Journal of Civil Engineering Research 2012, 2(6): 49-56
DOI: 10.5923/j.jce.20120206.01

Damage Assessment of Concrete in Thermal and Dynamic
Loadings

Jin-Won Nam*, Alex Hak-Chul Shin*"

!Department of Civil and Environmental Engineering, Southern University and A&M College
2Department of Civil and Environmental Engineering,Louisiana State University and Southern University

Abstract Thisresearch aims tothe development of combined damage model of concrete material under impact and
thermal loading conditions. Down-scaled experimental works were carried out for the quantitative evaluation of combined
damage from impact and thermal loading. The experimental results of this research include measurement of weight loss of
concrete, chemical composition analysis, and strength degradation after impact and fire exposure. The damage of concrete
under high temperature and impact loading conditions was studied with experimental measurements. Weight loss of concrete
specimen shows the range of 1 % to 8 % with three different levels of temperatures: 200°C, 500°C, and 800°C. At low and
intermediate temperature levels, damage fromimpact loading was recovered and strength of concrete increased slightly after
thermal loading. Rehydration might occur during the thermal loading. At high temperature level, damage of impact was
combined with damage of thermal loading and strength of concrete decreased by 80 %.
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1. Introduction

Accidental events such as traffic accidents, fires,
explosions, and natural disasters can happen at any
time.Among those accidental events, it is acknowledged that
the most frequent are fire and traffic accidents. Even though
the event of an explosion is rare, the most catastrophic
lasting eventsare of the World Trade Center, and Alfred P.
Murrah Federal Building in Oklahoma City. In the
perspective of structural engineering, the loads of abnormal
event should be considered during the design process within
the data of the relationship between abnormal loading events
and structural damage. However, there has not been
systematic information of the structural damage from those
abnormal loads. There have only been studies forthe damage
from separated abnormal loading conditions, not from the
combined conditions[1 to 4]. In real life instances, it is
possible to have combined conditions such as impacts with
fire, earthquakes with fire, explosive blast pressure waves of
high temperature, etc. The impulsive and thermal loadings
are considered as the representative abnormal loads.

The impulsive loadings involve not only impact loadings
butalso abnormalhigh temperatures in the hemisphere ofthe
detonation. The combined load of impulsive and thermal
conditions can damage the infrastructures severely in
material properties and structural safety. Once the damage
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occurs, the repair or reconstruction of the structure is needed.
There are always consequential sacrifices in money, time,
and inconvenience. To minimize consequential effects, it is
desirable to systemize the damage evaluation and repair
method, which enable the rehabilitation of the structure in a
short time. The systematic damage evaluation for the
abnormal loading conditions can be developed based on
numerous experimental data and reasonable numerical
models for the combined impulsive and thermal loadings
[5-8].

For the systematic experimental data, it is needed to
categorize the damage level of the structure and assess the
damage of the structural members according to loading
levels. Regardingthe construction materials of structures,
steel has a much more distinct behavior under impulsive and
thermal loadings compared to concrete. Since there is no
specific melting point and yielding behavior for concrete, the
prediction and modeling of concrete behavior under
impulsive and thermal loading are considered achallenge[9].

A research planhas been developed to evaluate the damage
of concretestructural members subjected to impact and
thermal loads. Figure 2 shows the five steps of the research
plan to assess the impulsive and thermal damages of concrete
members in qualitative and quantitative dataand to develop a
damage model for concrete subjected to impact and fire
loads. With the experimental data and developed damage
model, an effective and reasonable analysis of concrete
structures under impact and fire loadings can be developed.

This research is the first step of the research plan to assess
material damage.The down- scaled experimental works
werecarried out for the evaluation of damaged concrete
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members. The experimental procedure is detailed in Figure 3.

The experimental results of research include measurement of
weight loss of concrete and strength degradation after impact
and fire exposure.
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2.Materials and Specimen Fabrication

Normal Portland cement and river gravel were used for
concrete specimens. A water cement ratio of 0.50 was used
and the design compressive strength 0f34.5 MPa was used
for the concrete. Cylindrical specimens (100 mm x 200
mm)were fabricated at the beginning of the project. After 28
days of the curing, the specimens were cut into three pieces
with identical height because of a space limitation of furnace
as shown in Figure 4. The specimens were damaged under
impact loading of 4 m/s and thermal loading up to 800°C.
Three different levels of combined loadings with impact and
fire damage were considered. The results of cylindrical
specimens are only presented in this paper.

