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Abstract

Our study was directed to improve the residualftekstrength and the heat resistant properties
of concrete exposed to high temperatures usingreift fiber cocktail loadings including steel,
polymer or cellulose fibers. At first the morphojoand the thermal properties of the fibers and
the fiber/cement composites were investigated byl @&d TG/DTA-MS. Then the influence
of fiber type and amount on residual flexural sgtanwere tested after cooling back from 150,
500 or 800 °C temperature loadings. By adding sta#lulose and polymer (polypropylene)
fibers to cement, improvements both in post-cragkresidual flexural strength and in
insensitivity against explosive spalling were restth
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1. Introduction

Due to the large number of fire cases, the dedidgnuidding structures against fire has become
more and more important [1-3], and in fact mandateith the implementation of Eurocodes
in Europe.

In general, the behavior of concrete structurdsgit temperatures or in fire is more favorable
than the behavior of steel or wood structures.l&taed temperatures the strength of concrete
decreases due to physical and chemical changeshandeterioration of concrete at such
temperatures has two forms: (1) local damage innlagerial itself and (2) global damage
resulting the failure of the structural elementanidge in concrete material can occur in
reinforced concrete structures during fire, whicaynbe due to various causes, i.e. different
thermal expansion of the hardened cement pastett@nédggregate; internal water vapor
pressure; or different temperature in the crosieseas well as along the length of the element
[4]. In some cases excessive cracking, decreaberaf and anchorage between the concrete
and reinforcement or spalling of concrete coveralan occur during fire [5].

Thielen [6] concluded that changes in strength ariccete subjected to high temperatures
depended on the type of cement and aggregate/thatio, the aggregate-to-cement ratio, the
initial moisture content and the way of temperatoezling. Other researchers emphasize the
importance of the pore system on residual compressiength [7]. During the cooling process
concrete is not able to regain its original chagastics [8, 9].

The explosive spalling at elevated temperaturesamly caused by the water boiling inside
the concrete. The generated steam cannot leawotiveete fast enough. Hence, due to steam
accumulation, the inside pressure rapidly rises iarkstroys the external concrete layers
providing then free release way for the accumulatedm [10].

The fragments of the explosive spalling may be damgs to the escaping people and to the
firefighting crew. In addition, the reinforcemersisuated below the detached concrete layers
are prone to heat up significantly faster, causimgpremature collapse of the whole structure.
The explosive spalling is a typical failure modédlw concrete tunnel elements [1]. In the case
of tunnel fires the temperature rise is rapid, ¢fae the water evaporation is also intensive.
However, explosive spalling may also occur in huadgfires [3].

Different fiber types may improve different propest of concrete. Steel fibers in concrete
significantly influence the hardened properties][1E. they increase the post-crack tensile
strength, the shear strength, the impact resistdhedatigue resistance and reduce the crack

widths. In contrast, the fire resistance of coremdtuctures is generally considered not to be



influenced by steel fibers, though they may rediheedegree of spalling by bridging areas of
spalled concrete [11]. Spalling of concrete inra fnay be reduced by the addition of an
adequate dosage of micro polymer fibers (diameten {3 to 32 um with typical dosage of 1-

2 kg m?) [11-15]. The terminologyiber cocktailis used if several types of fibers or several
geometries of the same type of fiber are simultaskoused.

Hence, our aim was to improve the residual flexsteéngth and the properties of concrete
exposed to high temperatures using different fibecktails including steel, polymer and

cellulose fibers. At first the morphology and theerimal properties of the fibers and the
fiber/cement composites were investigated by SEM BG/DTA-MS. Then the specimens

were annealed at selected temperatures (150, FDAC) for 1 h, and after cooling down the
influence of type and amount of fibers on residleadural strength in cold state were tested by

three-point bending tests.

