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A review of the literature shows that pile integrity is a significant concern in pile construction; in particular,
determining the location and nature of anomalies along the depth of the piles using thermal integrity testing
data. This paper proposes a new anomaly detection approach which combines early-age temperature monitoring
data and finite element back-analyses. A case study on a continuous flight auger (CFA) test pile with engineered
inclusions was conducted using this new approach. Through 1D finite element analysis, a linear relationship
between maximum temperature and effective pile radius is established. A crucial indicator — ‘the effective pile

radius’ could be used to reconstruct as-built pile 3D shape and identify anomalous regions inside or outside the
pile reinforcement cage. The data interpretation results of the field case study show that thermal integrity testing
provides reliable information to identify anomalous regions within the pile. Compared to the conventional cross-
hole sonic logging, thermal integrity testing used in combination with the new approach presented in this paper,
can provide more reliable information in the pile integrity assessment process.

1. Introduction

Pile foundations are widely used in construction due to their ability
to overcome poor soil conditions by transferring the imposed loads deep
into stronger and stiffer soils and hence avoiding the softer soils closer to
the surface. The growing use of pile foundations, however, highlights
the challenges associated with pile construction. The difficulty of in-situ
pile quality assessment is one such challenge; potential shaft instability
and difficult conditions for visual inspection [32] present additional
challenges for quality checks. Pile integrity testing aims to address this
problem by detecting defects inside piles following their construction.

Current pile integrity tests can be categorised into destructive and
non-destructive tests. The destructive test is based on the partial or
complete drilling and extraction of the foundation piles. It is a highly
informative method but is impractical for most construction projects
because it is costly and time-consuming. The commonly used method in
industry is non-destructive integrity testing, which includes cross-hole
sonic logging (CSL), sonic echo testing (SET), radiation-based gamma-
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gamma logging (GGL) and pre-construction pile load testing
[33,7,14,25,24]. Unfortunately, current non-destructive test methods
for pile integrity are still not fully reliable [8]. Failure to detect defects
and the occurrence of false positives remain common across various
testing systems [14]. For example, uncured concrete and de-bonding can
influence the results of CSL. The proximity of steel reinforcement could
influence results by absorbing radiation of GGL and the ground stiffness
limits the testing depth of SET. Another commonly used testing method
is pre-construction pile load testing, which can eliminate potential risks
and uncertainties of piles subjected to various geotechnical conditions
[18,28,4]. However, the pile load tests, which are usually performed on
individual piles using frames and/or platforms in which dead loads are
placed are costly and time-consuming and can be done on only a small
number of piles on site.

In order to address some of these shortcomings, a relatively new
method - thermal integrity profiling (TIP) has started to attract the
attention of practitioners [1,30,6]. TIP captures temperature readings
during the concrete curing process along the depth of the piles using
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Fig. 1. Proposed framework for thermal integrity testing data interpretation - Sun et. al. (2020).

distributed or semi-distributed temperature sensors [25,27]. The tem-
perature measurements are then compared against a theoretical model
with the differences between the actual and the theoretical values
attributed to anomalies inside the concrete [25,27]. Mullins & Johnson
[23] undertook several experiments on piles with various built-in
anomalies, which demonstrated the potential of the technique to
locate different pile defects. Rui et al. (2018) used distributed fibre optic
sensing technology to perform TIP testing and employed a one-
dimensional numerical model to simulate the early age behaviour of a
bored pile constructed in London. The article successfully assessed the
integrity of the concrete cover, however, a key question, whether it is
possible to identify anomalies within the concrete core (inside the steel
cage), still remained. Recently, Sun et al. [31] proposed a framework
which aims to facilitate the anomaly detection process for the cast in situ
piles with higher accuracy. The basic elements of the proposed frame-
work are shown in Fig. 1. The first stage includes direct observation of
the temperature profiles to identify anomalous zones with the pile. This
crucial stage, on which all subsequent analyses in the framework are
built, is conducted manually and entirely relies on the judgement of the

user. Hence, the initial identification of the potential problematic zones,
relying on direct observation only, could be subjective and could lead to
inconsistent outcomes for different users. The work presented in this
paper addresses this specific key limitation and complements the work
presented by Sun et al. [31].

The paper develops a novel anomaly detection approach combining
the early-age concrete temperature monitoring data with finite element
back-analyses. A CFA test pile with engineered inclusions (location, type
and sizes are known in advance) was used to validate this method. The
temperature data (along the entire depth of the pile) during the concrete
curing process, complemented with a series of finite element back an-
alyses facilitated the introduction of a key indicator, the effective pile
radius, that could be reliably used to identify the locations of the engi-
neered inclusions along the pile. This provides a consistent and reliable
quantitative approach that replaces the direct observation proposed for
Stage 1 of the thermal integrity testing data interpretation framework
presented by Sun et al. [31]. The nature and size of these anomalies
could be, qualitatively, inferred using the effective pile radius; however,
this is more challenging and less reliable.
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Fig. 4. Installation of inclusions positioned: (a) external to the cage; (b) centrally within the cage; (c) at the internal circumference of the cage.

