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Addition of polypropylene fibers in concrete for spalling protection in fire is well known, where the fibers
melt in fire and percolate the concrete. However, the optimum fiber characteristics for spalling protection
are not well understood. In this study, the optimum fiber length for spalling protection of concrete is found
to be related to the inter-aggregate spacing of coarse aggregates, which is critical for the interconnectivity
of adjacent aggregates surrounded by porous interfacial transition zones. The experimental test results
showed that, for the concrete with maximum 20 mm of graded aggregates, with optimum 30 mm length fi-
bers, almost no spalling was found; whereas other fiber concretes lost up to 92% of weight due to spalling.
By evaluating the criteria of the optimum fiber length, this study also found the critical threshold of fiber num-

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

High strength concrete as a construction material has many ad-
vantages, and, in recent years, it has become popular due not only
to its high strength but also due to its high durable performance, es-
pecially for infrastructure including tunnels and high rise buildings.
In a fire event, however, high strength concrete performs very poorly
by comparison to normal strength concrete [1-3]. Although there are
a number of ways to mitigate the risk of spalling in high strength con-
crete, it is necessary to quantify other criteria, in order to achieve the
optimum level of spalling protection, in which polypropylene fiber
addition as an effective measure is chosen in this study.

The spalling mechanism for high strength concrete is not fully un-
derstood, but possible explanations can be made using either thermo-
mechanical theory [4,5], moisture clog theory [6-8], or a combination
of both theories [9,10]. According to the thermo-mechanical theory,
spalling occurs due to the fact that a thermal gradient and thermal in-
compatibility lead to high stresses close to the surface of concrete
being exposed to fire. High strength concrete with high brittleness
cannot tolerate these two stresses and consequently causes the fail-
ure of the concrete during fire, whereas normal strength concrete
with relatively low brittleness seems to accommodate the induced
stresses. According to the moisture clog theory, on the other hand,
it is important to understand the flow of water vapor and its path-
ways, which is likely to be impeded by the low permeability system
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in high strength concrete. This theory is more widely accepted in
the literature as compared with the thermo-mechanical theory. A
percolation theory gives detailed information that describes the path-
ways for the water vapor in cement-based materials at a microscopic
level. Brief introduction of the moisture clog and the percolation the-
ories are described below.

Concrete contains substantial amount of water in the form of free
liquid water and physically/chemically bound water, which is depen-
dent on a water to cement ratio, a curing condition and other envi-
ronmental factors after the curing. According to Avogadro's law and
Charles's law, if the density of water is regarded as 1g/cm?, 1 cm?
(=1g) of water at 20 °C will expand to 1579 cm® of gas at 100 °C.
Such an expansion increases the pore pressure in high strength con-
crete in fire. The moisture clog theory indicates that, in a fire event,
the water vapor in concrete migrates deeper into concrete in which
the pressure is lower and temperature is cooler, which might cause
the condensation of the vapor. The dense pore structure in high
strength concrete interferes with the return of the condensed vapor
outside concrete. As the vaporize-migrate-condense cycle continues,
accumulation of vapor will build up in the cooler regions until finally
a completely saturated layer (moisture clog) is formed [6]. Once the
moisture clogs are created, they make the flow of the vapor more diffi-
cult and accelerate the increase of pore pressure, thus resulting in the
failure of lateral forces of the concrete. Percolation theory [11-13]
deals with the connectivity of components in a system. In particular,
Bentz [11] has reported that big porous zones of normal strength con-
crete can be obtained by thick interfacial transition zones (ITZs), in
which percolation from top to bottom can be achieved. Bentz [11] pro-
posed that if the capillary porosity in the individual ITZs remains
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percolated and the ITZs themselves are percolated, a convenient escape
route for the vapor generated during fire exposure may exit. It should be
noted that the level of concrete permeability is governed by the poros-
ities of ITZs. The breakdown of the ITZs reduces the solidity of the con-
crete and the opening channels [14]. Scrivener [15] proposed that the
inclusion of aggregate disrupts the packing of cement particles locally
resulting in a high water to cement ratio in this ITZs. Scrivener and
Nemati [13] also suggested that the ITZ regions (estimated thickness
of conventional concrete: 20 um) are percolated.

Hence, for high strength concrete that is not percolated due to rel-
atively thinner ITZs as compared with normal strength concrete, the
isolated porous ITZs region can be connected by the addition of syn-
thetic fibers with low melting point, such as polypropylene fibers
[8,16-19], so that the vapor can evacuate through the connected po-
rous network. Regarding the effectiveness of fibers for spalling pro-
tection, some researchers [20,21] have agreed that longer length of
fibers is more efficient than shorter length of fibers. This is due to
the fact that the main role of fiber addition is to provide the link be-
tween the isolated ITZs, and thereby long fibers are beneficial to
bridge the isolated porous regions located further apart. In previous
work conducted by the authors [22-24], however, conflicting result
has been consistently observed as follows.

Fiber length is in some cases critical for spalling protection of con-
crete, but in other cases the total number of fibers is critical. For a
given fiber content, Vg, both the fiber length, L, and fiber diameter,
dy, affect the total number of fibers per unit volume, N. The relation-
ship is given by

N_ 4V (1)

Cond?L

It has been found that, for a given type of fibers, if the combination
of N and Lg, NL?, is used as the measure for the fiber addition, the con-
stant predictable results for the degree of concrete spalling was
obtained, regardless of fiber contents. Decreasing the L¢ increases N,
so that fibers with shorter length can have higher value of NL? (most-
ly with fine diameter fibers), compared to fibers with longer length
[24]. However, a critical fiber length to optimize the performance of
spalling protection is unknown.

