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Use of instrumented static pile load test results as a “crystal ball” 

L'utilisation prédictive des résultats de tests de chargement de pieu instrumentés  

Yit Wah Chong 
KP Chai Engrg & Mgmt Consultants, Singapore 

ABSTRACT 
With today’s strain gauge technology and availability of numerous published case studies on instrumented test piles via various
geotechnical conferences, pile instrumentation in static load tests has become more popular in the field of foundation engineering in 
many countries.  The common use of the instrumented pile load tests to investigate on the design parameters in relation to pile length 
provision is seen by engineers at large as the greatest benefit of pile instrumentation.  However the benefits of the latter should not be 
confined to such an investigative purpose only. Refreshing a little bit more on the relationship among stress, strain and concrete 
modulus, a normal civil engineer would realize that the test results can also be used to help discern irregularities that may have 
occurred to the embedded pile body, predict future problems associated with the proposed pile design concept, and even detect 
unsound practice that may have intentionally or unknowingly formed part of the test. This paper discusses the key aspects of an
instrumented test pile and how to make use of the test results as a “crystal ball” in identifying the problem areas and gauging the 
reliability of the results for pile length design review. The author is  of the  view that equipped  with some appropriate techniques,  
engineers  can  train themselves  to competently look at the instrumentation results to foresee situation that may be regularized during 
the course of a load test instead of waiting for the specialist tester’s  report  after the completion of the  load test. 

RÉSUMÉ
Grâce à la technologie de la jauge de contrainte et à la disponibilité de nombreuses études de cas publiées sur les tests de pieux 
instrumentés via diverses conférences géotechniques, l'instrumentation de pieux dans les essais de charge statique est de plus en plus 
adoptée dans le domaine de l'ingénierie des fondations dans de nombreux pays. Le recours courant à des essais de charge de pieux
instrumentés dans l'étude des paramètres de conception en lien avec la prévision de la longueur des pieux est considéré par les
ingénieurs dans leur grande majorité comme le plus important avantage de l'instrumentation des pieux. Toutefois, il ne faudrait pas se 
limiter à la seule étude, et on peut tirer parti de ces avantages à d'autres fins. N'importe quel ingénieur civil qui approfondit sa 
réflexion sur les relations existant entre la contrainte, la déformation et le module du béton, peut se rendre compte que les résultats de 
ces essais peuvent également être utilisés pour aider à discerner des irrégularités qui ont pu se produire sur la partie enfouie du pieu, 
prédire les futurs problèmes liés à la conception proposée du type de pieu, voire même détecter les pratiques dangereuses qui, de
manière délibérée ou à l'insu des ingénieurs, se sont peut-être glissées dans l'essai. Cet article aborde les aspects essentiels d'un test de 
pile instrumenté et décrit l'usage prédictif que l'on peut faire des résultats des essais, comme avec une « boule de cristal »), en repérant 
les endroits problématiques et en évaluant la fiabilité des résultats pour procéder à l'étude de conception de la longueur de pieu. La 
position de l'auteur est que les ingénieurs qui adoptent la technique de la « boule de cristal » doivent se former à l'interprétation 
compétente des résultats d'instrumentation afin de prédire la situation, qui pourra être régularisée au cours d'un essai de charge plutôt 
que d'attendre le rapport du spécialiste après la réalisation de cet essai. 
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1     INTRODUCTION  

With the present-day strain gauge and data acquisition 
technology, and the publication of  more and more case studies 
on axially loaded instrumented test piles  in various 
geotechnical conferences over the years, pile instrumentation 
has become more popular in the field of foundation engineering 
in many countries. Well-devised test pile instrumentation 
schemes with strain gauges have enabled civil and geotechnical 
engineers to explore the actual behaviour of deep foundation 
piles formed in ground of different geological formations with a 
higher level of confidence.  This kind of investigative study is 
usually  carried  out  with  one or more  preliminary or  ultimate 
test piles before the installation of working  piles starts on a site. 