2. Site instrumentation and temperature measurement
2.1. Test site and pile instrumentation

This project involved constructing and monitoring a continuous
flight auger (CFA) test pile to enable a comparison between thermal
integrity testing and the traditional cross-hole sonic logging. The test
was conducted on 10 June 2015 in a construction site in London, United
Kingdom. As shown in Fig. 2, the test pile had a nominal outer diameter
of 900 mm and a designed length of 20 m. The reinforcement cage
diameter was 750 mm and the temperature sensors for TIP were
installed into the reinforcement cage before pile construction. The
contractor records showed that a cumulative concrete volume of 15.28
m> was used to construct the pile. Site logs recorded that the soil
excavation started at 16:59 pm and ended at 17:12 pm, followed by the
concrete pouring (started at 17:12 pm and completed at 17:42 pm). Full-
length TIP data collection was initialised at 17:15 pm - approximately 3
min after the start of concreting - and continued for 40 h which ended on
June 12, 2015. The soil stratigraphy in the testing area consists of Made
Ground, River Terrace Deposits which are underlain by the Lambeth
Group and Thanet Sand formation as shown in Fig. 2(a). The TIP
instrumentation included three thermal wire cables, namely TIP-1, TIP-
2 and TIP-3 as shown in plan view in Fig. 2(b). A complete set of tem-
perature measurements was collected every 15 min at 300 mm intervals
along the pile length.

On the other hand, CSL was also conducted in this project to provide
a comparison. Three cross-hole sonic logging tube pairs were attached to
the reinforcement cage as shown in Fig. 2(b). After construction, probes
(sensors that generate and detect signals) were lowered into the access
tubes to conduct the CSL test. The transmitter probe sends a signal from
one tube into the surrounding concrete, and the receiver measures the
signal intensity on a different tube. The travel time between the tubes is
then measured and is thus used as an indirect, low strain, non-
destructive integrity test method that is most commonly used in deep
foundations.

The test pile was constructed by rotating a continuous flight
auger into the soil to build an empty shaft first. Upon reaching the design
depth of 20 m, concrete was pumped through the hollow stem of the

auger whilst the auger was slowly extracted (upwards). After the augers
were withdrawn from the shaft, the reinforcement cage was plunged
into the concrete that filled the shaft. As shown in Fig. 3, three thermal
wire cables were attached on three sides of the reinforcement cage and
routed along the full length of the pile.

Three engineered inclusions were constructed and attached to the
cage at three different locations, as shown in Fig. 4, in order to assess the
performance of TIP and CSL. Inclusion 1 is a set of sandbags filled with
Thanet sand with a thickness of 70 mm installed externally to the
reinforcement cage (Fig. 4(a)). This is used to simulate soil inclusions
outside of the reinforcement cage, one of the most common forms of pile
defects caused by limited collapse of shaft walls. Inclusions 2 and 3 are
water containers filled with Thanet Sand. They were both 270 mm in
diameter and placed in different locations along the pile (Fig. 4(b) and
Fig. 4(c)). The soil inclusions within the reinforcement cage are repre-
sented by these two designed defects. It should also be mentioned that
large holes or voids are also prevalent types of flaws that emerge during
pile construction. Similar to soil inclusions, these defects do not generate
heat. However, they have an even lower heat transfer rate, and thus have
a greater impact on local temperature variation. As a result, large holes
or voids are more noticeable in temperature profiles. For this reason, the
field case study focuses on soil inclusions, a type of defect more difficult
to detect by thermal integrity testing.

The spatial relation between the inclusions and the different sensors
are shown schematically in Fig. 2 (a) and 1(b). The three inclusions were
designed to be located at levels 2.53-3.63 m, 5.35-6.35 m and
9.15-10.15 m below ground level respectively. Inclusion 1 was close to
TIP cable 1, located in the granular saturated River Terrace Deposits.
Inclusion 2 was installed in the centre of the pile, while Inclusion 3 was
installed at the cage’s internal circumference, close to TIP cable 1.

2.2. Measured temperature profiles

Following the completion of the concrete pour, the three thermal
wire cables generated a set of temperature measurements every 15 min
at 300 mm intervals along the cables. Hence, there are three indepen-
dent temperature/time readings for each cross-section at 300 m in-
tervals along shaft length. The end of the concrete pour is designated as
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Fig. 5. Thermal wire cable temperature development over time.