For further research, thus, it is crucial to find the optimum length of
fibers, satisfying the level of interconnectivity (related to the function of
L¢) and securing a well distributed network (related to the function of
N) for the pressure relief of vapor produced in fire. Since the thickness
of ITZs is much smaller than the distance of two adjacent aggregates,
and the required threshold length of fibers to connect these regions
does not need greater accuracy than + 10 um. This distance hereafter
is referred to as inter-aggregate spacing for convenient calculations.

However, the inter-aggregate spacing is mainly determined by the
size of the aggregates, and the data reporting this effect on the spalling
of concrete are practically limited. It is hypothesized that the dominant
factor of fiber parameters (either long L with small N or short L with
large N) to resist concrete spalling is dependent on this criterion of
the aggregate, due to the fact that the inter-aggregate spacing is a key
parameter to determine the least fiber length for the concrete to be per-
colated. Therefore, by analysing the relationship of the size of the aggre-
gate and the fiber parameters, this study aims to provide quantitative
information, which can offer an approach to predict the optimum
length of fibers for any concrete of a given aggregate size and grading.

2. Theoretical background
2.1. Specific surface area of aggregates
Total specific surface area of aggregates gives information about

the characteristics of various sized and graded aggregates, and it is
an essential parameter for calculating the inter-aggregate spacing.

In this study, all calculations were made based on the assumption
that all aggregates were spherical.

There are a number of ways to estimate the specific surface area of
the aggregates. For a single aggregate, simple geometric estimation
has been proposed by Chapuis et al. [25] as follows:

6
S = dps 2)

where S; is the specific surface area (in m?/kg) of the single aggre-
gate, d, is the diameter of the aggregate and ps is the density (kg/
m?) of the aggregate. For graded aggregates, Loundon [26] calculated
it based on a sieve analysis with the assumption that all aggregates
were uniformly distributed in the size between the mesh size (mm)
dy and d, of adjacent sieves as given by

S=— 3)

d,d

X7y

where S; is the specific surface area (in m?/L) of the graded aggre-
gates. Starting with Eq. (3), this study introduces void space volume,
1 (from Eq. (6)), of dry rodded aggregate and density, ps, which is
equal to the aggregate used in this study, in order to obtain the specific
surface area of the aggregate in m?/kg. This is given by

s % (4)

(1 - n)pS\/ dxdy

This calculated specific surface area by Eq. (4) is used as an indica-
tor to calculate the actual specific surface area, Sy, of the used aggre-
gate having fractions of the total mass retained on different sieves.
This is given by

Stm = ZQ:]SXXX (5)

where S; S -+ - and S, is the specific surfaces of uniform spheres dis-
tributed in the different sieves, and x; x5 - - - and x,, is the total mass of
the actual used aggregate retained on the corresponding sieves. The
calculated S, are shown latter in Table 4.

2.2. Inter-aggregate spacing

The inter-aggregate spacing is calculated based on a shell model
suggested by Rangaraju [27]. In this shell model, however, the exclu-
sive inter-aggregate spacing of coarse aggregate was not considered
on purpose, due to the fact that the sand fraction exhibits much greater
area in contact with cement paste than does the coarse aggregate.

However, in the aspect of vapor evacuation in fiber added concrete
in a fire event, the level of pore connectivity is more important than
the level of pore's specific surface area. Although the total specific
surface area of fine aggregate associated with ITZs is high, it is obvious
that the circumference of the each ITZ surrounding a sand grain in
fine aggregate concrete is short and isolated, whereas the ITZ in
coarse aggregate is long and thereby connected. Neithalath [28]
uses morphological measures to characterize the pore connectivity.
In this research, it has been found that maximization of water trans-
port behavior is best achieved by increasing the pore connectivity fac-
tor, and the use of large sized aggregate is definitely a viable means of
increasing the pore connectivity. According to the simulation by
Bentz [11] for the concrete at elevated temperature, it has been ob-
served that it is mainly the larger aggregates that are a part of the per-
colated pathway, and not the smaller aggregates that provide a major
fraction of the aggregate surface area. Hence, a modified shell model,
Cshert model, is proposed in the present study to take account this effect
of the inter-aggregate spacing of coarse aggregates (i).
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In the Cgpey model, (1) void space volume, m, of dry rodded aggre-
gate possessed by the total amounts of the coarse aggregates used in
the present study, (2) the excess volume of mortar, g, after filling ‘n’
and (3) the thickness of the mortar shell covering each coarse aggre-
gates by ‘€’ are calculated. Finally, (4) the inter-aggregate spacing of
the coarse aggregates, i, is twice the mortar shell thickness as can
be seen latter in Fig. 9. This is based on the assumption that all of
the coarse aggregates are enveloped by a shell of mortar of uniform
thickness, in which a conceptual idea is again similar to the shell
model by Rangaraju [27]. Detailed calculation is presented as follows.

