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Abstract: This article presents a case study on the structural assessment of a reinforced concrete
(RC) foundation exposed to low temperatures. The foundation supports a 19,500 m3-capacity tank
with low-temperature (-89°C) ethane. Icing and bubbling were observed on the tank’s surface soon
after it started operations. Condensation was also observed at the bottom of the 0.8 m-depth RC
slab, which raised concerns about the structural condition of the concrete. This study provides de-
tails of the field and analytical investigations conducted to assess the structural condition of the
foundation. Heat transfer finite element (FE) analyses were performed to examine the concrete sec-
tions subjected to low temperatures. It was found that the ethane leakage produced a low tempera-
ture on the top side of the concrete foundation of +9.7°C. Overall, the temperatures calculated by
the FE analyses were in good agreement with actual field measurements, within a 5% accuracy.
The simplified heat transfer equation for porous media used in this study was sufficiently accurate
to model the effects of the ethane leakage in the concrete foundation, provided the ambient temper-
ature at the site is taken into account in the analysis. The results also confirm that reinforcing bars
can be neglected in the thermal analysis of massive concrete slabs. The results from the field meas-
urements and FE analyses confirmed that the structural integrity of the RC foundation was never
compromised. The approaches, methods and techniques discussed in this article are deemed suita-
ble to solve the practical and scientific challenges involved in the structural assessment and repairs
of large special structures. Accordingly, they can serve as useful reference and guidance for engi-
neers and practitioners working in the field of forensic engineering.
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1. Introduction

Storage tanks in industrial facilities often store liquids and/or gases at extreme low
(or high) temperatures at very high pressures. Many of such tanks are made of materials
susceptible to corrosion (and erosion) at the contact zone where the phase of materials
changes from liquid to gas, and vice versa. As a result of these drastic changes, serious
incidents (or ‘accidents’) have been reported in tanks in the past (Le May 2008). Most of
the storage tanks at petrochemical plants in Thailand are built on thick reinforced concrete
(RC) foundations. Traditionally, these cast-in-place foundations are supported on piles
and are therefore commonly referred to as ‘raft foundations” (Mieno 2013). The raft foun-
dations then support the storage tanks. Raft RC foundations have proven to be a cost-
effective and reliable structural solution to support storage tanks in the petrochemical in-
dustry. However, the construction of such raft foundations requires strict quality control
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and quality assurance, as well as periodic inspection and maintenance to guarantee the
integrity of the foundations over the service life of the tanks (Azadeh et al. 2014; Moradi
2020; Si et al. 2012). This is important from a structural engineering point of view because
the changes in temperature in the tank can in turn lead to changes in the mechanical prop-
erties of concrete, such as its compressive and tensile strengths (Ghani et al. 2006; Lee et
al. 1988).

Ethane storage tanks are very common in petrochemical plants. Liquid ethane has a
very low boiling point and turns into gas at ambient temperature. However, liquid ethane
can reach extremely low temperatures well below 0°C. In the case of unexpected leakages,
part of the concrete surface in the foundation can be subjected to extremely low tempera-
tures (up to -20°C), which in turn can also lead to damage (Collins 1944; Rostasy et al 1979;
Filiatrault and Holleran 2001; Liu et al. 2010). Previous research has shown that the
strength of both concrete and reinforcement tends to increase when the temperature re-
duces within a particular range (e.g. 20°C to -40°C) (DeRosa et al. 2015; Liu et al. 2010;
Montejo et al. 2008; Sargam et al. 2019; Yan and Xie 2017). This effect is particularly evident
in moist concrete, where the increase in compressive strength has been attributed to the
formation of ice which increases progressively as the temperature reduces (Monfore and
Lentz, 1962). For steel reinforcement subjected to low temperature, experiment have
shown that reinforcing bars tends to become brittle when it exposes to extremely low tem-
perature environment (less than -20°C) (DeRosa, Hoult, and Green 2015; Liul et al. 2010;
Montejo et al. 2008; Sargam et al. 2019; Yan and Xie 2017). Other studies have also inves-
tigated fatigue and thermal effects on concrete (Li et al. 2012). On the other hand, test
results indicate that steel reinforcement subjected to extreme low temperature (below -
20°C) tends to become brittle. While unlikely, the potential leakage of ethane is possible
even if quality control and quality assurance procedures were followed during construc-
tion of the foundation and the tank. However, to date there are limited guidelines (API
Standard 653 2014; BS EN 14620-4 2006) on how to assess the effect of unexpected leakage
of extreme low-temperature liquids on the overall structural integrity of concrete founda-
tions, especially for practical case studies. Moreover, only a few studies have investigated
numerically the changes in temperature of structural elements under specific, realistic
temperature profiles (Kong et al. 2019; Sharifi, Freeman, and Sakulich 2015; Yang et al.
2020).