It is observed that most engineers in the industry are only 
interested to make use of the instrumented test results to 
investigate into two key design parameters, namely unit shaft 
friction and unit endbearing, for their pile length design review.  
However the benefits which can be derived from pile 
instrumentation are far beyond that. The instrumented test 
results can in fact be used as a “crystal ball” to gauge the 
validity of the reported test data,  discern irregularities that may 
have occurred to the embedded pile body, predict future 

problems associated with certain proposed pile design concept, 
and even detect unsound practice that may have unknowingly or 
intentionally formed part of the tests. Some “tools” or 
techniques shall be devised by the author to illustrate how the 
above benefits can be derived from pile instrumentation with 
strain gauges in a static load test.   

2    SOME KEY ASPECTS WORTH OBSERVING IN 
INSTRUMENTED ULTIMATE PILE LOAD TESTS  

Listed below are some key points that should be observed in 
order to achieve a fruitful instrumented pile load test:- 

(i) An instrumented ultimate test pile should ideally be 
allowed to attain its geotechnical failure state within the 
specified loading range so that ultimate unit pile-soil 
resistances can be duly derived. It is perforce necessary 
to avoid conservatively-designed long pile length; 

(ii) 4 nos. of strain gauges placed in 2 diametrically opposite 
pairs at 90 degrees to each other serve the strain 
measurement best in view of possible existence of 
bending effect in the test pile due to eccentric loadings 
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arising from factors like deviation from verticality in the 
as-built test pile, imperfection of jack placement, etc;  

(iii) Strain gauges placed at the interface between two 
distinct soil layers, e.g. between soft marine clay and 
medium dense sand, enables the accurate determination 
of the absolute amount of ultimate shaft friction in each 
soil layer under the failure state; 

(iv) It is advisable to avoid specifying too numerous levels 
of instrumentation in the case of a bored cast-insitu test 
pile to minimize delay in casting due to loss of time 
spent in joining and routing the different sets of cables 
up the pile reinforcement cage. This helps to avoid soil 
deterioration and collapse problem in the bored hole; 

(v) An instrumented pile test can yield meaningful and 
representative results only if all the readings are 
interpreted vis-à-vis the background factual information 
of how the pile has been installed. Some of the 
information needs to be diligently quantified during the 
course of the work, e.g. a best-estimate of the most 
probable as-built pile sizes along the penetration length 
should be obtained from reliable measurement of the 
concrete rise. Any abnormal events like suspected soil 
collapse and delay in concrete truck arrival during the 
pile installation stage should also be recorded; 

(vi) An instrumented static load test should preferably be 
conducted in one continuous cycle without disruption 
(Fellenius 2001). If  a multi-cycle load testing scheme is  
adopted, the strain readings can be distorted by the 
unloading events due to the development of locked-in 
stresses in the pile during the earlier loading cycle(s); 

(vii) The use of a slender steel reinforcement cage which can 
bend excessively during the pitching and lifting 
operation will lead to damage of the strain gauges 
mounted on it; and it is hence advisable to use a robust 
reinforcement cage to avoid this problem; 

(viii) It is a good practice to locate the lapping positions in 
the steel cage away from the instrumented levels so as to 
eliminate errors in pile modulus due to inconsistent steel 
contents among the instrumented levels; 

(ix) The depth of pile from the ground level to  the first layer  
of the strain gauges shall be debonded so that whatever 
applied load at the piletop is equal to the vertical axial 
load at the abovementioned strain gauge level;  

(x) The as-built pile size at the first layer of strain gauges 
must be known accurately; and 

(xi) Adopt improved method of instrumentation which can 
eliminate the shortcomings of the conventional method.  
For instance, an  innovative post-pile instrumentation  
technique called  Global Strain Extensometer or 
Glostrext (Lee et al 2007; Faisal & Lee 2008), which has 
removed the hazard of gauge damage, delay in pile 
casting and other shortcomings associated with the 
conventional method, is now available in this region. 

Adopting the above principles, a design engineer is  able to 
make correct specification to ensure that the pile 
instrumentation scheme yield representative and reliable end 
results for meaningful design decision-making. 

3   STRESS-STRAIN-MODULUS RELATIONSHIP 

For an axially loaded pile with a cross-sectional area Ap, we can 
express the load P at any level in the pile shaft as 

P = Ep.Ap.                 (1) 

where  Ep is the composite modulus of the pile material. 