For (1) m, it is given by

n="v- <p95) (6)

where 1y is the total volume (m + aggregate volume) of dry rodded ag-
gregate possessed by the amounts of the coarse aggregates used in
the present study, which is determined as the total amounts of the
coarse aggregates, ®, divided by dry rodded unit weight, A, of the
coarse aggregate; and ps is the density of the coarse aggregates. For
(2) g, it is given

€= Vconc_’Y (7)

where Vonc is the total volume of the concrete. For (3) the thickness
of the mortar shell, it is calculated by dividing € (Eq. (7)) by the total
surface area of the coarse aggregates, which is determined as Sy
(Eq. (5)) multiplied by . For (4) i, it is given by

The calculated & used in this study and their required parameters
are shown latter in Table 5.

3. Experimental work
3.1. Experimental outline

Table 1 shows the experimental outline of this study. Various com-
binations of fiber length (6,9, 12, 19, 30 and 40 mm) and maximum ag-
gregate size (4, 10, 20 and 32 mm) were added in concrete and tested
for investigating the effect of a correlating work on the spalling protec-
tion of the concrete, consequently in order to propose the optimum
fiber length. An effect of a fiber diameter (40 and 20 pm) was also inves-
tigated for the representative concrete containing maximum 10 mm ag-
gregate. Relatively small fiber content, 0.05% by volume, was chosen in
all concretes to distinctively assess the effectiveness of the dimensional
fiber characteristics. For a convenient purpose, the specimen with max-
imum 4 mm aggregate is hereafter also called concrete, and all calcula-
tion related to the use of coarse aggregate in this paper is instead carried
out with the use of fine aggregate for 4 mm aggregate concrete.

For the test methods conducted in this study (Table 1), slump flow
was performed in accordance with ASTM C 1611. Air content was mea-
sured according to ASTM C 138. ASTM C 39 was conducted for compres-
sive strength test of hardened concretes. Fire tests were carried out for
1 h according to the standard heating curve of 1ISO-834. After the test

Table 1
Experimental outline.

completed, extent of spalling was visually observed, and the weight
loss and residual compressive strength of concretes were tested by com-
paring the values before and after the test. Cylinders of size
0100 x 200 mm were prepared and tested in triplicate for each type.

3.2. Materials

Ordinary Portland cement (density: 3150 kg/m> and fineness:
330 m?/kg) was used in this study. Fly ash (density: 2210 kg/m?, fine-
ness: 406 m?/kg and loss on ignition: 3.5%) and silica fume (density:
2200 kg/m?>, fineness: 20,000 m?/kg and loss on ignition: 1.5%) were
incorporated as mineral admixtures. For aggregates (granite type),
the combination of river sand and crushed rock (4:6) was mixed to
obtain a 2.6 fineness modulus of fine aggregate. Density and absorp-
tion of the both fine aggregates were 2600 kg/m> and 0.46%. All
coarse aggregates used in this study were a crushed aggregate type.
Density and absorption of the coarse aggregates were 2610 kg/m>
and 0.58%. The concrete mixture proportion and properties of control
concrete before and after fire tests are summarized in Table 2. The
physical properties of polypropylene fibers are in Table 3.

Table 4 shows the calculated specific surface area of the coarse ag-
gregates based on a sieve analysis. For 4 mm, 10 mm, 20 mm and
32 mm concrete, the corresponding values were 5.54 m?/kg, 0.41 m?/
kg, 0.30 m?/kg and 0.21 m?/kg respectively. Table 5 shows the results
of calculated inter-aggregate spacing of the coarse aggregates, i. For
4 mm, 10 mm, 20 mm and 32 mm concrete, the corresponding { were
0.03 mm, 2.65 mm, 3.72 mm and 5.42 mm.

4. Test results
4.1. Properties of the concrete

Fig. 1 shows the slump flow of the concretes. Although the fiber
content used in this study was very small (0.05% by volume), the ef-
fect of fiber length on concrete workability was significant. Increasing
the length of fibers constantly decreased the workability, in spite of
the fact that, for a given fiber content, longer fibers had a smaller
number of fibers per unit volume than shorter fibers (Eq. (1)).
Hence, it can be concluded that the workability of concrete containing
fibers is more influenced by the fiber length, rather than the number
of fibers per unit volume. This is probably because short fibers have
better dispersion than long fibers. In addition, the maximum size of
aggregate also had an impact on the concrete workability. This study
observed that concrete with 20 mm aggregate had the best results
followed by the concretes with 32, 10 and 4 mm aggregate.

Fig. 2 shows the air content of the concretes. In general, the longer
the fiber length the greater is the air content. Nevertheless, the air
contents of most concretes ranged between 2.5 and 3.5%, except for
the 4 mm aggregate concrete where the air contents ranged between
6.0 and 7.5%, which was due to the absence of coarse aggregate.

Fig. 3 shows the compressive strength of the concrete specimens
at 28 days. The test results showed that the fiber length was not a
contributing factor to the compressive strength of the concretes.
The strengths were between 74 and 80 MPa. However, the size of
the aggregate had an influence on the strength. Overall, the highest
strength was observed in the concretes with 10 mm aggregate, and

Fiber Aggregate Test conducted

Type Diameter (mm) Length (mm) Content (% by volume) size (mm) Fresh and hardened concrete Fire test
Control mix (No fiber addition) 20 Slump flow Spalling extent
Polypropylene 0.04 6,9, 12, 19, 30, 40 0.05 4,109 20, 32 Air content Weight loss

Compressive strength Residual compressive strength

@ Also applied to 20 um diameter fibers with the same various lengths and examined fire tests only.
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Table 2
Mixture proportion and properties of control concrete.
W/B* Unit water S/a® Weight mixture (kg/m?) Slump flow Air content Compressive Weight loss Residual
(kg/m3) (%) - q - f . (mm) (%) strength (%) compressive
¢ FA SF S G (MPa) strength (%)
0.25 160 45 448 128 64 665 816 685 34 80 92 0

2 Water to binder ratio.

b Sand to aggregate ratio.
Cement.

fly ash.

