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Abstract—Reinforced Concrete (RC) structures strengthened
with fiber reinforced polymer (FRP) lack in thermal resistance under
elevated temperatures in the event of fire. This phenomenon led to
the lining of strengthened concrete with thin high performance
cementitious composites (THPCC) to protect the substrate against
elevated temperature. Elevated temperature effects on THPCC, based
on different cementitious materials have been studied in the past but
high-alumina cement (HAC)-based THPCC have not been well
characterized. This research study will focus on the THPCC based on
HAC replaced by 60%, 70%, 80% and 85% of ground granulated
blast furnace dag (GGBS). Samples were evauated by the
measurement of their mechanical strength (28 & 56 days of curing)
after exposed to 400°C, 600°C and 28°C of room temperature for
comparison and corroborated by their microstructure study. Results
showed that among al mixtures, the mix containing only HAC
showed the highest compressive strength after exposed to 600°C as
compared to other mixtures. However, the tensile strength of THPCC
made of HAC and 60% GGBS content was comparable to the
THPCC with HAC only after exposed to 600°C. Field emission
scanning electron microscopy (FESEM) images of THPCC
accompanying Energy Dispersive X-ray (EDX) microanaysis
revealed that the microstructure deteriorated considerably after
exposure to elevated temperatures which led to the decrease in
mechanical strength.

Keywords[| Ground granulated blast furnace slag, high alumina
cement, microstructure at elevated temperature and residual strength.

|. INTRODUCTION

EFICIENT  existing  building  facilities  need
retrofitting/strengthening of structural members to protect
them from natural hazards such as earthquakes, fires, etc.
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Deficiency of facilities could be due to the number of reasons
including; age related distress, inadequate design and or
construction, exposure to natural hazards like earthquake or
fire, or improvement in the design codes requirements to
mitigate natural disasters like earthquake etc. One approach is
to retrofit/re-strengthen the reinforced concrete (RC) members
using fiber reinforced polymer (FRP) materials or steel plates.
If FRP materials are used, one of the major concerns is the
thermal resistance of FRP materials under elevated
temperatures during fire.

When all other aspects fail to contain fire, then structural
integrity is the last hope of defense [1]. Existing building
structures may not have proper building elements and the only
solution to enhance their fire safety, is to strengthen them
against fire by providing a suitable passive fire protection
(PFP) layer. Best PFP layer is the one that is fully compatible
with reinforced concrete structura members; non-
combustible, a barrier against fire spread towards adjacent
buildings and a shield to sufficiently keep the temperature of
FRP and structural elementslow in case of fire[2].

One approach for increasing the fire endurance of FRP
strengthened RC members is encapsulating the strengthened
RC members with cladding of Thin High Performance
Cementitious Composites (THPCC) materials. Elevated
temperature effects on THPCC, based on different
cementitious materials have been studied in the past [3]-[14]
but High-Alumina Cement (HAC)-based THPCC have not
been well characterized. This research study will focus on the
behavior of THPCC (mortar) containing HAC in conjunction
with different dosages of GGBS exposed to elevated
temperatures of 400°C and 600°C.

Il. EXPERIMENTAL PROCEDURE

A.Materials

High-Alumina Cement (HAC), used in this study, is aso
known as cacium auminate cement is obtained from
CALUCEM with the brand name °‘ISTRA 40’. Ground
granulated blast furnace slag (GGBS) was obtained from Y TL
cement in dry form. The chemical analysis of HAC and GGBS
shows the principa oxides, as shown in Table I. Silica sand
containing 99% SiO, was used and the sieve analysis is shown
in Fig.1l. Glenium-389 was used as a high-range water
reducing agent (HRWRA) supplied by BASF Malaysia.
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B. Mix Proportion

Mixes with four different percentages (60%, 70%, 80% and
85%) of GGBS were cast next to the control mix containing
pure HAC only. All mixes had the water-binder ratio of 0.26
and sand-cement ratio of 0.8. Details of the mix proportion are
given in Table II. The materials were mixed according to
ASTM C305-11 [15].

C.Casting and Curing

Cylinder specimens of dimension 50 mm @ x 100 mm
length and 100 mm @ x 200 mm length were prepared for
compression and splitting tensile strength tests respectively.
Right after casting all specimens were cured into the
conditioning room (20°C at 60% relative humidity) for 24hrs
after which they were de-molded and cured in the
conventional water tank for 28 and 56 days.

D.Elevated Temperature Test

All specimens were oven dried at 60°C for 24 hours before
being exposed to the elevated temperature in order to avoid
spalling due to the pore pressure devel opment [16]. Specimens
were exposed to 400°C and 600°C at a heating rate of 5°C/min
and were soaked at these temperatures for one hour using the
laboratory gas furnace. After heat treatment, specimens were
left in the furnace to cool down at approximately the same rate
and then were subjected to compression and splitting tensile
strength tests. All samples exposed to elevated temperature
were compared with the control samples whereas the control
samples were referred to the one containing HAC only and
tested at 28°C. Throughout the paper, 28°C refers to the room
temperature.

