It is very clearly demonstrated above the use of the
site investigation data in planning and execution of most of the other main steps and sub-
steps. The author believes that the engineer(s) involved in the piling related work should
be qualified and experienced in the interpretation of the site investigation data. Moreover,
they should be capable of arriving at rational decisions, based on the subsurface
conditions at the site, in planning and execution of each stage of the piling work.
Therefore, engineers involved with the piling work should be suitably qualified and
experienced ‘Geotechnical Engineers’.

The construction and testing are divided into two stages in the previous categorization.
The flow chart showing the sub-steps involved in the construction stage clearly shows
that certain amount of integrity and load testing is carried out during the construction
stage as well. The testing during construction is carried out as a quality controlling
measure rather than for quality assurance purposes. The results of the integrity testing
during the construction stage give an indication about the suitability of the construction
process adopted. The results of the load testing of preliminary production piles may be
used as a measure to gauge the accuracy of the assumptions made in the design process
and the suitability of the construction process.

Results of the pile tests during the early stage of the construction can be very effectively
used to correct any deficiencies in the tentative pile design and to obtain feedback to
improve the construction process and the quality control procedure. On the other hand if
defective piles are identified at an early stage of the construction, appropriate remedial
measures may be carried out with minimum delay in the construction time. Then,
somebody might argue that it is advantages to do all the pile testing during early stage of
the construction, i.e. ‘earlier the better’ concept. But one should consider the following
facts before deciding in favor of that concept.

I. The piles that are tested in this manner are the piles which are earliest
constructed piles and may not be the the most critical piles in terms of the
quality control measures and other concerns. Therefore, cannot be taken as
‘proper quality assurance’ testing.

ii. Defects that occur between the time period from construction and casting the
pile cap (incorporating the piles to the main structure) are not identified if
testing is carried out during the early stage of the construction process.

Another important fact to note is the dynamic nature of the piling process. The design at
the end of the design stage is termed as the ‘Tentative Design’ as it may be reviewed
based on the additional information gathered from the results obtained from the testing of
preliminary production test piles and other information revealed during installation of
production piles. It is important to investigate the factors that have to be considered
during each stage of the piling process.

2.1  Site investigation
As shown in the flow charts given in Figures 2 and 3, it is clear that the site investigation

provides very vital information regarding the subsurface and bedrock conditions at the
site. The information gathered during the site investigation stage is repeatedly used
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during all the stages of the piling process. Therefore, planning and execution of a suitable
site investigation program is a key factor in the construction of a sound pile foundation
for a given structure. Unfortunately this aspect is given very low level of attention at
present and that has caused most of the problems associated with pile foundations.

The key factor in the planning a suitable site investigation program is that the results of
the site investigation program should show the critical variations in the subsurface and
the bedrock profiles. The level of the details of the site investigation program depends
also on the magnitude of the superstructure loads that are transferred to the ground. The
geotechnical engineer, who is in charge of the site investigation stage, should carry out a
thorough preliminary site investigation prior to the actual field investigation to gather
information to plan the field investigation. It is true that the type of the foundation is
decided based on the results of the site investigation. But the geotechnical engineer
should have a certain idea about the probable type of the foundation during the planning
stage of the site investigation program. The site investigation program prepared initially
should be a flexible one and it should be reviewed based on the information gathered
during the site investigation stage itself.

It is sometimes seen that the site investigation program was planned thinking that the
probable type of the foundation is a shallow foundation and the field investigation is
limited to the subsurface without rock coring. But after the analysis of the structural loads
and the subsurface information, it is found that the shallow foundations are not suitable
and end bearing bored pile foundations should be used. As rock coring was not done
during the early site investigation program, a fresh site investigation program should be
carried out to obtain the necessary design parameters. However, if the geotechnical
engineer had reviewed the results of the field investigation program while it is in
progress, the site investigation program would have been modified to obtain the
necessary design parameters.