Silica fume.

' Sand.

& Gravel.

c
d

e

the next highest was in the concretes with 20 mm aggregate. The
concretes with 4 and 32 mm aggregate had up to 10 MPa less than
those concretes with 10 and 20 mm aggregates. However, it is impor-
tant to note that all measured strengths of the concretes in this study
place the concretes at high risk of spalling in fire [1-3].

4.2. Extent of spalling

Fig. 4 shows images of the spalling in concretes containing poly-
propylene fibers with various lengths and aggregates with various
sizes. For the control concrete, the detailed properties after fire expo-
sure are shown in Table 2. As expected, weight loss due to spalling
was 92%, and residual compressive strength was 0%. The results
showed that severe spalling occurred.

For other concretes (Fig. 4), it was visually confirmed that the length
of fibers and size of aggregates had an effect on the spalling protection of
the concretes. It was very clear that the addition of short fibers with 6
and 9 mm length did not provide any protection from spalling for any
of the concrete specimens, regardless of the aggregate size. By contrast,
the results of the concretes containing long fibers were inconsistent,
thus requiring further explanation. For example, for the addition of
12 mm length of fibers, the spalling resistance was improved for the con-
cretes with 4, 10 and 20 mm aggregates, but was not improved at all for
the concrete with 32 mm aggregate. On the other hand, for the addition
of 30 and 40 mm fiber lengths, the level of the spalling resistance was
significantly improved for the concretes with 20 and 32 mm aggregates,
but was very poor for the concretes with 4 and 10 mm aggregates.

In order to explain these inconsistent spalling behaviors that have
not been reported in the literature, this paper has introduced a new ag-
gregate parameter, inter-aggregate spacing ¢ as defined in Section 2.2.
As calculated in Table 5, { is larger for the larger aggregate concretes,
compared to smaller aggregate concretes, and in any concretes, fibers
longer than the length required to connect the ITZ regions are not help-
ful. In fact, the presence of such long fibers makes the performance of
the fibers for spalling protection deteriorate, because increasing Ly al-
ways decreases N for a given fiber content (Eq. (1)). In some cases,
the effect of N on spalling protection can overtake the effect of L¢. This
crucial effect of the N is shown in the experimental results in Fig. 5.

Fig. 5 shows the extent of spalling in the concretes containing fi-
bers with two different diameters, 40 and 20 pm. It is clear that the
optimum length of fibers decreased from between 12 and 19 mm for
the concretes containing 40 um fibers to between 9 and 12 mm for
the concretes containing 20 pm fibers. This reduction of the optimum

Table 3
Physical properties of polypropylene fibers.

Diameter, Length, Density, Tensile strength, Melting point,
mm mm kg/m?3 MPa °C
0.02, 0.04 6,9, 12,19, 910 560 160

30, 40

fiber length is due to the increased N. Halving the fiber diameter results
in four times higher N (Eq. (1)). Hence, if N is increased by reducing L¢in
the fine fiber concrete, the amount of increment is much greater than
that in coarse fiber concrete, and thereby this great increase of N in
the fine fiber concrete might offset the possible deficiency of the inter-
connectivity arising from the decreased Ly. This is because the influence
of reducing fiber diameter without indirect effect of increasing N is neg-
ligible on the relief of vapor pressure due to the fact that water vapor is
much smaller than the fiber diameter. Further discussion is made in a
statistical manner in Section 5 proposing the threshold of the boundary
(critical N) where the effect of N starts to overtake the effect of Ly.

It is important to note that although N of the fibres with 6 mm
length added to the concretes was the highest for a given fiber con-
tent, the addition of the fibres was not effective even for 4 mm aggre-
gate concrete (Fig. 4), in which the { was only 0.03 mm (Table 5). In
fact, as can be seen in Fig. 4, the addition of the fibres with 12 mm
length was the most effective for this 4 mm aggregate concrete. This
unexpected finding could be because the ITZs in fine aggregate con-
crete are mostly isolated and circumferences of the ITZs are small as
compared with those of ITZs in coarse aggregate concrete, thus making
it unlikely that there will be enough fibres to connect all the sand grains
to achieve percolation of the concretes. On the other hand, the finding
could be explained by the fact that only those fibers in contact with
the exterior surface of the concrete can provide pathways for water
vapor flowing out of the concrete during fire [11], and it is assumed
that fibres with 6 mm length do not have many fibres to contact with
the exterior surface of the concrete. Hence, for 4 mm aggregate con-
crete, the least length of fibers for the percolation is not influenced by
the inter-aggregate spacing of fine aggregate parameter: instead, the
length of fibers should be long enough to connect other highly porous
regions and to contact the exterior surface of the concrete, which was
determined to be 12 mm in this study.

Table 4
Calculated specific surface area of coarse aggregates based on a sieve analysis.