 Assuming that both the concrete and reinforcement bars in 
the pile are subjected to same amount of strain, the above 
expression can be expanded to  

 =  (Ec .Ac + Es .As )             (2) 

where Ec and Es are the modulus elasticity of concrete and steel 
respectively while Ac and As are the cross-sectional area of 
concrete and steel reinforcement respectively.  

While Es is known to be a fairly constant parameter within a 
narrow range of 200kN/mm2 ±5%,  Ec has been found to be a 
variable which is strain-dependent (Fellenius 2001; Lee et al  
2007).  According to BS8110:Pt 2:1985, typical ranges of Ec at 
28 days of normal-weight G25, G30, G40 and G50 concrete are 
25 kN/mm2±24%, 26kN/mm2±23%, 28kN/mm2 ±21%  and 30 
kN/mm2±20% respectively.  

In instrumented pile load tests, Fellenius(2001) 
recommended the use of secant modulus for Ep of the pile in the 
load computation given in Eqn (1), and recommended a 
procedure to derive Ep from a plot of tangent moduli versus 
strain, from which a linear relationship can be established 
between Ep and strain.  Lee et al (2007) has also established a 
few polynomial empirical relationships for the secant modulus 
of cast-in-situ bored piles from a large test pile sample size for 
different grades of concrete, as summarized in Fig 1.  It is 
noticed that the above polynomials  in Fig 1 are only slightly 
non-linear in nature and can each be simplified to assume a 
linear relationship similar to that as established by 
Fellenius(2001).    Such  empirical  relationships  enable  Ep   be  

Fig 1:  Empirical relationship between Ep and strain for different grade 
of concrete bored piles (after Lee et al 2007) 

computed easily for pile sections at the various instrumented 
levels as the values of strain change  are known from the strain 
gauge measurement readings in the test. 

It should be noted from Fig 1 that (i) Ep decreases with an 
increase in strain under increased applied load; and (ii) range of 
Ep  for different grades of concrete are found to be quite close to 
the range of Ec given in BS8110:Pt 2.   

A few “tools” are proposed by the author in the following 
sections to illustrate how pile instrumentation with strain gauges 
can be used to identify and predict possible problems, and 
gauge the reliability of the load test set-up and the processed 
results presented in a tester’s report.  The purpose is to gear 
towards the correct way of specifying an instrumented load test 
scheme, interpreting the interim and final results so that 
problems can be discovered and regularized in time, and 
ensuring reliable results are obtained for the design office to 
conduct a meaningful pile length design review. 

15

20

25

30

35

40

0 200 400 600 800 1000 1200

Change in Strain (x 10
-6

)

E
p

 (
k
N

/m
m

2
)

G30 Bored Piles -

G35 Bored Piles -

G40 Bored Piles -

G45 Bored Piles -

Ep=31.6-0.0129ε+1.43x10-6
ε

2

Ep=33.7-0.0153ε+3.21x10-6
ε  

2

Ep=33.8-0.0162ε+3.25x10-6
ε2

Ep=35.7-0.0127ε+6.35x10-8
ε

2



Y.W. Chong / Use of Instrumented Static Pile Load Test Results as a “Crystal Ball” 2119

4 TOOL 1 – MAKING USE OF INITIAL READINGS OF 
STRAIN GAUGES 

Strain gauges are sensitive instruments that are able to detect 
and register every change in strain due to a change in the loaded 
condition to a test pile in which they have been installed. They 
produce different readings before and after casting of the pile on 
the same day. A couple of days after casting, the concrete in the 
test pile normally would have hardened to a considerable 
strength, the stress condition set up in the pile body would have 
approached a stabilized state and strain gauge readings would 
usually see diminishing but insignificant changes under the 
constant self-weight of the pile. This is true if there is no 
significant external change introduced to the pile, e.g. no 
external load applied to the pile, no settling of the surrounding 
soil with respect to the pile, etc.   