The structural inspection of raft foundations of storage tanks has significant chal-
lenges due to the peculiarities of these special structures. For instance, excavations around
the foundation and in-situ load testing are often required to identify damage. Concrete
core sampling/testing can also provide some relevant information on the concrete prop-
erties. However, coring can be very challenging (due to the limited working space under
the foundation slab) and time-consuming and can sometimes produce damage to the
foundations. Limitations always exist as potential defects between the foundation and the
tank cannot be easily detected by simple visual inspections. To bypass some of these lim-
itations, non-destructive tests (NDTs) can be used to assess the condition of concrete foun-
dations for tanks. Whilst it has been claimed that NDTs can help assess the structural in-
tegrity of structures without the need for excessive concrete coring or load testing (Cawley
2001; Dwivedi, Vishwakarma, and Soni 2018; Sinclair and Malkin 2020), it is always pre-
ferred to validate NDT test results with core test results, whenever possible.

Another challenge arises when concrete is exposed to very low temperatures. Under
this condition, the capillary water changes phase from liquid to solid, which increases the
water’s volume and chemically bound water is released due to hydration. This results in
an increase of pore pressure, which is believed to be one of the mechanisms leading to
concrete spalling in structures exposed to extremely low temperatures of less than -20°C
(DeRosa et al. 2015; Liul et al. 2010). Several mathematical models to simulate the thermal
behaviour of concrete exist in the literature. Most of these models are based on the theory
of heat and mass transfer in porous media and have been implemented in finite element
(FE) software (Weber, Dauti, and Pont 2016). Vapour diffusion, liquid water flow due to
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pressure gradients, capillary effects, and evaporation/condensation are the main charac-
teristics observed in porous media such as concrete (Zmindak et al. 2013, Huang et al.
2017). Due to the complexity of the non-linear phenomena involved in porous media at
extremely high or low temperature, a fully coupled mathematical model is necessary to
predict the evolution of temperature and pore pressure.

This article presents a case study on the structural assessment of a circular RC foun-
dation exposed to low temperatures. The foundation supports one of the largest storage
tanks in Thailand, and it is part of a large petrochemical plant. Since most of the infor-
mation in the subject is limited and/or scattered, this study aims to summarise the ap-
proaches, methods and techniques used to solve the practical and scientific challenges
involved in the structural assessment and repairs of this large special structure that pre-
sented issues soon after it started operating. Indeed, the storage tank leaked ethane that
spilled to the RC foundation, which raised structural safety concerns to the stakeholders.
A numerical finite element (FE) model is developed to simulate the temperature changes
of the RC foundation subjected to temperature profiles of the ethane leakage. Issues re-
lated to the computational strategy for heat transfer problems are then reported and com-
mented upon. The FE results are compared with field temperatures measured at the bot-
tom of the foundation. Finally, the results from the FE simulation are analysed and dis-
cussed. This article is an addition to the very few studies that have investigated numeri-
cally the changes in temperature of structural elements. The approaches, methods and
techniques adopted in this study can serve as useful reference and guidance for engineers
and practitioners working in the field of forensic engineering.