A frequently asked question is “how many boreholes are needed?” This is a difficult
question to answer. There is no mathematical relationship or any other reliable criteria to
estimate the number of boreholes. It depends on many factors and among them important
factors are: the type of the strata present at the site, variability of the ground conditions
across the site, magnitude of the transferred structural loads, and the type of the structure.
For an example, consider the following case study. The contour map and a 3D view of
the competent bedrock profile shown in Figure 4 is obtained using 6 boreholes drilled at a
site for a high-rise (more than 35 storey high) residential building in Colombo, Sri Lanka.
Figure 5 shows the contour plan and a 3D view of the competent bedrock profile
establish from the pile lengths at the same site.
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(b) A 3D view.

Figure 4 — Competent bedrock profile establish from 6 boreholes drilled at a high rise
residential building site in Colombo, Sri Lanka.
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(b) A 3D view.

Figure 5 — Competent bedrock profile established from the pile depths at the same high-
rise residential building site in Colombo, Sri Lanka.
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Comparison of the bedrock profiles shown in Figures 4 and 5 clearly indicates some of
the key local variations in the bedrock that have been missed in the site investigation
program. The author has seen more drastic variations in the bedrock profiles that have
been missed in the site investigation stage. The main reasons for such shortcomings in the
site investigation program are:
i. The fixed nature of the most of the site investigation programs, and
ii. Not reviewing the results of the site investigation data during the field
investigation stage.

Most of the site investigation programs specify a certain number of boreholes to be
drilled at specified locations and terminate the boreholes after coring the rock certain
number of meters irrespective of the bedrock quality. Rock coring is very critical if rock
socketed end bearing bored piles are to be used. The author has seen certain site, where
minimum rock coring is done to a lower RQD during site investigation stage and piles are
specified to be terminated at the bedrock with a higher RQD. This is totally unacceptable
and the piling crew is having no reference depth or RQD value to go by. It is also
observed that the RQD of the bedrock is highly variable and at some places RQD
sometimes decreases with the depth. Therefore, following three facts are emphasized in
planning and execution of site investigation programs:

i. Carry out thorough preliminary site investigation before planning the field
investigation stage and study the magnitude of the structural loads that are
expected from the structure. Prior to the planning of the site investigation, the
geotechnical engineer should have an idea of the probable type of the
foundation and the range of the capacity expected,

ii. Planning a flexible site investigation site investigation program based on the
findings of the above mentioned preliminary site investigation. The planed
site investigation should match the type of the probable foundation type and
the expected carrying capacity,

iii. Reviewing of the results of the field investigation stage and improve the site
investigation to achieve the required objectives.

The results of the site investigation phase forms the basis for the design and construction
of the foundation. Unfortunately, the importance given to the site investigation is at a
very low level. Inadequate planning and investment in the site investigation program
have led to most of the costly foundation remedial measures. Moreover, minimal use of
the site investigation results beyond the design stage is another costly mistake of most of
the engineers.

2.2  Design of pile foundations

Design of the foundation depends to very large extend on the ground condition at the site
and the proposed structure. As shown in the flow chart given in Figure 3, the type of the
foundation should be selected after giving due considerations to the following facts:
. Type of the structure, magnitude of the working loads, nature of the loads that
are acting on the foundation,
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ii. Subsurface condition, quality of the bedrock, variability of the ground
conditions across the site,

iii. Environmental considerations and other site specific issues, and

iv. The other economic and practical considerations.

If it is decided to have a pile foundation, the type of the pile foundation should also be
decided based on the above considerations.

The designer should first check whether adequate information is available to carry out the
design confidently. The assumptions made should be realistic and backed by sound
justifications. For example, it is not reasonable to assume that a RQD of 75% will be
achieve at a certain depth when the maximum RQD reported in the site investigation
stage is less than 50%. Mostly engineers, who have minimal experience in pile
construction work, come up with unrealistic and unachievable designs. If the engineer
believes that sufficient site investigation details are not revealed through the site
investigation, more investigations should be specified rather than carrying out a
substandard design based on insufficient data.

