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While the strength and durability of high-performance concretes
(HPCs) are often greatly superior to conventional concretes under
ambient conditions, therr fatlure is sometimes rapid and dramatic
during exposure to a fire, characterized by the explosive spalling of
layers from the exposed concrete surface. This failure mode is rarely
encountered in conventional concretes of higher w/c ratios. In these
concretes, it 1s suggested that the interfactal transition zones (ITZs)
surrounding each aggregate particle provide a conventent escape route
Jor the vapor built up during the thermal exposure. In HPC, these
ITZ regions are thinner and not percolated, but can be repercolated by
the addition of just a_few (0.2 to 0.5% by volume) fibers. Here, sim-
ulations are conducted to determine the relative efficiency of different
length fibers in creating a percolated network, and to investigate the

effects of aggregate volume fraction and gradation on ITZ percola-
tion.

Keywords: concrete; fibers; high-performance concrete; spalling; water-
cement ratio.

INTRODUCTION

While high-performance concrete (HPC) outperforms con-
ventional concrete in nearly every performance category, one
Achilles heel is its performance when exposed to a fire.
Sporadically, such as during the recent fire in the Channel
Tunnel,! HPC fails rapidly and dramatically due to the explo-
sive spalling of the concrete’s surface layer. This failure mode
is typically not observed in conventional concretes of different
mixture proportions (higher w/cratio and greater volume frac-
tion of fine aggregate) whose binder component is based solely
on portland cement.? The mechanism of failure for HPC dur-
ing a fire is not yet well understood. One possibility is that the
spalling is due to the buildup of strain energy in the specimen
due to thermal incompatibilities between the cement paste and
aggregates.? During exposure to a fire, the aggregate expands,
yet after an initial expansion, the cement paste actually con-
tracts due to the loss of moisture and the generation of drying-
shrinkage type stresses.® [In HPC, the interfacial transition
zones (ITZs) between aggregate and cement paste are often
much denser. This could result in a higher stress concentration
in the I'TZ regions at elevated temperatures than in a conven-
tional concrete where the more porous I'TZ region may act as
a sort of (thermal) shock absorber due to its higher porosity.
While this mechanism is certainly plausible, in itself, it is some-
what difficult to reconcile with the fact that the addition of
about 0.2% by volume of polypropylene fibers is able to signif-
icantly improve the fire resistance of HPC.* Addition of the
fibers at this low volume fraction should not mitigate the
thermal incompatibility problem. Furthermore, the saturation
state of the concrete has been shown to affect its fire
performance® which would be unexpected if thermal incompat-
ibility were the sole mechanism responsible for failure.

A second hypothesis concerning the failure mechanism is
that the explosive spalling is due to the buildup of very high
pore pressures within the HPC. This is a result of the liquid-
vapor transition of the capillary pore water, as well as that
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bound in the cement paste component of the concrete. An
excellent review of this “moisture clog spalling” process can be
found in Conzolazio et al® A large portion of this water is
released between 100 and 250 C when the calcium silicate
hydrate (C-S-H) gel begins to degrade. This release is com-
pounded in typical high-performance concretes due to both
their higher cement factor and the pregence of silica fume that
produces pozzolanic C-S-H gel from the calcium hydroxide
formed during hydration. A w/c = 0.5 cement paste with 10%
silica fume can release about 50% more water in this tempera-
ture range than a reference paste with no silica fume.” If this
water vapor cannot escape from the specimen, significant pres-
sures will develop and may eventually cause spalling of the
concrete. Recently, pore pressures on the order of 3 MPa have
been measured in saturated cement mortars subjected to radi-
ant heating.® Additionally, Kalifa et al® have recently
measured pore pressures and temperatures simultaneously
inside concretes heated on one face up to 800 C, and have
shown that the pressure buildup equals or slightly exceeds the
saturated vapor pressure curve. In the case of saturated water
vapor, pressures of 0.5, 1.5, and 3.9 MPa would be expected at
temperatures of 150, 200, and 250 C, respectively.®