the baseline from which curing time is measured. The average values of
the three temperature measurements in each cross-section over 40 h
monitoring period are plotted using the light grey lines shown in Fig. 5
(a). The black line represents the mean value of all the sensor mea-
surements. The observed trend shows a small decrease in temperature
over the first 2 h followed by a steep increase in the temperature over the
next 20 h, after which the rate of heating started to drop. The maximum
temperature is observed between 14 and 16 h from the initial reading,
about 7 °C warmer than the initial value. The different peak tempera-
tures between the cables show that the pile did not see a uniform
maximum temperature on each cross-section. The difference ranged
from 5 to 8 °C despite a similar heating rate across the cables. Steady
cooling started after the peak, with the temperature gradually reducing
for the remainder of the test. For a pile without any defects, the peak
temperature at different cross-sections should be reasonably uniform
along the entire depth. Hence, these different peak temperatures in
Fig. 5 (a) indicate non-uniform properties for the pile. Some of these
non-uniform properties were due to the defects in the pile. Fig. 5 (b) and
(c) show the temperature change for the three separated temperature
cables on two cross sections at 4.9 m and 15.1 m deep over a 40-hour
monitoring period. TIP-1, which is close to Inclusion 1 at 4.9 m, has a
substantially lower temperature than TIP-2 in Fig. 5 (b). Lower TIP-3
temperature may result from misaligned reinforcement cages or
necking issues at this depth. In contrast, the temperature on all three
cables at 15.1 m in Fig. 5 (c), which is far from any design inclusions, is
relatively similar.

In addition to temperature development at specific measurement

points, the longitudinal temperature profiles along thermal wire cables
also contribute significantly to pile integrity assessment. As the concrete
hydration process is time-dependent, the optimum time to conduct the
profile analysis is crucial for distinguishing regions of suspected anom-
alies within the piles. The ASTM Standard [2] suggest that the optimal
testing time should be “near the time of peak temperature in the con-
crete” when “the maximum contrast to the surrounding material” oc-
curs, which, according to Fig. 5, is around 15-16 h after concrete casting
in this case study. On the contrary, recent studies [30,6] suggest the
greatest thermal effect due to defects occurs at the time of the maximum
rate of temperature rise, which is 6 h after concreting in this case study.
Thus, two sets of temperature profiles corresponding to the highest
temperature rise rate and the peak temperature are plotted in Fig. 6. The
designed locations of the three engineered inclusions and the ground soil
layers are illustrated in the figure by shaded boxes and various back-
ground colours respectively. Using visual inspection, both Fig. 6 (a) and
(b) show significant temperature reductions at 2.5 m, 6.5 m and 9.5 m,
all of which are near the designed locations of engineered inclusions.

3. Developing the new anomaly detection approach
3.1. Pile general temperature profiles

The temperature development of a cast-in-situ pile depends on many
factors, including concrete mix, cement type, shaft size and boundary

conditions. The cement composition and concrete mix determine the
hydration model, and thus define the heat generation rate of the early
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Fig. 6. Longitudinal temperature profiles at (a) 6 h and (b) 15 h after concrete casting.

age concrete. The shaft geometry and boundary determine the heat
transfer route and speed. The heat dissipation and temperature distri-
bution for an idealised cast-in-situ pile are illustrated schematically in
Fig. 7. For a cylindrical pile without defects, the cross-sectional lateral
temperature distribution is bell-shaped with the peak at the shaft centre.
The soil with higher thermal conductivity allows faster heat transfer
from the concrete body to the surrounding soil, leading to lower central
temperature. The larger shaft size increases the amount of heat source
and the route of heat dissipation, thus higher central temperature would
be expected to occur. If the soil thermal conductivity changes between
the different soil layers, the various heat dissipation rates lead to vertical
temperature profile variation. Generally, a significant temperature “roll-
off” exists on the top and bottom of the vertical profile, which can be
seen on the measured temperature profiles in Fig. 6. The bottom of the
shaft allows heat dissipation not only radially out of the circumference
but also longitudinally through the end. The top of the shaft is exposed
to the ambient environment (air), and hence internal heat is dissipated
much faster than other locations. Thus, the temperature is usually
several degrees Celsius lower than the average profile temperature in the
upper and lower one-diameter length of the pile.

In practice, anomalies such as voids, necking, bulging and soil
intrusion may exist inside the concrete body of the piles mainly due to
construction related factors (including but not limited to shaft condition,
open time of the shaft before concreting, shaft excavation techniques,
etc...). O’Neil and Sarhan [26] reported that more over 20 % of 2986
drilled shaft piles evaluated in California between 1996 and 2000 had
serious defects that could compromise pile loading capacity. Jones and
Wu [16] and Camp et al. [9] investigated cross-hole sonic logging on

1000 and 441 drilled shafts, respectively, in the United States under
diverse ground conditions. The findings show that between 33 % and 38
% of these piles had at least one structural defect. Fig. 8 shows examples
of drilled shaft pile defects. Fig. 8 (a) illustrates severe concrete material
loss near the surface, while Fig. 8 (b) displays a soldier pile wall with
multiple defects such as necking, void, and misaligned reinforcement
cage.

The measured temperature at the sensor location is affected by
multiple factors, including shaft size, boundary condition and presence
of any anomalies. It is usually difficult to distinguish one factor from
another. Specifically, the temperature measurement of an anticipated
intact concrete pile could be similar to a defective concrete pile with a
larger radius. Fig. 9 shows an example of such a scenario where the
recorded temperature at S1 in the first pile is close to the temperature at
S2 in the second pile near the defect. Therefore, in this paper, to address
this specific situation, temperature profile variation in each soil layer
will be considered as a change in the ‘effective pile radius’, which de-
notes the radius of an intact pile that produces a similar amount of heat
and generate the same measured temperature at the sensor location.
Thus, the value of the effective pile radius (Refr_s1) at S1 location should
be close to that (Refr—s2) at S2 location shown in red dashed line in Fig. 9.
The effective pile radius along the entire shaft is a crucial indicator for
pile quality assurance. Engineers can use effective pile radius to make a
quick assessment whether detailed integrity investigations are required
for the pile in question or not. Given that the temperature sensors are
attached to the reinforcement cage with a known radius, the effective
pile radius (R¢fr) can also be related to the effective pile cover thickness
(Deover) using the following equation:
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Rer = Teage ~+ Deover (2)

where e, is the radius of the reinforcement cage.