The foundation recommendations given in the site investigation reports should also be
considered with caution. The designer should critically look at the recommendations
given in the site investigation reports considering the rational behind such
recommendations and the ‘person’ making the recommendation. In the Sri Lankan
context, all the structural configurations and other considerations are not conveyed to the
party responsible for site investigation and hence, in the opinion of the author, such
recommendations should be considered only as a guideline. The actual designer, who is
having an overall picture of the structure, is in a better position to accurately assess the
requirements and make rational decisions. In using the recommendations given in the site
investigation reports, following factors should be considered:

o Recommendations may be based on individual pile not pile groups and certain
recommendations may not be valid for pile groups,

. According to some design methods certain design parameters such as, skin
fiction and end bearing capacities depend on the size of the pile,

o Certain parameters such as modulus of subgrade reaction depends on the pile
diameter and the depth, and

o Some design calculations such as settlement of foundations depends on the

size of the foundation.

It is better if the foundation designer extracts basic soil properties from the site
investigation reports and carries out a fresh design using basic principles. It is observed
that certain key factors such as the possibility of the development of the negative skin
friction is overlooked in some of the pile designs. The designer should look into the
possibility of the development of consolidation settlement of the surrounding soil and if
required, incorporate the negative skin friction in the design. This type of a design is
possible only if the pile design is carried out by experienced geotechnical engineers.

The other main consideration is the methodology adopted in the design process. There are
various design methods available to estimate the carrying capacity of piles. None of these
methods were developed nor the applicability verified for the ground conditions
encountered in Sri Lanka and the construction methodology adopted in Sri Lanka.
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Mohotti (2009) investigated the accuracy of some of the commonly used methods to
estimate the ultimate skin frictional resistance of bored and cast in-situ piles based on a
case study.

Ultimate carrying capacities of driven piles are mostly estimated based on the pile driving
equations. Thilakasiri et al. (2009a) investigated the accuracy of the capacity estimated
from commonly used pile driving equations by comparing with the capacity estimated
from the high strain dynamic load testing using PDA® and CAPWAP®. Based on the
analysis Thilakasiri et al. (2009a) concluded that the ENR method gave the best capacity
prediction out of the methods considered in the study. Moreover, it was shown that the
average capacity of the ENR and the Hiley capacities yielded slightly better capacity
prediction compared to the measured capacity from signal matching the high strain
dynamic test data using CAPWAP®.

2.3  Construction of piles

As previously discussed in section 1.0, pile installation takes place under harsh conditions
at deep levels of the ground away from the human eye. The quality of the constructed pile
is controlled through some indirect quality control measures. If a thorough site
investigation program had been conducted and the variations of the stratification of the
ground are well established, planning and execution of the pile construction methodology
becomes quite easy. Pile failures very often occur due to faulty construction procedures.
If test piles are installed at the site the construction procedure adopted during the
construction stage of the test pile(s) provides very valuable feedback information
regarding the construction related problems at the site. Therefore, the systematic
collection of the information during the construction stage of test piles is of vital
importance. The information obtained during the installation of test piles should be
analyzed and appropriately used in planning the construction stage of the production
piles.

One of the main deficiencies in the Sri Lankan piling industry is the minimal use of the
available subsurface information in planning the construction of piles. Mostly the
contractors use their typical construction process irrespective of the conditions at the site.
The adjustments that are needed according to the site conditions may be minor but may
be critical in the final analysis of the soundness of the constructed foundation. Some of
the factors to be considered in the construction of bored and cast in-situ piles are:

I. The presence of cohesionless soil layers in the subsurface and the nature of
such layers. Due to the high probability of collapsing of the sides in loose to
medium sandy soils following construction aspects should be changed
accordingly:

a. Depth of temporary casings,

b. Frequency of testing of the drilling mud,

¢. Head of the drilling mud in the pile bore,

d. Cleaning of the pile bore before concreting etc.

ii. The presence of soft organic or sensitive clay layers in the subsurface. In soft
organic soil layers bulging of the pile is possible and in soft sensitive clays
‘necking’ is possible.

a. Use of permanent casing in very soft organic layers,
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b. Use of temporary casings in soft sensitive clay layers
iii. Type and the nature of the bedrock at the site.

a. Termination criteria of piles.
2 Variability of the subsurface and the bedrock profile across the site,
V. Amount of information available through site investigation.