2. Experimental

2.1. Sample preparation

Our concrete compositions are presentetable 1

The consistency was kept to be constant by usimg»adre (flow class: F4). The mixing
process was carried out by pan type concrete rtixdr activator). The composition of cement
are presented ihable 2 We tested concretes reinforced with short sibet$, micro polymer

fibers or cellulose fibers together (fiber cocktait alone(Table 3)



Table 1: Concrete compositions

_ Mass in concrete /
Material Type
kg per 1 M concrete
0/4 mm fraction (45%) 824
Aggregate :
4/8 mm fraction (55%) 1008
Cement CEM1425N 380
steel fiber (1.0 V%) 78.50
Fiber micro polymer (polypropylene) fiber (0.1 or 0.2 V%) 0.91or182
cellulose fiber (0.1 or 0.2 V%) 1.50 or 3.00
Water my/mc=0.43 163
Admixture Glenium C300 (max. 0.7.%0) max 2.66

Table 2: Compositions of cement

Chemical composition / %
SiQ | Al20s | FeOs | CaO | MgO| TiQ | MnO | NaO | KO | SG | ClI
18,99| 4,48 3,04, 6187 1,39 024 0,28 0,08 Q46 28938

Table 3: Properties of tested fibers

Sign Material Fiber Fiber Density | Tensile Ignition
length | equivalent / strength/| temperature
/mm | diameterim | kgm?® | N mm? °C
S | Steel (brass-coated) 13 200 7830 30Q0
P | Micro polymer 12 20 910 400-500 400
(polypropylene)
Ce | Cellulose 12 12 1500 460

The tested fiber cocktails and amount of fiberspesented imable 4 After removing from

the formwork, the specimens were stored in wate7fdays then kept at ambient conditions
until testing. The samples were 28 days old attithhe of the tests. During annealing, the
specimens were kept for one hour at the selectepgerture (150, 500 or 800 °C). They were

then cooled down in laboratory conditions, andetgstt room temperature.



Table 4: The tested fiber cocktails and amounthrs [V%]
Mix Mix | Mix | Mix | Mix | Mix | Mix | Mix | Mix
1 2 3 4 5 6 7 8

Steel (S) - - - 1.0 1.0 1.0 1.0 10
Polymer (P) - 0.1 - - 0.1 0.2 - -
Cellulose (Ce) - - 0.1 - - - 01 0.2

2.2. Measurements

TG/DTA measurements of the concrete and fibers weied out on an STD 2960
Simultaneous DTA/TGA (TA Instruments Inc.) thernaalklyzer using a heating rate of 10 °C
min't and Pt pans. The thermobalance was purged wifh20rmL min'). Evolved gases were
measured by a Thermostar GSD 200 (Balzers Insttgneuadrupole mass spectrometer
(MS). A heated (200 °C) 100 % methyl deactivatesktusilica capillary provided the on-line
coupling. The selected ions between m/z = 4-184ewsonitored through 64 channels in
Multiple lon Detection Mode (MID) with a measuritigne of 0.5 s channgl

To check the morphology, SEM images were obtaineéh JEOL JSM-5500LV scanning
electron microscope.

The three-point bending tests were carried out @ardllel specimens with 70x70x250 mm
dimensions by each mixture after annealing at ssdeiemperatures (150, 500 or 800 °C) with

1 mm/min loading rate.

3. Results and discussion

3.1. TG/DTA-MS
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Figure 1: Thermal decomposition of bare concretex{/

Table 5: TG/DTA-MS evolved gas ions [16-19]

m/z | Fragment
18 | HO"

41 | CsHs"

44 | COy"

55 | C4H7"

57 | C4Hg" / levoglucosan fragmeht

60 | acetic acid / hydroxyacetaldehyde
69 | CsHo"

74 | 1-hydroxy-2-propanorie

82 | 2-methylfuran

83 | CeH11"

96 | furfural®

97 | C7H1s"

98 | furfuryl alcohol

111 | CgHis"

114 | 3-hydroxy-2-penteno-1,5-lactohe
125 | CoH17"

126 | 5-hydroxymethyl-2-furfurdl

139 | CioH1e"

162 | levoglucosan




In case of the bare concrete that contained nosfithég. 1) the mass loss occurred in four steps,
all of which were accompanied by an endothermid¢ b#act. In the first step between 50 and
150 °C the concrete sample lost its physically lmowater content, and water from the
decomposition of ettringite and the calcium sikcétydrates were also released hdigen
between 420 and 460 °C took place the dehydratfoG@a§OH). In the third and fourth
overlapping steps between 480 and 750 °C with poatis evolution of C®the CaCQ@
decomposition occurred [20, 21].
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Figure 2: Decomposition of polypropylene fibers