Thus, in this failure scenario, the permeability of the con-
crete is one critical parameter (others being the saturation state
of the concrete and the heating rate) as it will regulate the rate
at which the generated saturated vapor can escape from within
the interior of the concrete specimen. The permeability of con-
ventional concretes is one to two orders of magnitude higher
than that of their component cement pastes.'® Simulation
studies and experimental evaluation using mercury intrusion
porosimetry have indicated that this permeability increase is
tikely due to the percolation of the porous ITZs surrounding -
each aggregate particle!! and air void.'? Further evidence for
this percolation of I'TZs in conventional concretes has been
provided by Wood's metal intrusion, and subsequent scanning
electron microscopy evaluations of concrete by Scrivener and
Nemati,' who suggested that the I'TZ regions were indeed
percolated. In addition, they estimated an I'TZ thickness on the .
order of 20 pm in ordinary concrete, consistent with the value
suggested by the concrete microstructural model employed by
Winslow et al.'}

In HPC and even in conventional w/c (0.45 or so) concretes
containing silica fume, the thickness of the ITZ is reduced to
about 10 pm or less."* 19 In these studies, the thickness of the
ITZ has been determined based on measurements of either
porosity distributions using SEM analysis %1618 or the orien-
tation index of the calcium hydroxide in the I'TZ and bulk
paste' ™% for w/c ratios ranging from 0.23 to 0.5, For a given
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I'T7 thickness, the volume fraction of I'TZ paste is mainly
dependent on the surface arca of the aggregates.  Thus,
depending on the specific gradation and volume fraction of
aggregates employed in a concrete, the 117 regions in an HPC
may or may not be percolated. This percolation concept, which
subscequently will be illustrated more clearly, could thus explain
the inconsistency of the performance of HPC under fire testing,
as sometimes explosive spalling is observed*? and other times
not.?! When the ITZs are themselves depercolated, the addi-
tion of polypropylene fibers (which also vaporize during the
fire exposure) could perhaps provide pathways between locally
percolated ITZ clusters to allow for the escape of water vapor
before a significant pressure buildup produces spalling
behavior. In support of this, Toutanji et al. have measured
increases of up to a factor of nearly 3 in the rapid chloride per-
meability of concrete containing 0.3% fibers on a volume
basis.*? Furthermore, Alonso et al. have measured an increase
in the room temperature gas permeability of more than three
orders of magnitude, for an ultra-high-performance concrete
containing fibers when first heated to 300 C relative to onc
heated to only 200 C. This is presumably due to the disappear-
ance of the polypropylene fibers.®3 In this paper, a three-dimen-
sional fiber-reinforced concrete microstructure model is pre-
sented and applied to examining the percolation of the I'TZ
regions in conventional and high performance concretes with
and without polypropylene fibers. This study considers only
the geometrical/spatial characteristics of these concretes and
does not address other contributing issues such as the moisture
content of the concrete or any applied load (stress state).

RESEARCH SIGNIFICANCE

As part of its Partnership for High-Performance Concrete
Technology program,?* the National Institute of Standards
and Technology (NIST) is conducting research on a variety of
topics critical to the performance of HPC. The fire perform-
ance of HPC is critical due to its use in high-rise building and
tunnel structures. Understanding the basic mechanisms
behind the spalling behavior of HPC, and the ability of
polypropylene fibers to prevent spalling, is critical to the
design and construction of safe and durable structures. The
simulations described in this paper provide further insights
into these mechanisms and can offer an approach for examin-
ing the spalling susceptibility of a concrete based on any mix-
ture proportions of interest.

PERCOLATION THEORY

Percolation theory deals with the connectivity of compo-
nentsin a system. First applied by Hammerslev in the 1950827
an excellent introduction is provided by Stautfer and
Aharony™  The microstructure of coment-based materials
provides numerous examples of percolation phenomena 2
Often iy percolation studies, one 1s interested in the fraction of
a phase {(or phases) whicli is connected across the microstrue-
ware as a function of the total volume fraction of the phase(s).
For example, based on observing a significant (xudden)y redue-
non in’ permeability® as first noted by Powers, the capillary
porosity in cement paste exhibits # percolation transition (from
vonnected 1o disconnected) at a volume fraction of about 20%,
porosity, as further venfied by computer simulations?” and
measurements of water imbibition during chiemical shrink-
e M This transition s relatively independent of the w/e
ratio, but doces depend somewhat onthe particle sive distribu

4

ton ot the cement. ™ The setting of coment pastes, mortars,
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and coneretes, Hustrates the percolation of the total solids, as
the individual cement particles become bonded 'to one-another
by hydration products, leading to the formation of a percolated
backbone and the strength development of the material. Other
phases in the cement paste, such as the caleium hydroxide and
C-8-11 gel, also exhibit percolation thresholds 2!

