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Abstract. The aim of this investigation was to find the relationship between different percentage of damage and thermal
conductivity of concrete. The influence of different damage on thermal conductivity of concrete was determined. The
method with insulation (ordinary method) based on the temperature difference measurement between two surfaces of
specimen, when one of the surfaces is heated, was used for thermal conductivity measurement. Three specimens for
every percentage of damage were used for each measurement of thermal conductivity. After this research one conclusion
can be made definitely: influence of different percentage of damage on thermal conductivity of concrete.
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1. Introduction

Concrete structure may be damaged due to construc-
tion errors, environmental exposure, and service loads.
This damage should be non-destructively detected and
characterised in a timely and reliable fashion. Scarcity
of funds needed for repair or replacement of all structur-
ally deficient or functionally obsolete concrete structures
forces the state agencies to search for advanced non-de-
structive testing (NDT) techniques which will facilitate
rapid, cost efficient and reliable condition assessment of
existing infrastructure to ensure public safety [1]. Incor-
poration of the quantitative results of NDT techniques in
infrastructure management systems is expected to pro-
vide the needed feedback in monitoring for detection and
identification of deficiencies, and setting up priorities for
repair, retrofitting or replacement actions. In recent years,
numerous studies have been reported giving application
examples of non-destructive testing techniques when de-
tecting and locating anomalies in concrete. Infrared tech-
niques are commonly used in military applications, NDT
of materials and medical diagnosis. Infrared thermogra-
phy can be used to locate and determine the extent of
voids in concrete [1]. This method is based on the prin-
ciple that subsurface anomalies in a material result in
localised differences in surface temperature caused by
different rates of heat transfer at the defect zones. How-
ever, the heat transfer mechanism pertaining to the de-
tection process has not theoretically been analysed. It is
necessary to simulate the detection process by applying
an appropriate physical model based on the real phe-

nomena [2]. Temperature variation detection can help
detect that physical model.

The primary goal of any non-destructive evaluation
technique is to detect and locate the anomalies within an
optically opaque medium through appropriate imaging
techniques [1]. In the case of concrete, such techniques
are expected to provide information about thickness varia-
tions as well as the inclusions such as the crack voids
and delaminations, deteriorated zones and moisture.

After loading, various damages and air inclusions
are formed in the structure of concrete. It 1s natural that
these changes have an influence on the thermal proper-
ties of concrete. It is known that the size and form of air
inclusions have a considerable influence on the thermal
properties of hard materials when other parameters are
the same [3]. Therefore we can assume that concrete will
have different thermal properties after different loading.

2. Materials

For making concrete Ordinary Portland Cement,
class 42.5N, Blue Circle, UK was used. Properties of
the cement are prescribed by British Standard [4]. The
coarse aggregate was manufactured from limestone, Aber
Kenfic, Quarry. British Standard [5] and researchers [6,
7] prescribe the aggregate properties. The sand was
dredged from Bristol Channel, therefore it includes some
salt. Generally, sand from the seabed washed even in
seawater does not contain harmful quantities of salt. The
salt content is limited by British Standard [8]. The sand
also contains seashells. This usually has no adverse ef-
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fect on strength but workability of concrete is slightly
reduced (British Standard [9]). Sand was sieved by hand
through 1.18 mm sieve before using.

3. Experimental procedure
3.1. Preparation of test specimens

Dry materials for producing four 100x100x500 mm
size beams were thoroughly mixed in CUMFLOW H1-
KO4-1526 mixer for 2 min before slowly adding the
calculated amount of water. Intermittent hand mixing with
hand trowels was necessary to achieve a homogeneous
mix. After 5 min of mixing a slump test was carried out
for establishing the workability.