2. Case study: ethane storage tank

2.1. General characteristics

The storage tank is part of a petrochemical plant at the Ta Phut Industrial Estate,
Rayong Province, Thailand. Fig. 1a shows the location of the plant. The construction of
the plant was completed in late 2010 (Toyo Engineering Corporation 2011), after which it
started operations. The plant includes the T-4801 ethane storage tank shown in Fig. 1b.
This a single containment tank with an internal diameter of 28.5 m, a height of 30.6 m, and
a total capacity of 19,500 m3. The 35 mm thick walls of the tank are made of stainless/car-
bon steel Grade 304 according to ASTM A240 (2020). The tank stores liquid ethane (C2H6)
for gas processing and therefore operates at an extremely low temperature of -89°C and
at a pressure of 500 mH20. The tank is not insulated but only protected with a fireproof
coating, according to local regulations. A raft RC slab of depth 0.8 m supports the tank.
The slab sits on 122 square (0.4x0.4 m) concrete piles of 7.0 m length spaced at 2.0 m at the
central zone of the slab, and at 1.5 m at its circumferential zone (see Figs. 2b and 2c). The
bottom of the slab itself is at only 0.5 m above the ground level (Figs. 1c and 2c). Such
small gap provides just enough headroom to perform periodic inspections of the founda-
tion. It should be noted that this gap was not part of the original construction project and
that the slab was originally touching the ground. However
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Figure 1. (a) Location of T-4801 ethane tank within the Ta Phut Industrial Estate, and (b) T-4801 ethane tank (Toyo Engineering

Corporation 2011).
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Figure 2. (a) Elevation of T-4801 tank, (b) plan view of foundation and location dew at the outer
shell wall plate and bottom plate, and (c) lateral view of foundation and location of dew.

2.2. Inspections and repairs

Icing and bubbling were reported to occur on the tank’s wall and base plate in early
2011, at the location shown schematically in Fig. 2a. A visual inspection performed at the
bottom of the RC foundation revealed the presence of dew at the periphery around the
annular space. In particular, dew condensation was observed at an orientation of about
310°, as shown in Fig. 2b. The icing disappeared after three weeks, but the dew remained
on the tank’s wall and base plate. In addition, the dew condensation was also observed at
some parts of the welded joints between the outer shell wall plate and bottom plate. Visual
testing (VT) and ultrasonic testing (UT) methods were performed according to ASTM
(ASTM E1002-11 2018) to assess the integrity and defects of the welded joints of the tank.
The test results confirmed a small defect in the welding. From the inspection results, it
was concluded that a more detailed engineering assessment (DEA) and more thorough
periodic inspections were necessary to discard further structural issues.

A preliminary inspection detected dew condensation at some parts of the welded
joint between the outer shell wall plate and bottom plate of the steel tank, with the evi-
dence of ethane leakage in an area of approximately 5x2 m2. Therefore, it was concluded
that urgent repairs were needed at the welded joints to maintain the functionality of the
tank. However, as the stakeholders decided to keep the tank fully operational during the
repairs, the preliminary inspection was limited to the outer part of the tank. Accordingly,
it was not possible to determine other potential damage inside the tank. The repairs were
completed in March 2011. No cracks and/or spall of concrete were observed at the bottom
side of the RC foundation and this was confirmed by UPV tests.

A follow-up inspection was carried out after three months of the repairs on the
welded joints. Despite the repairs, dew was still observed at the tank’s bottom, at the same
location where the leak was initially observed. As a result, it was decided to empty the
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tank to inspect the leakage in more detail. The dew was present at the bottom of the RC
foundation (Fig. 2c) as the liquid ethane leaked from the welded joint inside the container
and remained at the bottom of the tank, thus producing the dew observed at the bottom
of the foundation (due to thermal conduction through the concrete). After emptying the
tank, access was possible to the outer shell wall and bottom plates from the inside of the
tank, which allowed the repair of the affected area (about 5x2 m2, as shown in Fig. 2b) that
caused the ethane leaks. The good quality of the welding repairs was verified using UPV
techniques (API Standard 653 2014).