Once the capiltary porosity depercolates, the permeability ‘of
the system is greatly reduced.  In most cement pastes
{w/c £ 0.5), after 25 days or so, the permeability would be suf-
ficiently low that any water vapor formed at clevated tempera-
tures would have difficulty escaping from the system..
However, in mortars and concvetes, another percolation ’
phenomena comes into play: the percolation of the ITZ
regions.'' Because the ITZ regions have a substantially larger
w/c ratio than the bulk paste, they typically have a much
greater (2 to 3 times) capillary porosity. Thus, if the capillary
porosity in the individual I'TZs remains percolated, and the
ITZs themselves are percolated, a convenient escape route for
the steam generated during fire exposure might exist. The
percolation properties of these ITZ regions are conveniently
studied using a hard-core/soft-shell (HCSS) percolation
model,*? the implementation details of which will be discussed
in detail in the next section of this paper. Briefly, each aggre-
gate particle is viewed as an impenetrable hard care, surround-
ed by a concentric soft shell (ITZ), which may overlap other
soft shells or portions of other hard core particles. Figure 1
illustrates this HCSS model in two dimensions. In Fig. 1{a),
the hard core aggregate particles are each surrounded by an
ITZ region, but the ITZ regions do not percolate across the
system. In Fig. 1(b), the thickness of each ITZ region has been
increased such that percolation from top to bottom is achieved.
In Fig. 1{c), conversely, percolation has been achieved by
adding more hard-core/soft-shell particles. In Fig. 1{d), perco-
lation is achieved by the addition of just a few fibers to the sys-
tem. From this simple illustration, one can clearly see the
potential efficiency of fibers in percolating the ITZ regions in
an originally nonpercolated concrete. The percolation aspects
of totally overlapping ellipsoids of revolution—a convenient
geometrical representation of a fiber—have been simulated in
detail by Garboczi et al.#* They observed that for fibers with
a 50:1 aspect ratio, approximately 1.5% by volume would be
required to form a percolated pathway across a three-dimen-

| )|

g 1 Percolation aof TUZs o two dimenseonal concrete. Hard
varcageregale partides and frhers ave Mack and sofl shell TEZS are
wrevs Detadted descripin of frure procided et

ACE M-vociate tanrmal/Aanr Lo, Dona



e e e

sional microstructure. For aspect ratios of 100:1 and 200:1,
this volume fraction is reduced to about 0.7 and 0.3%, respec-
tively, suggesting that longer fibers should be more efficient in
causing percolation of nonpercolated systems. This is in agree-
ment with the rapid chloride permeability measurements of
Toutanji et al, who, for concretes containing equal volume
fractions of fibers, measured greater permeabilities for the sys-
tems containing longer (19 vs. 12.5 mm) fibers.?? As a refer-
ence point, a fiber addition of ©.595 kg/m® (1 1b/yd9) would
correspond to approximately a fiber volume fraction of 0.06%.
At this addition level, the fibers themselves should not be per-
colated, but could enhance the percolation of the ITZ regions
surrounding each aggregate.