The decomposition of the polypropylene fibers haygoein one step (Fig. 2). At first the
polymer melted (endothermic DTA peak at 177 °Cgntbetween 230 and 500 °C the sample
decomposed and burnt in overlapping reaction aceomed with the release o8, CG and
several other fragments in a wide mass range [seeh current curves in Fig. 2 and their
assignment in Table 5) [22, 23]. The decomposittdnPP was endothermic, while the
combustion was exothermic; and the net DTA peakexathermic. The Cgevolving between
550 and 680 °C is coming from the capillary conimgcthe thermal analyzer to the mass

spectrometer.
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Figure 3: Decomposition of cellulose fibers

Similar to the concrete sample, in the first step ¢ellulose (Fig. 3) lost its physically bound
water content. After that the mass loss happenddanstages. Between 250 and 400 °C the
structure of cellulose was decomposed, accompé#ryidte evolution of several volatile species
(Table 5). In the next step between 450 and 50théCesidual char was burnt and only CO
evolved [24]. Here due to the oxidation in air, D€A peaks were endothermic again. The
COz released from 550 °C is coming from the capillary.

As expected, the steel fibers did not decomposed0a °C, thus there thermoanalytical curves
are not presented.

The amount of fibers, especially the quantity dfutese and polypropylene fibers, was very
low in the concrete samples, and hence they dighflaence the thermal behavior of concrete
in a detectable way. Thus, the TG/DTA-MS curveshaf composite samples are also not
presented here.

From the thermoanalytical results of the bare cete¢rpolypropylene and cellulose, it can be
concluded that they all lost their adsorbed watartent until 150 °C. The decomposition
cellulose and the polymer was finished until 500 w@Gile concrete decomposed until 800 °C.
Bases on these, for the Mix1-8 samples annealmgéeatures of 150, 500 and 800 °C were

selected.



3.2. SEM measur ements

Figure 4: SEM images of the samples a) Mix1, b) Makter annealing at 800 °C, c) Mix2, d)

Mix2 after annealing at 800 °C, e) bare polypropgl&bers, f) Mix3, g) Mix3 after annealing

at 800 °C, h) bare cellulose fibers, i) Mix4, j)Miafter annealing at 800 °C, k) bare steel
fibers

In Fig. 4 SEM images of Mix1, Mix2, Mix3 and Mix4elore and after heating them to 800 °C

are shown, and also the morphology of the baredilizefore heating the embedded fibers can
be clearly seen in the mixtures. After heating falerometer wide holes and cracks appeared
on the surface of all samples caused by the veldécomposition products of concrete. In the
case of Mix2 and Mix3, the polymer and cellulogeefs were burnt out, and due to this wider
holes were also present after the heat treatmeirttipg to the original places of these fibers

in concrete. There was no change observed uporalimpén the state of the steel fibers.

3.3. Flexural behavior with different type of fiber and temperatureloadings

The results ifrig. 5indicate that the addition of either micro polyn(Mix2) or cellulose fibers
(Mix3) (without steel fibers) to concrete do nogrsficantly influence the post-cracking
residual flexural strength both before and afted, B0 or 800 °C temperature loadings.

In Fig. 6 the flexural stress vs. displacement diagramspaesented for fiber reinforced
concrete samples with steel fibers (1.0 V%) (Mix4jth both steel (1.0 V%) and micro



polymer fibers (0.1 V% or 0.2 V%) (Mix5-6), or withoth steel (1.0 V%) and cellulose fibers
(0.1 V% or 0.2 V%) (Mix7-8) both before and aftemaaling at 150, 500 or 800 °C.
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Figure 5: Flexural stress-displacement curvebrafe-point bending tests of concrete beams
without or with micro polymer or cellulose fibel®.1 V%),
a) without temperature loading (20 °C), b) aftées01°C temperature loading,
c) after 500 °C temperature loading, d) after 80@emperature loading.
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Figure 6: Flexural stress-displacement curvebmfe-point bending tests of FRC beams
with steel fibers (1.0 V%) and micro polymer orlakdse fibers (0.1 V% or 0.2 V%),
a) without temperature loading (20 °C), b) aftes01°C temperature loading,

c) after 500 °C temperature loading, d) after 80@emperature loading.

The test results iRigs. 5 and Geveal that the steel fibers have the most renbdekafluence
(1.0 V%) on the post-cracking flexural stress athestudied temperature. When only steel
fibers were added to concrete, the post-crackiegufial stress increased considerably.
However, no considerable differences were obsefaedpecimens including either micro
polymer or cellulose fibers besides steel fiberss Ehows that polymer and cellulose fibers do
not have a beneficial impact on the post-crackiegural stress.