In the case of driven piles, some of the concerns are:

I. Pore pressure buid up during driving, if cohesive soil layers are present in the
subsurface,
ii. Presence of soft layers bellow very hard layers may lead to breakage of piles
due to the tensile reflections,
iii. Presence of obstructions such as small boulders in the subsurface,
iv. Identification of the end bearing layer (the termination criteria), and
V. Maintaining the alignment of the piles.

Establishing a termination criteria and modifying it across a variable subsurface
conditions is a common problem with both types of piles. The load vs settlement curve of
a “failed’ rock socketed bored pile during static load testing is shown in Figure 6. The
intended test load on the pile is 3750 kN but could not be reached. As it is shown by
many researches (Tomlinson, 1994 and Bowles, 1996), the skin friction is mobilized first
and subsequently the load is transferred to the pile toe. Moreover, the ultimate skin
friction is reached at a relatively low settlement of less than about 10mm.

Load(kN)
0 1000 2000 3000

40

80

Settlement{mm)

120

Figure 6 — Load vs settlement curve of a “failed’ bored pile.
The load vs settlement behavior of the pile, given in Figure 6, shows a stiff response

initially and with the increase in the load the stiffness of the pile response decreases. The
pile starts to undergo large deformation as the load is transferred to the pile toe. Clearly
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this pile is not resting on competent bedrock and the termination of the pile is to be
blamed for this.

As illustrated in Figures 4 and 5, the bearing layer profile established through initial site
investigation may be sometimes misleading. Local variations may not be identified
through few isolated investigation locations. In large projects, secondary site
investigation to supplement the initial site investigation may be performed to obtain
additional information as required. Therefore, the variation of the layer profiles
encountered during the installation of the piles should be mapped and any outliers should
be investigated. The installation of the piles should be started at a location close to a
borehole location of the site investigation program. As the ground profile at this location
is shown, pile can be terminated at the appropriate depth. Piling should progress radially
outwards from these locations while mapping the bearing layer profiles.

Investigations of the load vs settlement behaviors of some of the “failed’ bored piles show
a different type of failure. For example consider the load settlement curve of a ‘failed’
large diameter rock socketed bored pile shown in Figure 7. This pile was intended to be
loaded to twice the working load. But when the pile was loaded from WL to 1.25WL, it
underwent large displacement with very minimal increase in the resistance. Here again as
the load is transferred to the pile toe, the pile underwent a large displacement. Due to the
sudden nature of the displacement, the pile does not show a gradual yielding type
settlement as shown in Figure 6, but shows a sudden settlement most probably due to
very weak toe conditions.

Load (kN)
0 5000 10000 15000 20000

0.000 : : :

10.000 -

20.000 ~

30.000 -

40.000
N

Settlement (mm)

50.000

Figure 7 — Load vs settlement behavior of a bored pile due to *Soft pile toe’.

This type of failure is not due to termination errors rather improper cleaning of the pile
bore prior to concreting. This is one of the most common reasons for failure of bored
piles. The drilling debris mixed with the drilling mud may settle to the bottom of the pile
bore after the drilling process. The accumulation of the debris is more if the subsurface
consists of cohesionless soil layers and/or there is a large time gap between end of
drilling and concreting. Therefore, it is extremely important to clean the pile bore prior to
concreting, as denser material present at the pile bottom may not be replaced by concrete
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poured into the borehole. The pile bore should be cleaned using circulation of fresh
bentonite or air lifting technique and the quality of the drilling mud should be checked
prior to concreting. It is sometimes observed that cleaning through the tremie placed only
at the center of the pile bore is not sufficient for large diameter piles and cleaning should
be carried out at off center locations as well.

Other quality control procedures during the construction stage are also important.
Consider defective pile exposed by excavation, as shown in Figure 8. The defect may
have been caused by the lack of flow of the concrete out side the tremie pile. The
concrete may be designed and mixed according to the specifications. But what matters
most is the quality of concrete when it is placed in the borehole. Quality control
procedures at the site are extremely important.