3.2. Finite element and hydration model

All the changes in temperature profiles (along the depth of the pile)
are assumed to be due to the variation in effective pile radius. These
temperature profiles can also be computed using one-dimensional (1D)
finite element analyses (in three radial directions corresponding to the
three sensor locations within the pile) of heat transfer in which effective
pile radii are assumed along the pile depth. The effective pile radius is
adjusted at different locations along the pile depth to get a good match

perfect cylindrical pile without defect.

between the measured temperature profile and that calculated by the FE
analyses. Through this method, the effective radius along the depth of
the pile can be predicted in three sensor radial directions corresponding
to the three sensors arrays. After analysing all cross-sections, the ge-
ometry of the whole test pile can then be computed. Due to the axial
symmetry, the finite element model can be simplified as a 1D model, as
shown in Fig. 10. The FE model includes pile elements and soil elements;
the hydration heat source is applied to every node of the pile elements to
simulate the hydration heat production. The pile/soil interface location
(or concrete cover thickness) is adjusted in the FE analysis to match the
predicted temperature with the monitoring data.

The accuracy of the hydration model will directly affect the finite
element temperature prediction and the anomaly detection capability.
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Fig. 8. (a) A drilled shaft with severe necking; (b) a soldier pile wall with numerous defects [24].

actual temperature and the degree of hydration:

El _L_1
Q = W-Guaxao-c:[sin(am) ] -e " e (93 ) 3)

where a, b and ¢ are hydration parameters dependent on material
properties; a; is the degree of hydration, defined as the proportion of the
amount of heat released at time ¢ to total heat of hydration Qyta1; Gmax.20
is the maximum heat generate rate at 20°C; E is the apparent activation
energy; R is the universal gas constant; T is the temperature of concrete
(K); and cw is the percentage of cementitious materials by weight.
Table 1 shows the Type I cement hydration parameters obtained from
experimental data by De Schutter & Taerwe [11]. It should be noted here

(@

Fig. 9. (a) A smaller pile without defect, (b) a larger pile with defect. Table 1

Calibrated hydration model parameters.

Many formulations have been developed over the years to quantify
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Material Type Source Weight SSD* Proportion constituent Proportion by total weight
(kg/m*)
Cement CEM I Ketton 190 50 % 8.0 %
GGBS Purfleet 190 50 % 8.0 %
Limestone 10-20 mm Whatley 520 29 % 21.8 %
Aggregates 4-10 mm Whatley 420 23 % 17.6 %
0-4 mm Greenwish 870 48 % 36.5 %
Admixture Limestone filler Omya 40 - 1.8%
Viscoflow 2000* Sika 2.52 - 0.1 %
Water - Network Water 152 - 6.4 %
Total Weight 2385 - -

SSD*: Saturated surface dry (SSD) defined as the condition of an aggregate in which the surfaces of the particles are “dry” (i.e., surface adsorption would no longer take

place), but the inter-particle voids are saturated with water.

ViscoFlow 2000*: A liquid admixture for concrete based on unique polycarboxylate polymers technologies. ViscoFlow 2000 is designed as a high range water reducer
or superplasticiser. It is particularly suited for use in concretes that require low water/cement ratios and / or high water reductions with excellent workability retention
properties of up to 3 h [https://sikaconcrete.co.uk/products-systems/sika-viscoflow-2000/].

Table 3
Values of thermal properties.
Parameters Top of Thermal Volumetric heat Thermal
Strata conductivity k capacity diffusivity K
(m) (W/mK) pc(KI/mPK) (107°m?/s)
Made Ground 0.0 1.8 2800 0.64
River Terrace 0.5 2.0 2000 1.00
Deposits
Lambeth 5.3 1.6 2200 0.73
Group
Thanet Sand 17.0 1.6 2400 0.67
Formation
Chalk 31.4 1.4 2400 0.58
Concrete Pile - 1.1 2300 0.48

that the values of these hydration material parameters vary considerably
for different concrete mixtures and cement composition.

The test CFA pile also employed Type I cement but with a different
composition and mix design. The cement proportion cw can be deter-
mined from concrete mix design in Table 2, where cementitious mate-
rials account for 16 % of total weight. The hydration material
parameters for this field test are calibrated using the field-testing data
and differential evolution algorithms as detailed in Sun et al. [31]. The
results are listed in Table 1. The significant difference between the two

Temperature (°C)

Radi

sets of parameters is the value of Q. The calibrated value of Q. is
about two thirds of that obtained from experimental data by De Schut-
ter; this is possible because half of the cementitious material has been
replaced by ground granulated blast-furnace slag (GGBS) in this field
case study.