E. Compressive Srength and Splitting Tensile Srength Test

For each mixture and curing regime, at least three
specimens were surface dried and tested in compression
according to ASTM C39/C39M-10 [17], whereas splitting
tensile strength tests were performed using ASTM
C496/C496M-11 [18]. For compressive strength test,
dimension of the cylinder specimen was 50 mm @ x 100 mm
length whereas for splitting tensile strength test, specimen
dimension was 100 mm @& x 200 mm length.

F.Microstructural Examination

Microstructural examination was performed using Field
Emission Scanning Electron Microscope (FESEM) and
Energy Dispersive X-ray Microanaysis (EDX). FESEM
images were taken at magnification up to 10KX to study the
microstructure for the materials.

After 28-days of water curing, the specimens were
subjected to elevated temperatures of 400°C and 600°C.
Broken pieces from heated and unheated specimens were used
for FESEM/EDX analysis.

I1l. RESULTSAND DISCUSSION

A. Compressive Srength

The relative compressive strength for heated and unheated
specimens at different curing periodsis given in Fig.2 and Fig.

TABLEI
CHEMICAL ComMPOSITION OF HAC AND GGBS
Oxide Content HAC (%) GGBS (%)
SO, <6 34.65
Al,0; 38-42 13.76
Fe,0; 13-17 143
Ca0 37-40 41.42
MgO - 751
SO - 0.55
K20 - 0.37
Na,O - 0.13
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Fig. 1 Sieve Analysis of Silica Sand

Percent Passing (%)

TABLEII
Mix PROPORTION FOR THE MORTAR
Mix HATCOIal B(I;‘rgBe"FS HR(L%)RA W/B S/HAC
(%) (%)

GO 100 0 0.57

G60 40 60 0.25

G70 30 70 04 0.26 0.3
G80 20 80 045

G85 15 85 045

W/B=Water-Binder Ratio, S’HAC= Sand to HAC Ratio

3. The strength of the control samples cured at 28 days and 56
days was 61.49 MPa and 65.85 MPa respectively. These
values were used to normalize (taken as 100%) the strengths
of the other samples at respective age.

At 600°C, major drop in compressive strength is found in
the mixture with 70% GGBS content after 28 days of curing
i.e. approximately 42% of the control specimen compressive
strength. However, the least drop is found in the specimen
without GGBS after 56 days of curing i.e. 81% of the control
specimen compressive strength.

Samples containing 60% GGBS content showed the
strength comparable to the control specimen after 28 days of
curing at 28°C. For the same samples, the strength was even
better after 56 days of curing which might be because of the
slow reactivity of GGBS present in the mixture as reported
elsewhere [19], which was not much pronounced at 28 days of
curing. On the other hand for the samples with 80% and 85%
GGBS content, strength is too low because of less HAC
content available for hydration and GGBS has an average
reactivity to develop strength at early age [20]. However, there
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was a marked increase in strength when exposed to 400°C,
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Fig. 2 Relative compressive strength for 28 days cured
specimens exposed to different temperatures.
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Fig. 3 Relative compressive strength for 56 days cured
specimens exposed to different temperatures

which was due to the increase in reactivity of GGBS due to
the activation by calcium ions and production of auminum
rich hydrates [21]. Whereas, at 600°C there was a drastic drop
in strength due to the release of crystalline water from the
matrix, increasing the apparent porosity of the material and
hence decreased its strength [22].

Samples cured for 56 days underwent continuous increase
in compressive strength after exposure to 400°C and 600°C
unlike the samples cured for 28 days. This is corroborated
with the average reactivity of GGBS, which developed stable
hydration products after 56 days [19] leading to the high
strength even at 600°C. This finding is in agreement with the
research study performed on ordinary Portland cement
replaced by 50%-80% of GGBS[9].

B. Splitting Tensile Srength

The relative splitting tensile strength for heated and
unheated specimens at different curing periods is given in
Fig.4 and Fig. 5. The strength of the control samples cured at
28 days and 56 days was 5.97 MPa and 6.7 M Pa respectively.
These values were used to normalize (taken as 100%) the
strengths of the other samples at respective age.
In order to inhibit conversion reaction [23] in HAC, lower
water-binder ratio of 0.26 was selected, which led to the high
strength in control specimens. Due to the high strength and
dense microstructure al the specimens underwent explosive
spalling at 600°C owing to the vapor pressure built up in the
pores resulting in the development of stresses greater than the
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Fig. 4 Relative splitting tensile strength for 28 days cured
specimens exposed to different temperatures.
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Fig. 5 Relative splitting tensile strength for 56 days cured
specimens exposed to different temperatures

Fig. 6 FESEM Images of samples at room temperature (28°C): a) GO
b) G60 c) G70 d) G80 ) G85

166



International Journal of Architectural, Civil and Construction Sciences
ISSN: 2415-1734
Vol:7, No:2, 2013

tensile strength of the material [16]. Therefore, tensile strength
test could not be performed on the control specimen unlike
compressive strength test specimens, where no such
phenomenon was observed. This also explains the relation
between the size effect of samples and explosive spaling at
elevated temperature. Splitting tensile strength of the samples
decreased significantly with the increase in percentage of
GGBS as compared to the control specimen. With the increase
in temperature from 28°C to 400°C and 600°C, drop in tensile
strength was observed which may be due to the thermal
cracking at elevated temperature.