Sieve size, Specific surfaces of uniform spheres Percentage of total retained
mm of this size (S), m?/kg (Eq. (4)) in this sieve size

Max. Max. Max. Max. Max. Max. Max. Max.

4mm 10mm 20mm 32mm 4mm 10mm 20mm 32 mm
37.5-26.5 0.10 0.09 0.09 0.09 0 0 0 5
26.5-19.0 0.14 0.13 0.12 0.13 0 0 5.00 35.00
19.0-13.2 020 0.18 0.18 0.18 0 0 32.00 25.00
13.2-95 028 025 0.25 0.25 0 10.00 15.00 20.00
95-475 046 043 0.42 0.42 320 90.00 48.00 15.00
4.75-2.36 093 085 0.84 0.84 1340 0 0 0
236-1.18 186 1.71 1.68 1.68 6.60 0 0 0
1.18-0.6 3.68 3.39 333 3.34 2880 0 0 0
0.6-0.3 730 6.73 6.60 6.62 2420 0 0 0
03-0.15 1461 1346 1320 1324 1680 O 0 0
Specific surface area of aggregates used (Sy,), 554 041 0.30 0.21

m?/kg (Eq. (5))

Note: For 4 mm aggregate concrete, Sy, is the specific surface area of fine aggregates.
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Table 5
Inter-aggregate spacing, £, and required parameters, calculated for Vone=1m?>.

Max. size of aggregate o, kg Dry rodded unit weight of v (©/ Aw), Total specific surface area of ¢ (Eq. (7)), i (Eq. (8)),

(mm) coarse aggregates (Ay), kg/m> m> coarse aggregates (Sim®), m?/kg m> mm

4 1481 1795 0.82 8210 0.12 0.03

10 816 1608 0.51 333 0.44 2.65

20 816 1659 0.49 245 0.46 3.72

32 816 1652 0.49 168 0.45 542

Note: Veone includes 4.5% by volume of air content, and all calculations for the concretes with maximum 4 mm aggregate are made with fine aggregate, and thus the calculated
values are related to the properties of fine aggregate concrete, i.e. ‘e’ is the excess volume of paste as otherwise ‘€’ for other concretes is the excess volume of mortar.

4.3. Weight loss due to fire exposure

Fig. 6 shows the weight loss of the concretes containing fibers
with various lengths and aggregates with various maximum sizes. It
can be clearly seen that each concrete having the aggregates with various
maximum sizes had different critical thresholds of the optimum fiber
length for minimizing the weight loss due to spalling. This is re-plotted
in Fig. 7 showing the optimum fiber length of each concrete against the
aggregate sizes used. Increasing the aggregate size proportionally in-
creased the optimum fiber length for spalling protection: for the con-
cretes with 4mm, 10 mm, 20mm and 32 mm aggregates, the
optimum fiber lengths were 12 mm, 19 mm, 30 mm and 40 mm lengths
respectively, and as can be seen in Fig. 6, the corresponding weight losses
were 38%, 25%, 15% and 17% respectively.

Furthermore, Fig. 7 also shows that the addition of finer fibers with
20 pm diameter into the concrete caused the reduction of the optimum
fiber length for spalling protection, compared to that of coarser fibers
with 40 um diameter. As can be seen in Fig. 6, for the optimum fiber
length of the concrete with 10 mm aggregate, the weight loss of the
concrete with the fine fibers (20 um diameter) was 14%, whereas that
of the concrete with the coarse fibers (40 um diameter) was 25% thus
showing 11% difference. Further to this result in Fig. 6, the results of
the concrete containing finer fibers with other lengths were also better
than that of the concrete containing coarser fibers. These results provide
evidence that N is the critical parameter for predicting the performance
of spalling protection as characterized in detail elsewhere by the au-
thors [29], rather than the fiber content expressed by volume or by
weight as commonly used in the open literature. Hence, in this
paper, N is used to identify the optimum fiber length latter in Section 5.

4.4. Residual compressive strength after fire

Fig. 8 shows the residual compressive strengths of the concretes
after fire. For the coarse fibers, for the concretes with 32 mm aggre-
gate, the highest retained strength of 25% was obtained for the opti-
mum fiber length of 40 mm; for the concretes with 20 mm
aggregate, the highest retained strength of 23% was obtained for the
optimum fiber length of 30 mm; and for the concretes with 10 mm

700 F
4 ; Ao A 20 mm aggregate
—~—
¥ -
£ 600 |
£ i e
= Q 32mm aggregate  *
< S00f = 10 mm aggregate
g_ O )
§ 400} .
300 b 4 mm aggregate i
200 L 'l L 1 I k. L 2
0 5 10 15 20 25 30 35 40

Fiber length (mm)

Fig. 1. Slump flow.

aggregate, the highest retained strength of 7% was obtained for the
optimum fiber length of 19 mm. For the fine fibers representatively
added to the concrete with 10 mm aggregate, the highest retained
strength of 28% was also obtained for the optimum fiber length of
12 mm. Hence, these results provide further evidence that the addi-
tion of the optimum fiber length significantly improves the fire resis-
tance performance of concrete for a given aggregate size.

However, it was also noted that the use of small sized aggregate
mixed in concrete deteriorated the residual compressive strength of
the concrete: all concretes with 4 mm aggregate lost all strength after
fire regardless of fiber length.

5. Identification of the optimum fiber length

For estimating the optimum fiber length in a convenient way, it is
assumed that aggregates are spherical and fibers are not bending or tan-
gling, which might vary the factor N.;; (Eq. (10)) to be discussed in this
section.