The initial temperature of the soil was fixed at an assumed ground
temperature of 13 °C [13,31]. The initial temperature of concrete at
casting ranged from 22—24 °C obtained from the temperature sensor
measurement. The soil thermal properties in this field test also vary in
different soil strata as listed in Table 3 (average values were selected
from a number of studies including Rui et al. [29], Garber [13] and Kim
et al. [17]. In the pile construction log, the actual pile length recorded
was 20.02 m, with a total concrete consumption of 15.28 m®>. The
designed diameters of shaft and reinforcement steel cage were 900 mm
and 750 mm, respectively, as illustrated in Fig. 7. As temperature sen-
sors were attached to the cage, the sensor radial position to the shaft
centre was 375 mm.

3.3. Data analysis and interpretation

Relationship between maximum temperature and effective radius.

In the thermal integrity test, the temperature sensor cables are
attached to the outer layer of the reinforcement cage. As the temperature
at the pile centre and concrete cover is unknown, the measured

al Pos\{\or\ (m)

Fig. 11. Relationship between cage position, shaft size and temperature measurement at 16 h.
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Fig. 12. Linear relationship between concrete cover thickness and maximum temperature.

temperature data at the cage location are used to infer the entire pile
temperature distribution and predict potential defects. Therefore, the
relationship between temperature measurement and shaft size for an
intact concrete pile needs to be investigated. Fig. 11 shows a theoretical
relationship (using the hydration model proposed by De-Schutter and
Taerwe [11,12] with the parameters presented in the tables above) for
cage radius, shaft radius and temperature at 16 h after the concrete pour
(time to peak temperature). The thick dashed lines represent the cage
position where temperature sensors are attached, and it is 0.375 m in
this field case study. The solid lines represent different shaft radii - the
red line represents a shaft radius of 0.45 m as in the field test. The solid
and dashed lines intersect at the theoretical temperature measurement.
The predicted peak temperature (in the middle between the dashed
lines) increases linearly with the increase of shaft radius. As the common
design for pile concrete cover is usually between 25 mm and 200 mm
thick, the shaft size and temperature still fall into the linear relationship
zone in Fig. 11 [22]. Therefore, the temperature measurement at the
cage location is highly sensitive to the concrete cover thickness, which
can be a good indicator to assess the as-built pile shape.

The method suggested by Mullins [22] requires the practitioner to
select a temperature distribution profile at a specific time. For example,
Johnson [15] employed temperature measurement 24 h after concrete
casting. However, it is not easy to determine the most appropriate time
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as relationship between cage position and shaft size (as shown in Fig. 11)
changes at different temperature measurement time — please note that
Fig. 11 is plotted at 16 h following concrete casting. It is even more
challenging to conduct pile shape analysis with a time-dependent tem-
perature-radius relation. To generalise the proposed method, this study
employs the maximum temperature at each measurement point within
the entire curing period instead of the temperature distribution at a
specific time. The maximum temperature at each sensor location is also
strongly related to pile shape, concrete quality and boundary conditions,
and it can be easily extracted from the measurement data. It is expected
that a similar linear relationship between maximum temperature and
shaft radius should be found through 1D FE analysis.

A series of 1D finite element models (as detailed in Section 3.1) were
established in four layers of soil; Made Ground, River Terrace Deposits,
Lambeth Group and Thanet Sand Formation, where the main body of the
pile was located. In each soil layer, a number of FE simulations were
conducted using different concrete cover thickness in each simulation.
The thickness ranged from 1 cm to 20 cm with an interval of 0.5 cm. All
other parameters, including reinforcement cage location, concrete and
soil thermal properties, follow the pile design and construction
specifications.

The maximum temperature at the sensor location (as specified in the
field test — 375 mm from the centre of the pile) corresponding to each
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Table 4

Values of D-T relationship parameters.
Parameters ax(cm/°C) Pr(cm)
Made Ground 1.57 36.08
River Terrace Deposits 1.45 30.87
Lambeth Group 1.53 34.49
Thanet Sand Formation 1.56 35.59

Table 5
Changes in a; with variation of thermal diffusivity of soil and temperature
sensor location.

ax(cm/°C) Sensor Location (m)
0.35 0.36 0.37 0.38 0.39 0.40
Kqoit (k/p.c)(m?/s) 0.4 1.79 1.76 1.73 1.71 1.68 1.67
0.5 1.70 1.67 1.64 1.62 1.60 1.60
0.6 1.64 1.61 1.58 1.56 1.54 1.54
0.7 1.59 1.56 1.53 1.51 1.50 1.50
0.8 1.56 1.52 1.49 1.47 1.46 1.46
0.9 1.53 1.49 1.46 1.44 1.43 1.43
1.0 1.50 1.46 1.43 1.41 1.40 1.41
1.1 1.48 1.44 1.41 1.39 1.38 1.39
1.2 1.46 1.42 1.39 1.37 1.36 1.37

different concrete cover thickness is extracted and illustrated in Fig. 12.
A strongly linear relationship between maximum temperature and cover
thickness is revealed for the different soils boundary conditions as
follows:

Dcover = ak*Tmax _/}k (4)
where Dgyr represents the concrete cover thickness (cm) and Ty, de-
notes the maximum temperature (°C) at the measurement point, ay (cm/
°C) and f; (cm) are D-T parameters dependent on factors including
sensor location and soil material. The value of these parameters were
obtained through linear regression of the FE analysis data and are listed
in Table 4. For example, in the Lambeth Group, the parameter ay implies
that every 1 °C increment of the measured maximum temperature rep-
resents 1.53 cm increase of the concrete cover thickness, which provide
a convenient approach to evaluate pile effective radius.

Parametric study of soil thermal property and sensor location.

The thermal properties of soil vary among different strata, and hence
it is necessary to evaluate its impact on Dcoyer - Tax relationship.
Meanwhile, due to the cage misalignment or sensor attachment error on
the steel reinforcement bar, temperature sensors may not precisely be
located at their specified locations (375 mm away from the centre of the
pile cross-section in this case). Thus, a series of parametric studies were
performed to investigate the effect of soil thermal properties and sensor
locations on the parameters o, and f.

The heat dissipation rate in soil does not solely depend on soil
thermal conductivity k (W/m.K), but is also affected by soil density p
(kg/m3) and specific heat capacity ¢ (J/kg.K). Thus, a collective factor,

Table 6
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the thermal diffusivity K,y is used for this parametric study, defined as:
Koot = k/(,DC) )

The reference value of K; for the soil in Lambeth Group is 0.73 m?/s
(from Table 3), and the reference sensor location is 0.375 m as
mentioned previously. A series of one-dimensional FE models simula-
tions were conducted for K, ranging from 0.4-1.2 m?/s and sensor
location varying from 0.35 to 0.40 m. All the analyses results for o and
P, are listed in Table 5 and Table 6. The value of ax remains between
1.37 and 1.79 cm/°C and is inversely proportional to the values of
thermal diffusivity K.; and sensor location.

It is worth noting here that the D-T relationship parameters o, and f;
also depend on serval other factors, such as seasonal ground tempera-
ture variation and concrete thermal conductivity.

3.4. Pile 3D shape analysis

The relationship between the maximum temperature and concrete
cover thickness allows us to back-calculate the temperature develop-
ment at three different sensor locations on the cross-sections along the
pile depth spaced at 300 mm. This back-calculation aims to obtain the
effective pile radius along the pile using Egs. (2) and (4). Four sets of D-T
relationship parameters ax and f, are applied for four different soil
layers (Made Ground, River Terrance Deposits, Lambeth Group and
Thanet Sand). The calculated pile effective radius in the three different
axial directions (sensor locations) are shown in Fig. 13. The results show
noticeable radius variation along the shaft. Between 2 and 4 m, the
effective radius at the location of TIP-2 sensor is significantly larger than
that at the location of TIP-3 sensor by around 7 cm. At TIP-1 location, a
sharp decrease of the effective radius can be seen between 8 and 9 m
below ground, and the radius is larger than average along the bottom
half part of the pile.

The results obtained above are then used for constructing the pile 3D
shape. The radius values at the three axial directions along the depth of
the pile are first calculated by spline interpolation (longitudinally). Itis a
form of interpolation method which use a special type of piecewise
polynomial called a spline [5,20,21]. The spline interpolation offers
better continuity between the segments compared to linear interpola-
tion. Then the effective radius on each cross-section is again calculated
by spline interpolation based on the values at the three sensor locations
(spline interpolation now applied in each cross-section). On each cross-
section, only three data points are available, and this could result in
interpolation discontinuity. Thus, the known radius values are repeated
on the X-axis from 0 to 6 = with each interval of a full circle 2 & as shown
in Fig. 14. A continuous profile of the effective radius between 2 n and 4
 is extracted as the final prediction. Using Fig. 14 ensures that the slope
at 2 w and 4 n is the same as they are on the same radian location on the
pile cross-section. For a given cross-section, the result of this analysis
provides predicted effective radius values which enables the shape of the
cross-section to be determined. The above procedure is then repeated for
all the cross-sections spaced at 300 mm along the pile and eventually a

Changes in g, with variation of thermal diffusivity of soil and temperature sensor location.

Py (cm) Sensor Location (m)
0.35 0.36 0.37 0.38 0.39 0.40
Ksoit (2k/p.c) 0.4 —46.11 —44.28 —42.61 —41.06 —39.60 —38.27
(m/s) 0.5 —42.45 —40.58 —38.88 —37.37 —36.09 —35.03
0.6 —39.79 —37.90 -36.18 —34.69 -33.50 -32.59
0.7 —37.75 —35.85 —34.12 -32.63 —31.50 —30.68
0.8 —36.14 —34.23 -32.47 —30.99 —29.90 —29.14
0.9 —34.82 -32.90 -31.13 —29.64 —28.58 —27.86
1.0 -33.71 -31.78 —30.01 —28.52 —27.47 —26.78
1.1 -32.77 —30.84 —29.05 —27.56 —26.52 —25.85
1.2 —31.96 —30.02 —28.23 —26.73 —25.71 —25.04

11
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continues 3D pile shape is obtained. The key advantage of using this
method is that the presence of any anomaly, whether located within the
steel cage or outside, will affect the shape of the cross-section as long as
the anomaly is significant enough to affect one or more of the sensor
readings.