Figure 4. Cu gpecimensand furnace

Thermal Loading

Thermal loading with various temperatures affects on the
mechanical properties of concrete. In lower level of
temperature, thermal energy can increase concrete strength.
However, at the higher temperature, concrete can be
damaged due to its chemical bond failure. Fromthe previous
researches, the critical temperature affecting the properties
of concrete can be considered in three levels[2, 7, and 10]. In
this study, concrete specimens were thermally loaded in
three different temperatures respectively: 200°C, 500°C, and
800°C. The furnace (NEYTECH 185P) used in the test is
shown in Figure 5. After the temperature inside of the
furnace reached in the designated temperature, the
specimens were placed in the furnace for one hour. The
specimens were removed from the furnace and cooled down
in ambient temperature before compression test. The weight

and compressive strength of all specimens were measured
before and after heating up as shown in Figure 6.

Figure 5. Specimens underthermal loading in fumace

Figure 6. Measurement of specimen weight

Impact Loading

InstronDynatup loading frame was used to apply impact
loading on the conditioned specimens. (Figure 7) Impact
loading tests were performed by placing a specimen in the
loading frame and applied impact load using impact hammer.
Because the impact hammer is based on free drop from the
maximum height of 1 m, the maximum velocity is not more
than 4.43 m/s. The range of impact loading rate was 4.0 £0.1
m/s and total dynamic energy was 53 £ 0.5 J. To find the
relationship between accumulated damage and energy
dissipation, total deflection and the deflection at maximum
load were measured. By comparing the compressive strength
of specimens before and after combined loadings, the effect
of impact energy on the thermal damage of concrete can be
deduced.
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Figure 7. IngronDynatup and specimen on the measuring equipment
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Figure 8. Measurement of impact energy
Table 1. The results of impact test
Total Total . Timeto max Energyto Deflection at . Impact
energy time Maximum boad load max load max load Total deflection velocity
53.10 J 223 ms 16.83 kN 117 ms 37.10J 3.80 mm 5.26 mm 4.02 m/s

Impact Energy and Deflection

The impact energy and deflection of specimen were
measured as shown in Figure 8 and the results are presented
in Table 1. Each term has average value and the sample size
is relatively small based on the central limit theorem. The
standard deviations of total energy, energy to maximum load,
total deflection, and deflection at maximum load are 0.46 J,
7.24 J, 0.86 mm, and 1.07 mm. The confidence level of the
average total energy and impact velocity are 48.4 % and
99.8 %, respectively. The difference between total energy
and energy at maximum load is due to the d ifference between
total deflection and deflection at maximum load. The energy
difference can be considered as internal energy accumulated
in the specimen. The internal energy might be converted to

overall damage of specimen and should have effect on the
material damage process under the following thermal
loading stage.
Weight Loss

The weight loss of concrete specimen due to thermal
loading was measured. The weight loss of concrete in low
and intermediate temperature is mainly from the loss of free
water inside concrete, while the weight loss of concrete in
high temperatures over 800°C is due to the combined loss of
free water and fixed water. The loss of fixed water is related
to chemical reaction and decomposition of hydrates. In most
cases, the weight ratio of free water to concrete is in the
range of 2 — 5 %. The weight losses of specimens at three
different temperature levelsare shown in Figure 9. The
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weight losses before and after the thermal loading are
compared in the figures. At low and intermediate
temperatures of 200°C(level A) and 500°C (level B), 1 %
and 6 % of weight loss occurred after thermal loading as
shown in Figure 10. At a high temperature of 800°C (level
C), 8 % of weight loss was observed.Due to the small size
(100 mm x 66.7 mm) of the specimen after cutting, the
heating anddehydration process was faster than typical
concrete structures, and the different size effect should be
further studied.
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up. On the other hand, if the concrete specimen is
over-heated at a high temperature, thermal energy plays a
role in decomposition of the hydrates. In the tests, the
damage from impact might be healed or cured through the
relatively low and intermediate temperature exposure, but be
affiliated with additional severe damage at the relatively high
temperature. As shown in Figure 13, crazing and cracking
are observed on the surface of specimen after impact and
followed by thermal loading of 800 C.
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Figurell. Strength degradation of gpecimens after impact and thermal
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Figure 10. Weight loss (%) afterthermal loading
Figure 12. Relative strength after impact and thermal loading