The work on the tank was divided in two Phases. Fig. 3 shows the flowchart of the
inspections performed in Phase 1. In Phase 1 and following the preliminary inspections
(items 1 and 2 in Fig. 3), a DEA was carried out to assess more thoroughly the structural
condition of the foundation and to obtain the thermal properties of the concrete via NDTs
(item 6 and 7 in Fig. 3). The results from Phase 1 were subsequently used in Phase 2 to
perform thermal integrity analyses to discard potential damage in the RC foundation as a
consequence of the leakage. Detailed results from the NDTs in Phase 1 were presented by
the authors previously ((Imjai and Tungsanga 2012; International Engineering Consult-
ants Co. Ltd. 2011)). Further details on Phase 1 and all Phase 2 are described in the follow-
ing sections.

‘ Structural Stability Assessment

- Rebound Hammer
- Rebar locator

(5) Recommendation

(6) Additional NDT Test
/Laboratory

i | - Welding integrity tests
1 VT, UT ‘

of in situ concrete

{ - Thermal parameter
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[ 3
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: : - Selection of remedial measurement
0 (Fail) : - Repair work
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Figure 3. Flowchart of work in Phase 1 (adapted from Imjai and Tungsanga 2012).

3. Phase 1: inspection of the T-4801 tank

The main aims in Phase 1 were to identify structural deterioration and to determine
the preliminary serviceability condition of all the structural components of the tank. The
inspection was performed according to the ACI 364 (ACI 364.1 1999) standard, whereas
the damage rating condition complied with the RILEM TC 104 guidelines (API Standard
653 2014). The steel tank structure was also inspected in accordance with the manual and
guidelines of the American Petroleum Institute (API) (API STANDARD 653 2014). Special
attention was paid to assessing the condition of the welded joints of the steel tank, which
was performed according to the API specifications (American Petroleum Institute 1962,
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2001). The visual inspection was limited to accessible areas of the tank, as well as to the
accessible parts of the bottom of the RC foundation (see Fig. 1b). Accordingly, there may
have been inaccessible areas or parts of the tank/foundation with some damage that was
not visible because they were covered and/or blocked by staircases, fire hoses etc. To ex-
amine the structural integrity of the tank, design checks on load bearing capacity with the
actual material properties at the time of construction were also performed.

3.1. Field temperature measurements

Two datasets of temperature (shown in Appendix A) were obtained using thermal
sensors. Dataset 1 was obtained by the staff of the petrochemical plant, who measured the
temperatures at the bottom side of the concrete foundation soon after the ethane leakage
was observed. The authors obtained Dataset 2 one week after the repairs of the welded
joints were completed. To achieve this, a thermal RTD sensor (Fig. 4) with a measurement
range of -100°C to +330°C was used to measure the temperature at the bottom of the RC
foundation. The thermal sensor was calibrated by the manufacturer before use. Moreover,
just before the field measurements, the thermal sensor readings were compared with laser
temperature readings in hot and cold water. The temperature readings in both cases were
the same. The measurements were limited to accessible locations where condensation was
observed. Temperature data were collected at three different locations (0, 50 and 100 mm)
measured from the bottom of the concrete slab. To fix the sensor to the concrete, a 4 mm
hole was first drilled. Then the dust inside the hole was removed using an air-blower,
after which the hole was filled in with a thermal grease of extremely high thermal con-
ductivity. The field temperature was monitored for 24 hrs and transmitted to a data ac-
quisition system in real time. The relative humidity and wind speed were also recorded
on the day of the field inspection.

Figure 4. High precision thermal RTD sensor (RTD-1PT100K2515-36-T) and data acquisition system.