5.1. Aggregate size factor

Introducing fibers into concrete has a number of probabilities to
connect adjacent coarse aggregates in a way that they are intersected
by the range from the shortest to the longest distances. Fig. 9 illus-
trates a schematic image of two adjacent aggregates in the concrete.
It can be seen that the size of the aggregate is a contributing factor to
determine the option from the range, in addition to affecting inter-
aggregate spacing (. To reflect the influence of the aggregate size
into the proposed length of fibers, a representative parameter,
mean size of the coarse aggregates used in the present concrete, is
considered. This is given by:

(%]

tmps

where d is the mean size of the coarse aggregates.
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5.2. Optimum fiber length

For a given fiber content, this study has confirmed that the opti-
mum length of fibers exists as equally observed elsewhere [22,24].
The optimum fiber length can be determined based on quantitative
information, such as the length of fibers, Ls and the total number of fi-
bers per unit volume, N and inter-aggregate spacing, {. The { can be
simply calculated based on the Cgpep model previously discussed in
this paper, but the dimensional fiber parameters, Lfand N, need further
discussion. There are two issues, which have to be defined before deter-
mining the optimum fiber length: the least fiber length and the least
fiber number for the concrete to be percolated.

For the least length of fibers, it is important to consider the possibility
for the percolated concrete. Hence, there is no doubt that the least fiber
length should be longer than the i, but there is maximum limit of the
L. due to a correlation with N (Eq. (1)). For the maximum limit of the
L, the least fiber length should be short enough to contain sufficient N
to percolate the concrete for a given fiber content, so that the least length
of fiber has to be in this range: {<the least fiber length<limited maxi-
mum fiber length. To estimate the optimum fiber length in the latter

Length of fiber
(mm)

Maximum size of aggregate

4 mm

10 mm 20 mm 32 mm

12

19
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Fig. 4. Spalling extent, fiber diameter =40 pm.
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(a) Fiber diameter = 40 um

Li: 6 mm
N/cm®: 66
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N/cm?®: 44
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N/cm?: 33

Li: 19 mm
Nicm® 21
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N/cm® 13
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( b) Fiber diameter = 20 um

Li: 6 mm
N/cm®: 265

Li: 9 mm
Niem® 177

Li: 12 mm
N/cm® 133

Li: 19 mm
N/icm®: 84

Li: 30 mm
N/cm®: 53

Li: 40 mm
N/cm®: 40

Fig. 5. Spalling extent of the concretes for the addition of fibers with equal length but different fiber number per unit volume, maximum aggregate size =10 mm.

stage, this study introduces the least fiber length factor to be equal to the
common described tangent length of adjacent spherical aggregates
(Fig. 9), which is always longer than an inscribed tangent length, thus
having relatively high probability to connect the adjacent aggregates.

For the least number of fibers per unit volume required for evacuat-
ing water vapor, Fig. 10 illustrates the conceptual images. In this figure,
fibers are ideally distributed with black, the mean sized coarse aggre-
gates represented by uniform spherical cores are randomly distributed
with dark grey, and mortar fills the rest of pores with light grey. For
the concrete just to be percolated, a number of fibers distributed in
Fig. 10a are probably too many. A few fibers in Fig. 10b would be enough
in theory. However, there are little chances that the fibers would be dis-
tributed in a similar way as shown in Fig. 10b. Hence, the critical num-
ber of fibers required for the percolation would be in between the
number illustrated in Fig. 10a and b.

It is assumed that, for a given volume of concrete to be percolated,
there is a critical threshold of the fiber number, where the least fiber
length and the optimum fiber length are equal. By taking this account,
the optimum length of fibers is determined as follows:

1
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Fig. 6. Weight loss.
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Fig. 7. The optimum fiber length as a function of aggregate size.
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Coarse aggregate

Common escribed tangent (i + d)

Fig. 9. Schematic illustration of two adjacent aggregates.

where ¢ is the optimum length of fibers, N, is the critical fiber num-
ber, empirically determined to be 250, which is believed to be the
critical boundary (Fig. 11) of a dominant factor for fiber effectiveness
parameters between L¢ and N, which can be said that if N is started to
be higher than N, the dominant factor of the fiber parameters for
spalling protection is likely to be N, so that the optimum fiber length
decreases to achieve increased N; and if N is lower than N, the dom-
inant factor is likely to be L, so that the optimum fiber length in-
creases. This is because the both parameters, Ls and N, have an effect
to compensate each other in terms of the pressure relief of vapor in
concrete in fire. This can be evident by evaluating N, of each mix as
shown in Table 6. The calculated optimum length, ¢, of the concrete
with nylon fibers is 8.5 mm, and that of the concrete with polyvinyl al-
cohol fibers is 11.3 mm; but their corresponding N, are very similar, 248
and 247 respectively. This is because smaller L¢ of nylon is compensated

Fig. 10. Required number of fibers for percolated concrete.

by the higher N (491 fibers/cm? for 0.05% by volume of fiber content),
compared to longer Lsand lower N (207 fibers/cm? for 0.05% by volume
of fiber content) of polyvinyl alcohol. Further, Fig. 12 compares the cal-
culated ¢ and observed optimum fiber lengths from experiment, and it
can be seen that they are in good agreement.