It is hence a good precautionary practice to instruct one set 
of initial readings of strain gauges be taken on the day just after  
the pilehead set-up (which includes the placement of the load-
application jacks)  has been completed. On the first day of the 
load test, another set of initial strain gauge readings is taken 
before the first loading increment as a mandatory step in the 
instrumentation monitoring. An on-the-spot comparison can 
then be made between the above two sets of initial strain gauge 
readings.  A marked difference between them, particularly for 
the topmost level of strain gauges, is an evidence of load 
application prior to the commencement of the load test. This can 
help to detect any attempt to preload the test pile overnight by 
the party concerned and hence help to prevent the design office 
from relying on unrepresentative test results for the 
interpretation and pile length design review. 

5 TOOL 2 – DETECTING REPRESENTATIVE CHANGE 
IN STRAIN DURING LOAD TEST 

From Section 3, it is not difficult to derive a useful tool for 
checking whether the strain readings produced in an 
instrumented load test are representative. The tool that can be 
developed is one that can establish the most probable range of 
change in strain expected from the set of strain gauges placed at 
the first layer near the pilehead of a test pile with a known 
design working concrete stress fc.
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Fig 2:  Chart showing the representative range of strain change for G30 
bored pile with a safe design concrete stress of 7.5Mpa 

The strain values for a series of targeted percentage ( ) of 
incremental loadings in terms of pile working load(WL) can be 
computed using Eqn (1)  based on the relevant fc value, known 

lower and upper limits of the pile  modulus Ep. The results  are 
plotted to show this computed most probable range of strain 
variation with the applied test loads.  The chart so plotted can 
provide  a  handy guide for the engineers supervising the load 
test to check whether the test is being carried out in a  correct 
order.  A sample chart of this is shown in Fig 2, in which the 
implications of abnormal strain change are also indicated. 

Alternative to the above method, one may take the initiative 
to compute the values of Ep from Eqn (1) using the measured 
strain from the first layer of instrumented level during the load 
test; and if the computed values fall outside the normal range 
mentioned in the Section 3,  then suspicion should be raised on 
the integrity of the load-measuring device and its  set-up even 
the latter bears a valid calibration certificate. Appropriate action 
should be taken to regularize the situation so as to ensure 
representative and reliable test results can be obtained from the  
costly instrumented load test. 

6 TOOL 3 – AIMING FOR CORRECT PROCESSING AND 
INTERPRETATION OF STRAIN GAUGE  TEST DATA 

Having known that the pile modulus Ep is a strain-dependent  
parameter with respect to load, further thoughts should be given 
to the correct way of interpreting the strain gauge  test data. It is  
reckoned that under an applied test load, the change in strain 
diminishes with depth due to gradual shedding of the load to the 
ground via skin friction along the pile depth. Hence Ep used in 
Eqn (1) for calculating the axial load distributed to different 
instrumented levels along the pile cannot stay as a constant. 
Hence test reports which assume a single constant pile modulus 
in the load distribution computation should be viewed with 
caution as the errors induced may be in the order up to 20-30%.  

In recent practice, more specialists adopt tangent modulus 
data to establish a linear secant modulus versus strain 
relationship as per the recommended procedure published by 
Fellenius(2001).  But derivation of the best-fit line from the 
wide range of strain gauge data from all the instrumented levels 
is still left to the free judgment of the data-processing personnel 
of the specialist testing firms, and this can sometimes results in 
a significant degree of inconsistency.      

The author is of the view that an empirical strain-dependent 
relationship for Ep can be established directly from the strain  
change data of the first layer of gauges as per the approach 
adopted by Lee et al (2007). The method involves the plotting 
of the computed Ep-  data and obtaining a best-fit linear 
relationship using the “Trendline” function in the chart wizard 
of the Microsoft Excel program, similar to that shown in Fig 1.   

7 TOOL 5 – FORESEEING DESIGN PROBLEMS FROM 
INSTRUMENTED LOAD TEST RESULTS 

The load distribution and load transfer characteristics derived 
from reliable strain gauge results and representative as-built pile 
size can be used to predict some potential geotechnical 
problems that may surface in future in certain type of soil 
conditions, and this enables appropriate solutions be devised in 
the working pile design and construction to avert the problems.  