3.2 Material properties and design checks on load bearing capacity

The physical and thermal properties of the concrete exposed to low temperatures
were obtained to provide data for FE modelling. Only twelve cores were extracted as cor-
ing was very challenging due to the limited working space under the foundation slab (0.5
m only). The testing points were selected based on the original construction drawings fol-
lowed by a walk-through around the foundation. The concrete compressive strength was
obtained from NDT rebound hammer tests and from compression tests on six core sam-
ples (diameter=100 mm). The average concrete compressive strength was 24.0 MPa, the
dry density was 2355 kg/m3, and the calculated elastic modulus was 23,025 MPa based on
the ACI-318 equation (ACI 318-14 2014). Comparatively, the original (cylinder) design
compressive strength was 21.0 MPa. These initial results suggested that the concrete un-
der the slab was unlikely to be exposed to very low temperatures. Additionally, the other
six concrete cores were sliced into 10 mm thick samples to examine the thermal properties
of the concrete according to ASTM C177-19 (ASTM C177 - 19 2019). The average conduc-
tivity and specific heat of the concrete were found to be 2.56 W/m °C and 0.88 k]/kg °C,
respectively. The results from these samples were later fed into the numerical analysis.
The original drawings of the RC foundation specified a yield strength of the reinforing
bars equal to 392 MPa for the flexural (325 mm) and shear (&16 mm) bars. The concrete
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cover (75 mm) and location/size of reinforcing bars were verified using ferroscanning
techniques.

The structural assessment and DEA of the ethane tank structure was performed ac-
cording to Eurocode 3 and AISC specifications (Bernuzzi and Cordova 2016), as well as
ACI 318 (ACI 318-14 2014). The ultimate capacity of the RC members and applied factored
loads were considered. The calculations confirmed that, as expected from a relatively new
structure, the capacity of the existing steel tank and concrete foundation were adequate to
resist the original design loads.

4. Phase 2: thermal integrity analysis

An inverse numerical analysis was carried out to investigate the effect of the low
temperature on the RC foundation. As it was not possible to measure the temperature at
the top face of the foundation (i.e. just under the ethane tank at the tank-foundation inter-
face), only temperature data obtained at the bottom of the foundation was used in the
analysis.

4.1 Heat transfer in concrete slab

In this study, the concrete of the foundation was modelled as a porous media material
where the voids of the solid skeleton were filled with liquid and gas. The heat transfer in
the foundation was examined using the computational fluid dynamics (CFD) module of
the FE software COMSOL Multiphysics (COMSOL Multiphysics version 5.4 2008). This
software was chosen because i) it has a stable solver for both linear and non-linear prob-
lems, and ii) it has an extensive library of elements which can be used to model concrete
subjected to thermal loading. In COMSOL, one of the most important steps was choosing
the appropriate physics for the model, adding physics conditions and constraints, and
assigning the physics to foundation geometric entities. In this study, the “Heat Transfer”
physics was used by choosing the heat transfer in porous media library added into the
model. The time-dependent heat transfer in the solid interface was numerically computed
by solving the heat equation and the momentum balance equation (COMSOL Multiphys-
ics version 5.4 2008; Nield 1998), as shown in Eq. (1).

aT ds
pCy (Sp+ trans - VT) 47+ (4 + 4,) = —aT: T+ 1)

where p is the density of the material (SI units: kg/m?), C, is the specific heat capac-
ity at constant stress (J/kg-K), T is the absolute temperature (K), usqns is the velocity vec-
tor of translational motion (m/s), q is the heat flux by conduction (W/m2), g, is the heat
flux by radiation (W/m?), a is the coefficient of thermal expansion (1/K), S is the second
Piola-Kirchhoff stress tensor (Pa), and q contains the additional heat sources (W/m3).

For a steady-state problem, the temperature does not change with time and the terms
with time derivatives disappear. The heat transfer equation for porous media can be de-
rived from the mixture rule on energies appearing in solid and fluid heat transfer equa-
tions (Nield and A. Bejan 2013). Accordingly, Eq. (1) can be simplified to:

aT,
PsCps——

stp,s at+V'QS=Qs (2)

where p; is the solid and fluid densities (kg/m?), C, is the solid heat capacity at
constant pressure (J/kg-K), g, is the solid conductive heat flux (W/m?), and Q; is the solid
heat source (W/m?3).