Figure 8 A defective pile exposed by excavation.

Some of the important measures that are essential for the construction of defect free pile
shaft are:
I Design and fabrication of the reinforcement cage according to the
specifications:
a. Cover to the reinforcements, and
b. ‘Effective’ openings for flow of concrete out of the reinforcement cage.
ii. Proper mix design of the concrete to achieve the required properties:
a. Strength,
b. Flow characteristics,
c. Segregation, and
d. Self compaction.
iii. Quality control testing at the site:
a. Measurement of the properties of the drilling mud, and
b. Measurement of the properties of the concrete.
iv. Other quality control measures at the site
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Quantity of concrete used to construct the pile,
Height of the pile above the cut off level,
Embedment depth of the tremie pipe, and
Withdrawal of the temporary casings.

oo

3.0  Post Construction Testing

There are certain uncertainties associated with the design and construction of piles. Post
construction quality assurance is an essential part of the piling process to assess the
quality of the piles constructed. As previously discussed in section 2.0, both the accuracy
of the assumptions made during the design stage and the suitability of the construction
methodology adopted are assessed by post construction testing of piles. There are a few
‘questions’ to be answered related to testing of piles.

I. What are the types of the post construction tests to be used?
ii. How many piles to be tested from different testing methods?
iii. How the piles are selected for testing?

iv. When should these tests be carried out?
V. What methodology is adopted to evaluate the results of post construction
testing?

Answers to the above questions are not totally independent. However, answering all the
above concerns is not possible in a short paper. Therefore, only one fundamental
important aspect, number of piles to be tested from a site, is discussed here. Interested
readers are referred to Thilakasiri (2009b) for further details.

3.1  Number of piles to be tested

Mainly two types of post construction tests are conducted: integrity tests and load tests.
Often the questions are asked at the conferences and seminars “what percentage of piles
should be tested for integrity?” and “what percentage of piles should be load tested from
a site?”. One should deeply look into the rational behind post construction testing to
answer these questions. The main thinking behind post construction testing is to
minimize the probability of pile failure and assure that the constructed foundation and its
components are having reasonable factors of safety against failure. It is essentially a
probabilistic approach one has to use. However, the defective piles are not randomly
distributed across all the sites or even within a site. For example finding a defective pile
from a pile with unfavorable ground conditions will be higher than the finding a defective
pile from a site having favorable ground conditions. Furthermore, probability of finding a
defective pile across the site may also vary depending on the variability of the ground
conditions across the site.
All the factors that affect the probability of failure of piles should be considered in
arriving at a suitable pile testing program for a given site. Some very important factors to
be considered are:

. The ground conditions at the site; its variability across the site; and the

availability of the information of the subsurface,
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ii. The importance of the structure and the magnitude of the loads transferred to
the ground,

iii. The results of the quality control measures adopted at the site and other
relevant information obtained during the installation of piles,

2 Degree of supervision during piling,

V. Factor of safety used in the design,

Vi. Experience of the piling contractor on similar projects under comparable
conditions, and

vii.  Results of the already tested piles.

The cost of conducting small strain dynamic integrity tests is relatively low and such
testing can be easily conducted without much preparation of the pile. On the other hand,
load testing piles is expensive and during load testing the pile is subjected to the loading
conditions experienced under working conditions. Therefore, the load testing can be
considered as the ultimate quality assurance measure one can adopt. It is advisable to
decide the number and the piles to be load tested after considering the results of al the
other quality control and quality assurance tests including the integrity testing.

3.1.1 Number of piles to be tested for integrity

Williams and Stain (1987) considered the factors that should be considered in selecting
number of piles for integrity testing. They suggested a method to select number of piles
for integrity tests based on the following two factors:
I. Possibility of allowing certain percentage of defective piles in the foundation
without compromising the factor of safety, and
ii. The number of piles at the site.