Splitting tensile strength for the samples containing 60%
and 70% of GGBS are almost the same after 28 days of curing
at 28°C. Specimens containing 85% of GGBS are found to
have the greatest drop in strength at 600°C i.e. 15% of the
control sample strength. However, two samples; one without
GGBS and the other with 60% GGBS content showed the
lowest drop in strength i.e. approximately 52% of the control
specimen tensile strength after 56 days of curing.

C. Microstructural analysis

Field Emission Scanning Electron Microscope (FESEM)
images were taken at magnifications up to 10 KX to study the
microstructure of the materials. The FESEM images for the
specimens before and after exposure to high temperatures are
shown in Fig. 6a-e, Fig. 7a-e and Fig. 8a-e. Microstructure of
control specimen was more compact as compared to other
samples contributing towards high strength development of
the sample. EDX analysis, shown in Fig. 9, reveded the
presence of hydration product of monocalcium aluminates;
CA (major phase in HAC), which consists of hexagonal
calcium-aluminum hydrates, presumably CAH, and C,AHg
[24], [25]. After the control samples exposed to 400°C, the
microstructure became porous may be due to the dehydration
of hydration phases including CAH;4, C,AHg, C3AHg and AH;
[26]. Further heating to 600°C caused the remova of
crystalline water from the phases, which appeared in the
microstructure as a platy formation (Fig.8a).

Mixture with 60% replacement by GGBS after 28 days of
curing showed gel structure, presumably gehlenite hydrate
(C,ASHsg) as also shown from FESEM image (Fig. 6b) and the
EDX analysis of the image (Fig.10). Thisisin good agreement
with the study performed by Majumdar et al. [27]. The above-
mentioned study also explained that gehlenite hydrate is a
product of C;AHg (conversion product of HAC) and silica
(SiO,) in GGBS. As this reaction proceeds, C;AHg disappears
and certainly inhibits the strength reduction in HAC based
THPCC. On the other hand, Ca' ions in HAC were aso
consumed to activate GGBS by removing silica, leaving
behind the aluminum ions in the paste, which favored the
production of other aluminum-silicate rich hydrates [21]. This
process was accelerated even at higher temperatures, resulting
in the microstructure as shown in Fig. 7b.

Microstructure of the samples having 80% and 85% (Fig.
8d and Fig.8e) of GGBS showed un-reacted particles of
GGBS due to the insufficient amount of HAC present in the
mixture,which embodied |owest strength to the matrix as

Fig. 7 FESEM Images of samples exposed at 400°C: @) GO b) G60 c)
G70 d) G80 e) G85

Fig. 8 FESEM Images of samples exposed at 600°C: @) GO b) G60 c)
G70 d) G80 e) G85
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compared to other mixtures. Reactivity of GGBS particles
increased a bit after exposure to 400°C but was reduced at
600°C due to dehydration of products.
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Fig. 9 EDX test results of control sample exposed at: a) 28°C b)
400°C c) 600°C
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Fig. 10 EDX test results of sample containing 60% GGBS cured for

28 days at 28°C

IV. CONCLUSION

In this paper, the effect of elevated temperature on the
mechanical properties and the microstructure of THPCC
containing HAC and GGBS were studied. The following
conclusions may be interpreted from the experimental results.
1- Each of the samples cured at 56 days bear highest strength

as compared to the samples cured at 28 days. At 600°C,

major drop in compressive strength is found in the mixture
with 70% GGBS content after 28 days of curing. However,
the least drop is found in the specimen containing only

HAC after 56 days of curing
2- Splitting tensile strength for the samples containing 60%

and 70% of GGBS is amost the same after 28 days of

curing at 28°C. At elevated temperature (400°C and 600°C)
there is a continuous drop in tensile strength for al the
samples. Specimens containing 85% of GGBS are found to
have the greatest drop in strength at 600°C. Interestingly,
two samples; one without GGBS and the other with 60%
GGBS content showed the lowest drop in strength after 56
days of curing.

THPCC have a stable microstructure after exposure to
400°C whereas exposure temperatures greater than 400°C
causes hydration products to decompose considerably,
causing the significant decrease in the mechanica
strengths.
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