Previous studies have shown that the heat transfer through porous materials such as
concrete was successfully simulated using Egs. (1) and (2) and COMSOL Multiphysics
(Gasch and Ericsson 2017; Johnson 2017; Weber et al. 2016).
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4.2 FE modelling, boundary conditions and thermal effects

Fig. 5a shows the plan view and cross section of the model of the concrete foundation.
3D-solid hexahedron elements with 8-noded elements (global mesh size = 200 mm) with
three degrees of freedom at each node (3 translations in X, y and z directions) were used
to model both the slab (diameter=31.4 m; overall thickness=0.8 m) and the concrete piles
(square section=0.4x0.4 m). This element type is less sensitive to distortion and hence it
was preferred over brick element to better model the circular geometry of the slab. The
hexahedron elements also have higher coarse mesh accuracy over 3D tetra or wedge ele-
ments. This element is based on the displacement mode separation method. The element
passes the constant stress patch tests, shows a low mesh distortion sensitivity and high
accuracy in shell applications. Moreover, the element maintains an adequate element size
along the whole section of the foundation to minimise potential issues with numerical
instabilities. At the time of the field inspection, the tank was empty due to the repair works
in the welded joints, and therefore the steel tank and gas loading were not included in the
analysis. The default penalty method for contact characteristics (used to simulate the con-
tact between the deformable and rigid objects defined by COMSOL were used to simulate
the contact between slab and piles. Since the mass and volume of the concrete slab are
massive compared to those of the reinforcing bars, the bars were not included in the mod-
elling as these were expected to have a negligible effect in the results. Default penalty
method available in COMSOL contact library was adopted and used in the analysis. The
penalty method offers a more stable from the convergence, robust and required less com-
putational time. In this case, a sliding between concrete pile and foundation can be con-
sidered as small, but no separation was left between the contacting pairs. Table 1 summa-
rises the linear elastic material properties and thermal characteristics of the concrete used
in the analyses.

) ) Temp. (C)
Orientation = Q° Max : 16.175

0 16

15

5 14

13
om 10

12

2m : : 11
= o 115

0 5 10 15 10

Min : 9.794

Orientation = 270°

31420 mm

(@) (0)
Figure 5. (a) Plan view and cross section of 3D FE mesh of the slab; (b) quarter of slab showing the
thermal boundary conditions.

Table 1. Concrete parameters used in the FE analyses.

Parameter Value Unit
Concrete density, p 2300 kg/m?
Thermal conductivity, k 2.56 W/m:-C
Specific heat capacity, C, 0.88 J/Kg-C
Coefficient of thermal expansion, « 10x10-6 1/C
Young modulus, Ec 23025 MPa

Poisson’s ratio, v 0.31 -
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The boundary temperature assumed in Step 1 of the numerical analysis (Fig. 5b) was
applied to the top side of the slab on an area of 5x2 m2 (see Fig. 2b), which was the ap-
proximate area of ethane leakage under the tank. To reduce computational time, only a
quarter of the concrete foundation was modelled, as shown in Fig. 5b.

To determine the top temperature distribution of the foundation (which had un-
known boundary conditions), an iterative inverse numerical FE analysis was imple-
mented. In Step 1, a temperature distribution was assumed at the top of the slab (at the
location of interest). Next, heat transfer numerical analyses were implemented (in Step 2)
by solving the heat transfer equations for porous media. Subsequently, the temperature
distribution at the bottom of the slab calculated by the FE models was compared to the
field temperature data (Step 3). The FE analyses were repeated by changing the assumed
temperature distribution (in Step 1) until the analytical results matched the measured tem-
peratures (Datasets 1 and 2) within a 5% accuracy.

5. Results and discussion

5.1 Temperature distribution along the concrete foundation

Fig. 6a shows the temperature distributions at the top of the slab calculated by the FE
simulations. The results indicate that maximum temperatures of +9.7°C were distributed
over the possible leakage location. Figs. 6b-c show the temperature profle at different cross
sections along the 0° and 270° orientations of the foundation. The results show that the
temperature at the bottom of the foundation was +17.8°C when the temperature at the top
of the slab was +9.7°C.
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Figure 6. Temperature profile across concrete foundation; (a) temperatures at the top of the slab,
(b) along orientation 0°, and (c) along orientation 270° orientation.
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5.2 Effect of ambient temperature

Fig. 7 shows the effect of the ambient temperature on the temperature profile across
the slab. The ambient temperature at the site was recorded from 14:00 hrs onwards, and
it was found to vary between +18.4 and +23.9°C during the field temperature measure-
ments in Phase 1. The average relative humidity (RH) measured at the site was 82%, with
a sunny environment. Fig. 7 also shows the temperature gradient over the cross sections
of the slab at 130° orientation subjected to a temperature of +9.7°C applied to the top of
the foundation, which increases to +15.8°C at the bottom of the slab without ambient tem-
perature introduced in the model.