Strength Degradation

The strength degradation of concrete specimens was
measured after impact loading and consecutive applied
thermal loading, respectively. The results are shown in
Figure 11. Strength loss afterimpact loading was in the range
of 4-20 % as shown in Figure 12. Severe strength loss
occurred after high temperature exposure, while no distinct
strength loss occurred after low and medium temperature
exposure. Some increase in strength was observed after
medium temperature exposure. The reason for strength loss
of concrete at high temperature is dehydration of
calcium-silicate-hydrate (C-S-H) gels in hardened cement
paste. It is known that cement paste starts to dehydrate at
about 500°C. But complete decomposition of the C-S-H gel
occurs at about 900°C. Since the peak temperature in the
furnace was 800°C, decomposition of C-S-H might not be
fully completed. In other aspects, it needs additional time to
complete the decomposition process. The heating up process
can be considered to be as an energy providing process. If the
concrete specimen is not over-heated, thermal energy can
function as healing solution for the re-hydration and strength

Figure 13. Crackingafter combined loading of impact and 800 ‘C heating

SEM (Scanning Hectronic Microscopy) Analysis

Chemical components of sound concrete and damaged
concrete specimens were inspected by Energy-dispersive
X-ray spectroscopy (EDAX) analysis combined with
scanning electronic microscopy (SEM) as shown in Figure
14. Major components of both specimens such as Si, O, and
Ca have similar peak values, while minor components such
as Al and Mg are not observed in the thermally damaged
specimen. In the aspect of amount, Aland Mg are considered
as minor components. However, hydrates from those
components can be major components in the aspect of
strength. The chemical components analysis is shown in
Figure 15.
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3. Discussions

The results ofexperimental tests are well matched with the
expected trend. However, some data is not in the typical
value range. The result of weight loss test shows typical
trend and reasonable data, while the result of strength
degradation test does not show reasonable data. The errors in
strength degradation test are due to several weak points of
the test procedure such as the size of specimens, fabrication
of specimen, and limitation of equipment. Additional tests
should be performed with recalibrated and adjusted methods
in further researches.
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(c) 800°C
Color comparison of sections of concrete specimen under
different thermal loadings

Figure 16.

Regarding the size of specimens, the specimen height was
reduced from 8 inches to 2.5 inches. In the beginning, the
size of specimen (100mm x 150 mm) was selected for down
scaled test and was supposed to be increased to structural
elements such as beams and columns for the test of localized
damage on structures in the next research step. However,
down scaled specimens were further down scaled due to the
space limit of furnace. Impact and thermalenergy capacity of
specimen is too small to have cumulative material damage
inside the specimen and show distinct trend in data. Even
more the impact velocity could not be raised up to the

supposed range of 5to 20 m/s due to the limitation of impact
equipment. Reduced height of specimen also has size effect
which causes inaccurate data during strength measurement.
In both ends zone of specimen, there is confinement effect
which results in increment of strength of damaged specimen.
The data of strength degradation in this research can be
overestimated and the absolute value is not highly reliable.
Instead, the relative damage index in Figure 12 can be used
for combined damage model.

Color image analysis can be adopted in the next step of
research. Section color of each specimen is shown in Figure
16. Thermal energy can cause chemical reaction inside
concrete and results in color change of concrete. Pink was
observed in the section ofspecimen at 500°C and white-grey
was observed in the section ofspecimen at 800 °C. With high
quality images, the relationship between damage and
sectional color can be obtained.

4. Conclusions and Further Studies

The damage of concrete under high temperature and
impact loading conditions was studied with experimental
measurements. Weight loss of concrete specimen shows the
range of 1 % to 8 % with three different levels of
temperatures: 200°C, 500°C, and 800°C. At low and
intermediate temperature levels, damage from impact
loading was recovered and strength of concrete increased
slightly after thermal loading. Rehydration might occur
during the thermal loading. At high temperature level,
damage of impact was combined with damage of thermal
loading and strength of concrete decreased by 80 %. The
strength degradation is due to chemical decomposition in
concrete and it was verified with SEM-EDAX analysis
result.

Additional analysis methods such as color image analysis,
petrographic analysis, ultrasonic analysis, and CT analysis
are considered for further researches to develop the
combined damage model.
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