The proposed model in this study is developed based on the experi-
mental results of the small sized concrete specimens of 100 mm diame-
ter and 200 mm in height. It is possible that the size of specimens has an
effect on thermal spalling of concrete because the capacity of larger
structures store more energy [30], and the boundary conditions in rela-
tion to heat and stress of large structures are different from small speci-
mens [31]. However, specimen size effect has been studied by some
researchers [32] by testing columns with sizes ranging from
300300 mm to 900x 900 mm. They [32] did not find any size effect
in specimens with fiber addition but found that there are some specimen
size effects in specimens without any fiber addition. Further, they [32]
also found that with larger aggregates, longer fibers were needed,
which is consistent with the findings of this test series with small size
specimens. The specimen size effect is an area that requires further
exploration.

6. Conclusions

In this study, the inter-aggregate spacing of coarse aggregates has
been found to be an essential parameter to calculate the optimum
fiber length which has been proposed for the spalling protection of
any concrete of a given coarse aggregate size. The main conclusions
drawn from this study are as follows:

1. The optimum length of fibers for the spalling protection of con-
crete is determined by three critical parameters, inter-aggregate
spacing, aggregate size and critical fiber number. According to
this proposed equation for the optimum fiber length, a critical
threshold of the dominant fiber parameter (fiber number or fiber
length) can also be estimated.

Fiber length

Fiber number

200 250 300 400 500
. 3
N, fibers/cm

0 100

Fig. 11. Critical threshold of fiber number to determine a dominant factor of fiber pa-
rameters, from Eq. (10).
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Table 6
Calculated optimum fiber length, ¢ and required parameters, N.= 250.
Fiber type Fiber diameter, Maximum aggr. d (Eq. (9)), i (Table 5) N (Eq. (1)), Critical number of fibers ¢ (Eq. (10)),
mm size, mm mm cm>P for each mix, cm™ mm
Polypropylene 0.040 10 5.6 2.65 21 252 20.6
Polypropylene 0.040 20 7.6 3.72 13 243 283
Polypropylene 0.040 32 11.1 5.42 10 142 413
Polypropylene 0.020 10 5.6 2.7 133 401 10.3
Nylon® 0.012 20 7.6 3.72 491 248 8.5
Polyvinyl alcohol® 0.016 20 7.6 3.72 207 247 113
¢ Data from [24].
b For fiber content: 0.05% by volume.
£ [7] LT.Phan, NJ. Carino, Effects of test conditions and mixture proportions on behavior of
E high-strength concrete exposed to high temperature, ACI Mater. J. 99 (2002) 54-66.
N S0 [8] P.Kalifa, G. Chene, C. Galle, High-temperature behaviour of HPC with polypropylene
< fibers from spalling to microstructure, Cem. Concr. Res. 31 (2001) 1487-1499.
o [9] D. Gawin, F. Pesavento, B.A. Schrefler, Towards prediction of the thermal spalling
5 40r o o risk through a multi-phase porous media model of concrete, Comput. Meth. Appl.
e P Mech. Eng. 195 (2006) 5707-5729.
£ 30} o i [10] J.C. Mindequia, P. Pimienta, A. Noumowé, M. Kanema, Temperature, pore pressure
g g and mass variation of concrete subjected to high temperature - experimental and
= /.»-"’ numerical discussion on spalling risk, Cem. Concr. Res. 40 (2010) 477-487.
8. 20 Q’/ [11] D.P. Bentz, Fibers, percolation, and spalling of high-performance concrete, ACI
L Mater. J. 97 (2000) 351-359.
E (}6/’ [12] D. Stquffer, A. Aharony, Introduction to percolation theory, 2nd ed. Taylor and
c 10f - Francis, London, 1992.
Q ! [13] K.L. Scrivener, K.M. Nemati, The percolation of pore space in the cement pas-
g te/aggregate interfacial zone of concrete, Cem. Concr. Res. 26 (1996) 35-40.
O 0 0 1'0 2'0 3'0 4'0 5'0 [14] ]J. Zheng, C.Q. Li, X.Z. Zhou, Thickness of interfacial transition zone and cement

Calculated optimum length, mm (Eq. 10, N_ = 250)

Fig. 12. Comparison of calculated and observed optimum fiber lengths.

. The larger the size of the coarse aggregate, the longer is the optimum

length of fibers for spalling protection of concrete. This is due to the
fact that increasing the size of the aggregate increases the inter-
aggregate spacing, thus requiring long fibers for the concretes to be
percolated.

. For a given fiber content, if the fiber diameter is decreased, the opti-

mum fiber length decreases as well. This is because the fiber number
dramatically increases and thus overtakes the effect of fiber length
on the spalling protection.

. The proposed model for calculating the optimum fiber length is

based on tests on small size specimens. Further research is needed
on specimen size effect to confirm this model for large structures.

Acknowledgements

The work presented in this paper was funded by the Monash

Graduate Scholarship (MGS) from Monash University and Australian
Research Council Grant DP 06643009.

References

5
2
3

[4

5

[6

| J.G. Sanjayan, L]. Stocks, Spalling of high-strength silica fume concrete in fire, ACI
Mater. J. 90 (1993) 170-173.

C.G. Han, Concrete with spalling resistance, Mag. Korea Concr. Inst. 10 (1998)
5-10.

K.D. Hertz, Limits of spalling of fire-exposed concrete, Fire Saf. J. 38 (2003)
103-116.