Top side _T,=97°C

Bottom side T

b
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0
— T,=nla

\ T,=160°C
— B\ = 16.
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Figure 7. Temperature profile along the cross section of concrete foundation at 310° orientation with
the effect of ambient temperature.

The effect of the ambient temperature (Ta) was taken into an account by inputting
different values of Ta into the FE model. Parametric studies on the effect of Ta (by setting
Ta = +16°C) showed that the predicted temperature at the bottom of the slab was 30%
lower than the measurements, although such difference reduced to 13% by setting Ta =
+20°C. A value Ta = +23°C (i.e. the temperature recorded during the field inspection) led
to a good match with the temperatures from the field measurements. Indeed, the ratio
between the measured and calculated temperatures (Exp/FE) and standard deviation (SD)
were 1.03 and 0.03 for Dataset 1, respectively. Such values were Exp/FE = 1.05 and SD =
0.04 for Dataset 2 (see Appendix A). Fig. 7 also shows that the temperature progressively
increases towards the bottom of the concrete slab. This means that the reinforcing bars
and the inner temperature of the slab was higher than +9.7°C, and it reached +23°C at the
bottom of the slab once the influence of environmental conditions were considered.

Fig. 8 compares the FE results against the measured temperature of the two Datasets
(32 locations shown in Appendix A). It is shown that the results from the FE model match
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well the field data within a good degree of accuracy (SD < 5%). It should be noted that the
first set of temperature measurements (Dataset 1) at the bottom of the slab was obtained
just after the leakage of ethane was observed, whereas the Dataset 2 was collected a week
after the repair work was completed in the welded joints.

24
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Figure 8. Comparison between FE simulation and measured temperature at the bottom of concrete
slab.

The results from this case study show that numerical simulations can effectively as-
sist in assessing the structural integrity of concrete foundations subjected to low temper-
ature, provided there is sufficient and good quality field data. The FE results show that
the ambient temperature at the site must be taken into the account in the thermal analysis
of foundations as that presented in this study. Simulations of two measured Datasets
show quite similar temperature distributions within a +5% variation range. This indicates
that the simplified heat transfer equation for porous media (Eq. 2) was sufficiently accu-
rate to model the ethane leakage in the concrete foundation. Moreover, the results also
confirm that reinforcing bars can be neglected in the thermal analysis of massive concrete
slabs. Likewise, it should be noted that a simple FE modelling approach (that ignored the
moisture in the concrete pores) was adopted in this study because the inspections did not
reveal defects or spalls in the concrete slab. However, more complex FE modelling may
be necessary to examine the moisture transport in concrete in other cases such as concrete
exposed to fire (where high gas pressure can induce spalling of the concrete), or when
concrete is exposed to extremely low temperatures (below -20°C). Based on the evidence
from visual inspections, field measurements, NDTs and results from the numerical anal-
yses, it can be concluded that the ethane leakage was unlikely to affect the mechanical
properties of the concrete and reinforcing bars in the foundation. Annual inspections are
being carried out to monitor the condition of the structure. At the present time (April
2022), the foundation has no signs of structural deterioration.

6. Conclusions

This article presents a case study on the structural assessment of an RC foundation
exposed to low temperatures. The foundation supports a large tank of a petrochemical
plant and stores low-temperature ethane (-89°C). The ethane leaked to the RC foundation
shortly after the tank started operations, which in turn produced condensation in the con-
crete slab of the foundation and raised structural safety concerns. A FE model of the con-
crete foundation was developed, and this proved to be an effective tool that provided
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further insight into the thermal behaviour of the slab. Based on the field inspections and
numerical analysis presented in this study, the following conclusions can be drawn:

e  The FE results show that the ambient temperature at the site must be taken into the
account in the thermal analysis of foundations as that presented in this study. When
the ambient temperature recorded during the field temperature measurements was
considered in the analysis, the temperatures calculated by the FE model agreed well
with the measured values. The average of the ratios of measured temperatures to FE
results was Exp/FE = 1.03, with a standard deviation SD = 0.03 for Dataset 1. The
corresponding values were Exp/FE = 1.05 and SD = 0.04 for Dataset 2.