The results of flexural stress-displacement cuofafree-point bending testbifs. 5-6)also
show that there was a considerable reduction di Bekural strength and residual flexural
strength in the temperature range of 500 and 8Q0Mfth can be mainly explained by the
chemical changes of concrete in this temperatugeome[25-27]. Possible reasons can be
reactions in the cement stone such as dehydratica@H) below 500 °C, and decomposition
of CSH (calcium-silicate-hydrates) and Cagt@tween 500 and 800 °C. After the temperature



loading we could observe that the color of the Bpens had change(Fig.7), which was

related to the the chemical changes of concrete[38

Figure 7: Color of FRC specimens without or witmperature loading (150-800 °C) at cold
state

In addition to the chemical changes of concretedifitations of steel properties can also
contribute to the reduction of residual flexuraésgth of FRC. It was observed that there were
pulled out steel fibers in the failed cross-sectbthe flexural test specimens already without
temperature loading or after 150-500 °C annealify. 8.a) Furthermore, after 800 °C
temperature loading steel fibers were even brokehe failed cross-sectidfig. 8.b) Fig. 9
presents photos obtained with optical microscopsteél fibers taken out from the SFRC
specimens after the bending test without or wighwlirious temperature loadings. It is obvious
that the mechanical properties of steel fibers rdwtged, as the annealing temperature

increased.



a) b)
Figure 8: SFRC specimens after temperature logdiimgr content: 1.0 V%): a) cross-section
of specimen failed in flexure, annealing tempet&00 °C; b) cross-section of specimen

failed in flexure, annealing temperature: 800 °C

20°C

150°C

Figure 9: Steel fibers taken from the FRC specinadtes the bending test without or with
various temperature loadings

3.4. Spalling behavior with different type of fiber and temperatureloading

Finally, influence of hybrid fibers (steel/polymeellulose) on explosive spalling behavior are

discussed. When the samples were heated up to d@emal temperature of 800 °C, the
explosive spalling was avoided when either polyrfieers (0.1 V%) or cellulose fibers



(0.1 V%) were used. Similarly, explosive spallingsaavoided when fiber cocktails with steel
fibers (1.0 V%) and polymer fibers (0.1 or 0.2 V%$, well as with steel fibers (1.0 V%) and
cellulose fibers (0.1 or 0.2 V%) were used. In castt, the explosive spalling was not avoided
when only the relatively high amount of steel fibbét.0 V%) were added to concrete, without
the presence of cellulose or polymer fib@fgy. 10) The beneficial effect of cellulose and
polymer fibers is considered to be that, when teydecomposed and combusted below 500
°C, empty channel will form in their places all mgpconcrete, as shown previously by SEM
results. Then when concrete is annealed at 80thé@s-released decomposition product gases
can reach the surface using these channels, andweepressure will not damage considerably
the structure of concrete.

a) b)
Figure 10: Explosive spalling of SFRC beam with \¥% short steel fibers after annealing at
800 °C

4. Conclusions

Our experimental study was intended to improve p&tec properties exposed to high
temperatures using different fiber cocktails in@hgdsteel, micro polymer or cellulose fibers.
At first, the morphology of the fibers were studi®gd SEM, confirming their micrometer scale
diameters. TG/DTA-MS investigations of concretenad| as of cellulose and polypropylene
fibers showed that they lost their adsorbed watatent until 150 °C. While The cellulose and
the polymer fibers decomposed completely until 500while the decomposition of concrete
was finished until 800 °C. Hence, we chose 150, &@0800 °C as annealing temperature for
the concrete and fiber reinforced concrete samples.

Based on the three-point bending tests the shemtfibers (1.0 V%), on the one hand, increased

the post-cracking residual flexural strength boithwer without temperature loading. On the



other hand, our experimental results indicated asipé spalling failure upon heating up to
800 °C.

In contrast to steel fibers, cellulose (0.1 or\3%) and micro polymer (0.1 or 0.2 V%) fibers

were found to be similarly effective in avoidingodasive spalling when a temperature loading
of 800 °C was applied.

In the case of applying fiber cocktails of shoeestfibers together with cellulose fibers or micro
polymer fibers improvements were reached both st-poacking residual flexural strength as

well as insensitivity against explosive spalling.
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