M. Guerrieri, J. Sanjayan, F. Collins, Effect of slag on the performance of concretes
in hydrocarbon fire. ACI SP225-02: Designing Concrete Structure for Fire Safety,
ACI-TMS Committee 216, Fire Resist. Fire Prot. Struct. 255 (2008) 23-46.

Y. Msaad, G. Bonnet, Analysis of heated concrete spalling due to restrained ther-
mal dilation: application to the Chunnel fire, J. Eng. Mech. 132 (2006) 1124-1132.
G.R. Consolazio, M.C. McVay, J.W. Rish IIl, Measurement and prediction of pore
pressures in saturated cement mortar subjected to radiant heating, ACI Mater. J.
95 (1998) 525-536.

[15]
[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]
[31]

132]

content profiles around aggregates, Mag. Conc. Res. 7 (2005) 397-406.

K.L. Scrivener, Backscattered electron imaging of cementitious microstructures:
understanding and quantification, Cem. Concr. Res. 26 (2004) 935-945.

Z. Bayasi, M.A. Dhaheri, Effect of exposure to elevated temperature on polypro-
pylene fiber-reinforced concrete, ACI Mater. J. 99 (2002) 22-26.

A. Bilodeau, V.K.R. Kodur, G.C. Hoff, Optimization of the type and amount of poly-
propylene fibers for preventing the spalling of lightweight concrete subjected to
hydrocarbon fire, Cem. Concr. Res. 26 (2004) 163-174.

C.G. Han, M.C. Han, Y.S. Heo, Improvement of residual compressive strength and
spalling resistance of high-strength RC columns subjected to fire, Constr. Build.
Mater. 23 (2009) 107-116.

Y.S. Heo, ].G. Sanjayan, C.G. Han, M.C. Han, Construction application of Fibre/Mesh
method for protecting concrete columns in fire, Constr. Build. Mater. 25 (2011)
2928-2938.

S.L. Suhaendi, T. Horiguchi, Effect of short fibers on residual permeability and me-
chanical properties of hybrid fiber reinforced high strength concrete after heat
exposition, Cem. Concr. Res. 36 (2006) 1672-1678.

EJ. Garboczi, K.A. Snyder, ].F. Douglas, M.F. Thorpe, Geometrical percolation
threshold of overlapping ellipsoids, Phys. Rev. E 52 (1995) 819-828.

Y.S. Heo Influential factors on fire resistance performance of ultra high strength
concrete and mechanism models of spalling phenomenon. Master thesis, Cheongju
University Korea (2006).

Y.S. Heo, J.G. Sanjayan, C.G. Han, M.C. Han, Synergistic effect of combined fibers
for spalling protection of concrete in fire, Cem. Concr. Res. 40 (2010) 1547-1554.
Y.S. Heo, J.G. Sanjayan, C.G. Han, M.C. Han, Critical parameters of nylon and other
fibres for spalling protection of high strength concrete in fire, Mater. Struct. 44
(2011) 599-610.

R.P. Chapuis, P.P. Légaré, A simple method for determining the surface area of fine
aggregate and fillers on asphalt mixture, In effects of aggregates and mineral
fillers on asphalt mixture performance, American Society for Testing and Mate-
rials, ASTM STP 1147, , 1992, pp. 177-186.

A.G. Loudon, The computation of permeability from simple soil test, Geotechnique 3
(1952) 165-183.

P.R. Rangaraju, J. Olek, S. Diamond, An investigation into the influence of inter-
aggregate spacing and the extent of the ITZ on properties of Portland cement con-
cretes, Cem. Concr. Res. 40 (2010) 1601-1608.

N. Neithalath, M.S. Sumanasooriya, O. Deo, Characterizing pore volume, sizes, and
connectivity in previous concretes for permeability prediction, Mater. Charact. 61
(2010) 802-813.

Y.S. Heo, J.G. Sanjayan, C.G. Han, M.C. Han, Limited effect of diameter of fibres on
spalling protection of concrete in fire, Mater. Struct. (2011), doi:10.1617/s11527-
011-9768-z.

V.KR. Kodur, L. Phan, Critical factors governing the fire performance of high
strength concrete system, Fire Saf. J. 42 (2007) 482-488.

R. Jansson, L. Bostrom, Spalling of concrete exposed to fire. Fire technology SP re-
port, SP Technical Research Institute of Sweden, 2008.

H.K. Jung, HJ. Son, B.H. Lee, M.C. Han, S.H. Yang, C.G. Han, Spalling of high
strength concrete depending on specimen sizes, Proc.Archit. Inst. Korea 29
(2009) 571-574.


http://dx.doi.org/10.1617/s11527-9768-
http://dx.doi.org/10.1617/s11527-9768-
image of Fig.�12

	Relationship between inter-aggregate spacing and the optimum fiber length for spalling protection of concrete in fire
	1. Introduction
	2. Theoretical background
	2.1. Specific surface area of aggregates
	2.2. Inter-aggregate spacing

	3. Experimental work
	3.1. Experimental outline
	3.2. Materials

	4. Test results
	4.1. Properties of the concrete
	4.2. Extent of spalling
	4.3. Weight loss due to fire exposure
	4.4. Residual compressive strength after fire

	5. Identification of the optimum fiber length
	5.1. Aggregate size factor
	5.2. Optimum fiber length

	6. Conclusions
	Acknowledgements
	References