Fig. 15 shows the 3D pile shape according to the calculated effective
radius. The average pile effective radius is around 50.7 cm (this is
calculated by getting the average effective radius for every cross-section
and then averaging over the whole length of the pile). The absolute

12

largest (bright yellow in Fig. 15 and absolute smallest (dark blue in
Fig. 15) radii are 57.5 cm and 43.5 cm, respectively. The orange colour
indicates an expanded pile radius over the average value 50.7 cm, and
blue colour represents a contracted pile radius smaller than the average
value which are marked as defective zones. Two minor defective zones
can be seen in Fig. 15 between 2 and 4 m and 9 to 12 m below the ground
appears, and one severe defective zone shown as dark blue area between
6 and 8 m appears to be a significant necking problem. The pile radius
varies significantly along the upper half part of the pile, where it ranges
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Table 7
Pile cross-section area comparison.

Depth  Calculated Effective Calculated Calculated Pile Average Pile Design Cross-sectional Construction Area Loss Actual Area Loss
m Radius Effective Area Area Percentage Percentage
cm Area m? m? % %
m2

2.8 0.50 0.78 0.81 0.64 3.8 2.4

5.8 0.47 0.68 0.81 0.64 18.1 7.1

9.4 0.49 0.71 0.81 0.64 8.7 7.1

very close to the reported concrete consumption of 15.28 m®.
Table 8

Sonic logging classification and specialist sub-contractor evaluation criteria.

Classification Increase in FAT And/Or Reduction in Energy
Satisfactory 0-10 % And less than 6 dB
Observation® 11-20 % or 6-9 dB

Flaw? 21-30 % Or 9-12dB

Defect® >31% or >12dB

1 Observation: not normally detrimental but taken into consideration for overall
assessment.

2 Flaws: to be addressed if present in more than half profiles. Flaws present over
the entire cross-section normally require redesign, repair or replacement.

3 Defects: to be addressed if present in more than one profile.

from 43 to 57 cm. The shape of the lower half pile is relatively consistent
around 51 cm in radius. Using the information obtained from the 3D
shape, the volume of the concrete pile is calculated as 16.15 m®, which is
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3.5. Cross-section area loss and integrity analysis

Through the calculation results above, the pile effective cross-section
area along the shaft can be obtained. As the pile cross-section area is
related to pile bearing capacity, it is worthwhile to validate the calcu-
lation results with pile design values. Three different designed inclusions
were installed inside and outside the pile reinforcement cage at depths of
2.8 m, 5.8 m and 9.4 m.

Table 7 compares the pile predicted and design cross-section areas at
the three defect zones. At 2.8 m depth, sandbags accounting for 2.4 % of
the calculated average cross-sectional area were installed on the rein-
forcement inside the concrete cover. The prediction shows a slightly
higher cross-section loss of 3.8 % of the calculated average area. At 5.8
m and 9.4 m depth, the designed inclusions are inside the reinforcement
cage, one in the centre of the concrete core and the other near the cage,
and each of them accounts for 7.1 % of the calculated average area. The
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Fig. 16. Crosshole sonic logging results.

prediction results indicate area losses of 18.1 % and 8.7 %. This shows
that while the effective radius method can point to the presence of
anomalies within the reinforcement cage, it is less reliable in assessing
their size compared to the detailed 2D Finite Element analyses proposed
by Sun et al. [31]. However, this simple method can calculate the pile
effective radius and plot the 3D shape of the pile quickly, providing an
excellent scan tool that can point to areas of concern within the pile that
needs further analysis. The method could provide an accurate prediction
of the effective cross-sectional area for defects near the reinforcement
cage — but is less reliable for central inclusions. The existing defect
would reduce the effective area and thereby affect the pile quality. This
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method can be used to locate defective cross-section and evaluate pile
integrity.

4. Comparison with the crosshole sonic logging data

A crosshole sonic logging (CSL) test was performed on the same trial
pile to compare with the thermal integrity testing method. The CSL
method is one of the most commonly used integrity test method in deep
foundations and can be extended to diaphragm walls. The method is also
known as ultrasonic crosshole testing as specified in the ASTM Standard
D6760-16 [3].
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It measures the first arrival time (FAT) and the energy attenuation of
the sonic wave between parallel tubes inside the deep concrete foun-
dations. Access tubes or ducts need to be installed inside the piles during
construction. After construction, probes are sunk in the access tubes; the
transmitter probe sends a signal pulse into the surrounding concrete,
and the receiver probe measures its corresponding intensity as well as
the travel time.