The slump test is prescribed in British Standard [10].
The mould for the slump test was a frustum of a cone,
300 mm high. It was placed on a smooth surface with
the smaller opening at the top, and filled with concrete
in three layers. Each layer was tamped 25 times with a
standard 16 mm diameter steel rod, rounded at the end,

and the top of surface was struck off. The cone was

firmly held against its base during the entire operation;
this was facilitated by handles or footrests brazed to the
mould. Immediately after filling, the cone was slowly
lifted, and then the unsupported concrete slumped. The
decrease was measured to “displaced original centre”. In
order to reduce the influence on a slump of the variation
in the surface friction, the inside of the mould and its
base were moistened at the beginning of every test. Prior
to lifting of the mould, the area immediately around the
base of the cone was cleaned of concrete, which may
have dropped accidentally. When the mix had a zero
slump the water was added to obtain a slump within 30-
60 mm, mixed again for 3-5 min and the test repeated.
A slump of 30 mm was obtained. Amount of materials
required for workability test and slump results are dis-
played in Table 1.

Table 1. Amount of materials

Materials Amount, kg
Water 4.2
Portland cement 7.6
Sand 15.2
Coarse aggregate 30.4

Concrete beams were cast in 100x100x500 mm,
steel moulds previously assembled and oiled and placed
on a vibration table. Vibration was done immediately
after placing the concrete.

To achieve the highest possible density of the con-
crete, the mortar was vibrated on a vibrating table. Vi-
bration was applied uniformly to the entire concrete mass,
as otherwise some parts of it would be not fully com-
pacted while others might be segregated due to over-
vibration. In order to obtain the concrete with identical
properties, all moulds were filled and vibrated together
at the same time.

All moulds were cast at the same time. The speci-
mens were remoulded at the age of one day after cast-
ing, the specimens were immersed in a water bath for 28
days prior to testing for compressive strength (CS). The
temperature of water was 20°C+1°C. The temperature of
curing water could not be much lower than that of the
concrete in order to avoid thermal shock or steep tem-
perature gradients; ACI 308-92 recommends a maximum
difference of 11°C.

Cylindrical specimens of 42x81 mm (Fig 1) for ther-
mal conductivity tests were cut from concrete beams of
100=100%500 mm after the curing period. For specimens
cutting Radial Drill R3, Qualters & Smith, UK was used.
Two pits were drilled in each specimen for temperature
measurement by the ordinary method.

3.2. Compression of cylindrical specimens

The CS of concrete was obtained using the stan-
dard method prescribed in British Standard [11]. Speci-
mens were crushed by loading them at a constant rate of
stress increase of 18 N mm2min™!. Nine cylindrical
specimens were used for CS test. Results of CS test are
listed in Table 2.

Table 2. Compressive strength of cylindrical specimens

Number of | Compressive strength | Average of compressive
specimen F, MN/m? strength, MN/m?
1 34.58
2 31.19
3 41.66 j
4 27.44
5 30.61 35.00
6 39.42
7 33.65 ]
g 40.72
9 35.74
27
%
27 (g1
&
27
42um

Fig 1. Specimen for thermal conductivity tests
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Others specimens were compressed with different
percentage of CS (35%, 50%, 75%). Results are pre-

sented in Tables 3, 4 and 5.

Table 3. 35% compressive load on cylindrical specimens

Number of | Compressive Average of Percentage,
specimen load F, compressive load, %
MN/m? MN/m?
1 12.49
12.35 12.18 34.8
3 11.70

Table 4. 50% compressive load on cylindrical specimens

Number of | Compressive Average of Percentage,
specimen load F, compressive load, %
MN/m’ MN/m’
1 17.11
17.62 17.42 49.8
3 17.55

Table 5. 75% compressive load on cylindrical specimens

Number of | Compressive Average of Percentage,
specimen load F, compressive load, Y%
MN/m’ MN/m’
1 26.35
2 26.35 26.35 75.3
3 26.35

3.3. Thermal conductivity

For thermal conductivity determination the ordinary
method was used. This method is based on temperature
difference measurement between two surfaces of speci-
men when one of surfaces is heated. The temperature
readings were obtained from thermometers.