According to Williams and Stain (1987), if defective pile cannot be allowed (no
redundant piles in the foundation), all the piles should be subjected to integrity testing. If
defective piles can be allowed without reducing the design factor of safety, they
suggested to select the number of piles to be tested based on the number of piles in the
site. In this case, Williams and Stain (1987) suggested testing all the piles if the total
number of piles is less than 30. On the other hand, if the total number of piles at the site is
more than 30, Williams and Stain (1987) suggested testing first 30 piles and subsequently
a random sample of not less than 30% of the total number of piles. If any defective piles
are found in the sample, Williams and Stain (1987) suggested testing 100% of piles.

Williams and Stain (1987) criteria may be used for deciding the number of piles to be
tested. Comparison of the design factor of safety, which generally falls between 2 to 3,
should be compared with the factor of safety from the design calculations in arriving at
the number of defective piles that can be allowed. However, the ability of the
redistribution of the load among piles should also be considered. The author feels that the
conditions considered in arriving at the above criteria may be different from the
conditions encountered in Sri Lanka. The ground conditions found in Sri Lanka are very
much favorable compared to the same found in most of the other parts of the world. If the
concerns mentioned above (factors i to viii listed above) are investigated and found to be
positive (or favorable) testing of first 30 piles and testing a selected sample of 30% of the
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remaining piles is acceptable. However, if any of the piles tested is found to be defective,
100% of the piles should be tested for integrity. On the other hand piles, which are vital
to the stability of the structure, must be tested for integrity using appropriate techniques.

3.1.2  Number of piles to be load tested

Load testing of a pile is the highest level of quality assurance testing. Due to the high cost
and the time restrictions, it is not possible to test all the piles in a site by load testing.
Similar to the integrity testing, it is not reasonable to specify a fixed number of piles or a
certain percentage of piles to be load tested from a site. As mentioned in section 2.0, the
possibility of installation of preliminary test pile(s) should be considered. Civil Engineers
(1978) suggested that at least one preliminary pile should be installed for each major
grouping of piles, or at least one pile for each hundred working piles, on a large site. If it
is not possible to have a preliminary test pile(s), the use of production pile(s) as
preliminary production test pile(s) should be given due considerations. Even though
results of load tests are considered as a quality assurance measure of the tested pile, the
results of test pile(s), if available during the early stage of the construction program, can
be used as a quality control measure to improve the preliminary pile design and the
construction methodology, as shown in Figures 2 and 3.

It is always a good practice to subject certain number of piles to load tests to assure that
the specifications are met. In the past about 2 to 4% of the piles are subjected to static
load tests from a normal site. With the availability of cheaper testing methods such as
High Strain Dynamic Test (HSDT), more piles could be tested at a comparable cost. The
number of piles to be subjected to load testing should be decided based on the
considerations listed in section 3.1. The piles should be selected for load testing
following a systematic procedure so that likely problematic piles are subjected to quality
assurance tests. Pile construction records and quality control test results may provide vital
information in this regards. If a selected pile subjected to load testing fails, the load test
results should be interpreted to find the likely cause of failure. In such event, the
available records should be studied to identify the piles likely having similar problems. A
selected number of such piles should also be subjected to load testing so that the factor of
safety of foundation supporting a part of the structure and the overall structure are not
compromised

4.0 Conclusions

Interdependent nature of the different stages of the piling process: site investigation;
design; construction; and post construction testing are illustrated in this paper and the
advantages of an integrated approach in the piling process are highlighted. The
information obtained from different stages of the piling process is used to make rational
decisions at subsequent stages. It is argued that the site investigation data forms the basis
flat form for the piling process. The information of the ground conditions gathered
through the preliminary site investigation process is repeatedly used at each stage of the
piling process to make crucial decisions. Therefore, it is amply demonstrated that the
geotechnical engineers are in an advantages position in make correct decisions at the
correct time during piling.
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Important aspects during the construction stage are discussed. The importance of
termination of piles and cleaning of boreholes for bored piles before concreting are
investigated, and some guidelines are suggested to avoid failure due to improper
construction practices. Post construction quality assurance testing is also discussed with
the factors those should be considered in making crucial decisions related to post
construction testing. Some guidelines are suggested to select the number of piles from a
site for integrity and load testing.
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