e  The FE results also showed that the temperature progressively increases towards the
bottom of the concrete slab. This means that the reinforcing bars and the inner tem-
perature of the slab was higher than +9.7°C, and it reached +23°C at the bottom of the
slab once the influence of environmental conditions were considered. This indicates
that the simplified heat transfer equation for porous media (Eq. 2) was sufficiently
accurate to model the ethane leakage in the concrete foundation. Moreover, the re-
sults also confirm that reinforcing bars can be neglected in the thermal analysis of
massive concrete slabs.

. Based on the evidence from visual inspections, field measurements, non-destructive
testing and results from the FE analyses, it can be concluded that the ethane leakage
was unlikely to affect the mechanical properties of the concrete and reinforcing bars
in the foundation. Annual inspections are being carried out to monitor the condition
of the structure. The approaches, methods and techniques presented in this article
proved suitable to solve the practical and scientific challenges involved in the struc-
tural assessment and repairs of this large special structure. Accordingly, they can
serve as useful reference and guidance for engineers and practitioners working in the
field of forensic engineering.
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Appendix A Predicted temperature at bottom of concrete slab and field measurements.
Locations Field measured data Exp. Numerical FE predictions (°C) for | Numerical predictions (°C) for
ID (°C) Dataset 1 Dataset 2
Dataset 1 Dataset 2 Ta=n/a Ta included Ta=n/a Ta included

1 21.0 19.5 13.7 19.0 13.7 19.1
2 21.0 19.3 14.0 194 14.0 19.5
3 20.9 19.2 14.3 19.9 13.7 19.1
4 20.8 19.1 14.8 20.5 13.8 19.3
5 214 23.0 14.9 20.7 15.3 214
6 214 21.5 14.6 20.3 15.3 21.3
7 21.8 21.4 14.7 20.3 14.2 19.8
8 23.3 21.5 16.0 222 14.2 19.8
9 19.3 21.5 13.6 18.9 14.1 19.7
10 19.2 21.0 13.6 18.9 14.2 19.9
11 19.2 20.9 13.7 19.0 14.2 19.9
12 19.1 20.8 13.8 19.1 14.2 19.8
13 19.5 20.8 14.2 19.7 14.2 19.9
14 20.7 23.3 15.5 21.5 15.2 21.2
15 20.8 22.7 15.2 21.1 15.8 22.1
16 20.8 22.8 15.3 21.2 15.0 21.0
17 21.5 22.7 15.2 21.1 14.9 20.9
18 21.6 21.8 15.8 21.9 15.0 20.9
19 22.0 23.0 15.1 20.9 15.0 21.0
20 23.0 221 15.2 21.1 15.0 21.0
21 22.3 21.8 15.2 21.0 15.2 21.3
22 229 21.9 15.6 21.7 15.3 21.3
23 22.5 22.0 15.7 21.7 15.3 214
24 222 22.1 15.6 21.7 15.3 21.4
25 222 222 15.7 21.7 15.3 21.4
26 221 22.3 15.5 214 15.3 21.4
27 21.9 22.5 15.3 21.3 15.2 21.3
28 23.0 23.0 15.5 21.5 15.3 214
29 21.9 22.5 15.6 21.6 15.3 214
30 22.0 224 15.6 21.6 15.2 21.2
31 221 224 15.7 21.8 15.1 21.1
32 22.0 21.4 15.3 21.3 14.9 20.9
Mean (Exp/FE) 1.43 1.03 1.47 1.05
SD (Exp/FE) 0.05 0.03 0.04 0.04

Note: Field data from Dataset 1 was measured by the stakeholder. Dataset 2 was measured by the authors as shown in Fig. A.1.
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Fig. A.1. Locations of field temperature measurements.
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