An example which involves a project site with a 7 m sand fill 
over a 36m soft marine clay and fluvial soil layers underlain by 
the Old Alluvium Formation is chosen for illustration. In order 
to facilitate the excavation for basement construction, a 5m 
thick jet-grout pile(JGP) layer was introduced at 10-15m bgl 
prior to the piling stage. A 1.0m diameter instrumented ultimate 
test bored pile, UTP1000, with a total design penetration length 
of 59m bgl failed at the 3.0WL as per design. Fig 3 shows the 
load distribution plots computed from the strain gauge results. 
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The following two important observations from the plots in 
Fig 3 and their implications should raise concern: 

(a) The top 10m of weak soil overlying the JGP layer 
exhibited the development of NSF as the soil 
movement under the kentledge load would have been 
faster than the pile movement under the applied test 
load range 0-1000t.  However as the pile movement 
was accelerated under test loads greater than 1000t, 
positive skin friction developed in place of the NSF. 
Therefore the existence of prevailing downdrag at this 
building site should be reckoned;  and 

(b) Very high shaft load was obtained within the JGP layer 
at 10-15m bgl. The sharp gradient  indicates that the 
unit skin friction (computed as 43t/m2) here has even 
far exceeded that (23t/m2) in the competent founding 
OA strata.  Under long-term condition, the high shaft 
frictional resistance offered by this JGP layer may not 
be a blessing but a hidden risk for the foundation 
system of the building as the soft marine clay beneath 
it is still subjected to time-dependent  consolidation. 
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Fig 3: Load distribution plots of UTP1000

With the above valuable information known from the pile 
instrumentation, design engineers can incorporate appropriate 
measures or solutions in the  design review so as to ensure a 
safe foundation system under the long-term conditions.   

8   TOOL 5 – USING STRAIN GAUGE RESULTS TO 
VERIFY THE INTEGRITY OF MULTI-JACK SYSTEM IN 
LOAD TEST INVOLVING OSTERBERG CELL METHOD 

Pile instrumentation can also be used in static pile load test 
conducted with Osterberg Cell method. However, the latter does 
sometimes encounter problems in relation to the proper 
functioning of the built-in embedded hydraulic jack system.  

The author has encountered a controversial case on an 
instrumented ultimate test pile equipped with a pair of 1000t 
hydraulic jacks near the pile base region. In the midst of the 
load tests, the strain gauge readings showed a dramatic drop in 
the average strain while there was no obvious anomaly in the 
pile load-settlement data from the relevant monitoring devices.  
A diagnostic study was  carried out and it was  found that the 

strain gauge readings on one side (called side A) of the pile 
showed a halt in the incremental strain change after the 6th load 
increment while those on the opposite side (called side B) 
continued to produce steadily rising change. It was concluded 
that out of the two built-in jacks, the one on side A has mal-
functioned and all the pressure pumped into the hydraulic 
system seemed to have channeled to the jack on side B, possibly 
with some loss in the system that could not be accounted for. It 
is hence highlighted here that any strange change in strain 
during the load tests is worth investigating because it is likely to 
indicate some specific problems in relation to the test pile set-up 
system or the peculiar ground conditions encountered.  

9   CONCLUSIONS 

Depending on the type of natural soil conditions and man-made 
alteration to the ground,  static load testing using instrumented 
piles can provide a spectrum of insightful information that 
cannot be realized from a conventional static load test. 

Some key aspects in achieving fruitful instrumented pile load 
tests have been highlighted to call for correct specification for 
pile instrumentation among the design engineers.  

Stress-strain-modulus relationship is brought into picture to 
lay the basis for introducing a few suggested “tools” for 
engineers to appreciate its usefulness in dealing with the strain 
gauge results from instrumented load tests. 

A total of 5 numbers of tools have been presented to provide 
some practical guides for engineers who wish to know more 
about the subject so that they can use the pile instrumentation  
as a “crystal ball” to gauge the validity of the reported 
instrumented test results,  discern irregularities that may have 
occurred to the embedded pile body, predict potential risks 
associated with the certain proposed design concepts, and even 
detect unsound practice that may have unknowingly or 
intentionally formed part of the tests. Via such vigilant 
involvement before, during and after the load tests, it is believed 
that engineers can obtain more reliable and representative 
results on the load distribution and transfer characteristics from 
the pile instrumentation so as to enable the design office to 
carry out a meaningful design review.  
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