The principle of the test method is that the velocity of the ultrasonic
wave depends on the properties of the transmission media together with
its own wavelength. Concrete density and element geometry affect the
pulse speed and pulse energy attenuation. A general relationship be-
tween concrete properties and pulse speed/attenuation has been
developed by previous researchers [10,19]. Any fractures or weak zones
inside the concrete piles will increase the first arrival time (FAT) and
reduce the pulse energy.

The performed sonic logging was evaluated based on the first arrival
time (FAT) and signal attenuation, with the quantitative evaluation
criteria utilised by the specialist sub-contractor as outlined in Table 8.
Piles with less than 10 % FAT increase and 6 dB attenuation are classi-
fied as satisfactory. Only those with >30 % FAT increase and 12 dB
attenuation are regarded as major defects.

The CSL test was carried out using a Cross Hole Ultrasonic Monitor
(CHUM) equipment set with three access tubes installed on the rein-
forcement cage. Thus, three sets of data were obtained, which are pre-
sented in Fig. 16. The red lines represent the first arrival times (FAT)
which were around 0.1 ms for all three profiles. The blue lines represent
the energy attenuation between the transmitter probe and the receiver
probe. While CHUM analysis gave a ’satisfactory’ classification for the
trial pile, the following can be observed from the traces in Fig. 16.

e Inclusion 1 was not detected as it was positioned outside the cage
(CSL can only evaluate the defects inside reinforcement cages and
between access tubes);

o At Inclusion 2 location, all three profiles show a slight reduction in
energy about 1to 2 dB, but FAT does not change at all;

e Neither FAT increase nor energy attenuation can be viewed at the
Inclusion 3 location.

It is known that the inclusion 2 and 3 accounted for 9 % (each) of the
designed cross-section area were designed in the pile. However, none of
them were detected by CSL method, and the pile was evaluated as
satisfactory despite two major defects in the middle of the concrete
body. This is an example of the challenging nature of assessing pile
integrity using CSL.

Compared with the crosshole sonic logging test presented above, the
thermal integrity testing method can provide more detailed information
about the pile integrity and detect anomalies with higher accuracy. This
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is promising, however, more field studies should be undertaken with
various pile designs and more complex ground conditions. In addition, it
is suggested that, for thermal integrity testing, (1) at least four tem-
perature cables be installed on each test pile in order to compare the
shaft condition on opposite sides; (2) temperature data collection should
begin before concrete casting and end at least 40 h after concreting; (3)
ground conditions including, soil stratigraphy and ground temperature,
should be accurately recorded for more precise data interpretation.

5. Conclusions and recommendations

The need for better integrity tests for cast-in-situ pile is evident from
a review of literature and industry practice. Thermal integrity testing,
which employs temperature change induced by hydration heat as a
measurement of integrity, is a promising technique.

This paper presented a case study on a CFA trial pile with engineered
inclusions tested by this new technique. The key contribution of this
paper is the development of a 1D finite element model that considers
appropriate concrete mix and soil properties to establish a linear rela-
tionship between maximum temperature and effective pile radius. Using
the linear relationship, the effective pile radii along the entire shaft
could obtained, and the predicted as-built 3D shape of the pile could
subsequently be reconstructed. This enables the identification of the
defective zones effectively. The proposed method has successfully
detected all the zones where the engineered inclusions were located
(regardless of their location within the pile cross-section); however,
assessing the type and size of the anomalies was less reliable, particu-
larly when the anomalies were located inside the reinforcement cage.
Consequently, the reliable results in identifying anomalous zones,
combined with the very fast nature of the analyses performed, makes the
proposed effective radius method an ideal first step in the staged data
interpretation process proposed recently in the literature [31]. It re-
places the subjective nature of the Stage 1 direct observation proposed
by the researchers with an objective and quantitative approach as shown
in the following flowchart (Fig. 17).

Data collection (Stage 0) is followed by the effective radius method
proposed in this paper (Stage 1). The Stage 1 study can provide infor-
mation on overall pile quality, including shaft geometry, pile shape, and
defective region. The primary benefit of the new proposed Stage 1 is that
it can provide practicing engineers with crucial information about pile
integrity shortly following pile installation, hence enabling them to
make informed and timely decisions on pile approval, further assess-
ment or repair.

Following the effective radius analysis in the framework, if required,
Stage 2 is employed to conduct more extensive analysis in 2D space and
provide an accurate prediction of defect size and location, as described
in Sun et al. [31].
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More details are revealed about the anomalies being investigated
(including location, size and shape) at each subsequent stage. The pri-
mary advantage of this staged process is that it enables practitioners to
follow a risk-based approach and decide whether or not to pursue sub-
sequent stages of construction depending on the results they get at the
end of each stage.

The work presented in the paper highlighted the serious shortcom-
ings of the Crosshole Sonic logging (CSL) which is commonly used in
industry. In addition to not being able to detect Inclusion 1 (as it was
outside the cage) the CSL method did not detect any significant change
in either energy reduction or first arrival time at the locations of In-
clusions 2 and 3 despite both of them being inside the reinforcement
cage. In comparison, thermal integrity testing combined with a rigorous
interpretation framework provides a significantly more reliable
alternative.
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