Thermal conductivity measurement was done in the
same direction as loading. Three devices for thermal
conductivity determination (Fig 2) were used. For tem-
perature measurement Microcomputer Thermometer,
Model ST-7001, SOLEX, Taiwan, was used. Three speci-
mens with different percentage of damage (0%, 35%,
50% and 75%) for every device for thermal conductivity
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determination were used for each measurement of ther-
mal conductivity. The temperature was measured every
half an hour. An average of the ambient temperature was
23°C+2°C.

4. Results and discussions

Fig 3 shows the thermal conductivity obtained by
the ordinary method. Each data set is an average of nine
test results.

114.0 -
112.0 ~
0\0 ] 10 U .. — =
2 o . -
s 108.0 ——Jl ——
é 106.0 — B
5 104.0 - B | I
(]
= 102.0 +——1f8 =
g 100.0 -
S By L
5 98.0 — o b
?n 96.0 _ 5 i
g 94.0 + -1
90.0 -+ S L

0 35 50 75

Percentage of ultimate load, %

Fig 3. Changes of thermal conductivity

Formula (1) [12-14] was used for the laboratory
thermal conductivity calculation:

_Qar (1)
A AT

where O is rate of energy, 4 is area of heating sur-

face, AX is distance between points of temperature mea-

surement, AT is temperature difference.

Because of different factors influence on experimen-
tal process it is necessary to take into consideration those
factors. That is why for final thermal conductivity calcu-
lation formula (2) [15] was used:

kp

(11w | [o7574]

Fig 2. Device for thermal conductivity determination: | specimen; 2 heating element; 3 insulation; 4 holes for thermometers;
5, 6, 7 and 8 temperature checking points (T1, T2, T3, T4); 9 power supply
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kdEC:kL +Akd +Aka +Ak(0h, (2)

where kg, 1s thermal conductivity, k; is laboratory
thermal conductivity, Ak, is deflection of thermal con-
ductivity values, Ak, is correction of thermal conduc-
tivity due to aging of material, Ak, is correction due
to hygroscopic dampness.

Specimens with 35% of damage have a bigger value
of thermal conductivity than the non-damaged specimens
in all cases. Although the general trend of thermal con-
ductivity was expected to increase to a higher percent-
age of damage, the results of specimens with 50% and
75% of damage are much lower than expected. It means
that some continuous relationship between percentage of
damage and thermal conductivity cannot be observed in
Fig 3. Reasons for that can be character of damages in
small specimens, time of heating, temperature of heat-
ing, conditions of experiments, etc. Anyway, specimens
with 75% of damage have a bigger value of thermal
conductivity than the non-damaged and 50% of damage
specimens. Reasons for that can be that at about 70% of
the ultimate load, the bond cracks begin to increase in
length [16].

5. Conclusions and recommendations

Concrete is a composite material and different parts
of its structure can have different thermal conductivity
and it is necessary to find a more representative method
for temperature measurement in the ordinary method,
because temperature measurement only in one point of
surface 1s not representative enough.

Experimental investigations showed that with dif-
ferent percentage of damage concrete has different ther-
mal conductivity, but for final conclusions it is neces-
sary to repeat experiments using larger specimens with
more representative structure, because character of dam-
age depends on the specimen size [16-20].

For further research an investigation to find a more
precise method for the temperature control of the heat-
ing element is required, because the temperature was
measured with 0.1 °C precision, but at the same time the
temperature of the heating element could change by sev-
eral degrees.

Thermal conductivity measurement was done in the
same direction as loading. It is known that the size and
form of air inclusions influence greatly the thermal prop-
erties of hard materials [3]. Experimental investigations
with 90 degrees respect to loading could show different
results, because of character of damage and direction of
cracks (air inclusions) that are formed in concrete after
loading [16].

Experimental data show that relationship between
damages and thermal conductivity of concrete exists, and
further investigations in this property of concrete can be
useful for NTD techniques evaluation and in future can
become a precise method for non-distractive concrete
testing.
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