FIBER-REINFORCED CONCRETE
MICROSTRUCTURAL MODEL

The three-dimensional microstructure of fiber-reinforced
concrete is represented within the computer using the hard-
core/soft-shell model. This model has recently been described
in detail, 35 and software and documentation for the version of
the model based entirely on spherical particles are available.*
The model has been used in the past to study the chloride ion
diffusivity of concrete as a function of mixture proportions,36:37
leading to the development of an equation for estimating chlo-
ride ion diffusivity from mixture proportions and the degree of
hydration of the cement.3® The model simulates the
microstructure of a cubic volume of concrete, typically
27,000 mm?® in volume for this study. Thus, the sample is
30 mm on a side, the same scale at which spalling failures are
commonly observed.> With a sample of this size, up to one mil-
lion individual particles may be required depending on the spe-
cific aggregate gradation and volume fraction. The user speci-
fies the particle size distribution (PSD) of the aggregates and
the number of particles to place within the three-dimensional
volume. The program creates a random microstructure, ensur-
ing that no two aggregate particles overlap within the three-
dimensional cubic volume. Typically, the PSD is specified via
the measured sieve size classification of the aggregates. Within
each sieve classification, the 'particle sizes are distributed uni-
formly by volume. For this study, the basic computer program
was modified to include ellipsoidal fibers in the microstructure.
Assessing the overlap of two general ellipsoids is more com-
plex than the simple distance check that can be employed to
determine if two spheres overlap. For this purpose, computer
codes have been developed in the past and used to study the
influence of aggregate shape on the percolation of their sur-
rounding ITZ regions.*® The rigid three-dimensional ellip-
soids serve as a convenient computational abstraction for the
polypropylene fibers, which are, in reality, deformable cylinders
and may possibly bend around aggregates in the concrete.

The computer program is divided into three modules for: 1)
the random placement of particles; 2) the assessment of the
percolation characteristics of the surrounding ITZs; and 8)
systematic point sampling to estimate the volumes of ali phas-
es (aggregates, fibers, I'TZs, and bulk cement paste) in the con-
crete microstructure. Generally, the particles are placed from
largest to smallest in size. For fibers, placement size is charac-
terized by the largest of the three principal axis directions. For
increased computational efficiency, the three-dimensional
microstructure is subdivided into a set of cubic bins. This
reduces the computational time required when assessing over-
laps, as each particle’s position need only be compared with the
other particles sharing a common bin, as opposed to every
other particle in the system. For the simulations presented in

“For dow nloading: /fip/pubi/birl/bentz/HUSSMODEL subdirectory at [p.nist gov
{129.6. 1821494}, or available by accessing an  celectronic

monograph at
htip:/ 7eiks.obt nist.gov/garbocn
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this paper, there were either 20 or 30 bins per dimension (8000
or 27,000 bins in the three-dimensional volume). Percolation is
assessed by determining if there exists a pathway across the
three-dimensional microstructure (in one principal direction)
composed of the overlapping ITZ regions. All particles that
are a part of this pathway are assigned a special label so that
their volume fraction may be conveniently determined during
the systematic point sampling. Additionally, during this sam-
pling, a three-dimensional digital image of the microstructure
(typically 150 voxels x 150 voxels x 150 voxels in size) is cre-
ated in which each point is labelled as aggregate, fiber, ITZ, or
bulk paste, along with its percolation state.

To examine the influence of aggregate volume fraction and
gradation and fiber content on the percolation of thejITZ
regions, a variety of parameters were varied in a systematic
fashion. The aggregate gradations were chosen based on those
designated in ASTM C 33,3 and presented in Figure 2. The
coarse aggregate followed a nominal size range of 12.5 to 4.75
mm with a maximum aggregate size of 19.0 mm. The coarse
to fine aggregate ratio was fixed at a value of 1.5:1, a value typ-
ically employed in concrete mixture proportions,* although the
influence of this ratio will be discussed in the Application to
Mixture Proportioning section to follow, Aggregate volume
fractions studied included 0.6, 0.65, 0.7, and 0.75 to span the
range typically encountered in construction concrete. Because
of the necessity of including only integer numbers of particles
in the simulated concrete volume, these values varied slightly
with the specific aggregate gradation being employed.
Although air voids present in the concrete will behave similar-
ly to aggregates in that each will be surrounded by an ITZ
region, their influence was not examined in this study. This
was based on the assumption that most of the HPC used in
high-rise buildings and tunnels will not incorporate air
entrainment agents. However, the computational techniques
presented herein are equally applicable to air-entrained con-
cretes, as has been demonstrated previously.® Recently, some
evidence that air-entrained concretes may provide improved
spalling resistance has been presented.2?

For each concrete mixture proportion, the ITZ thickness
was varied between 5 and 30 [tm, to span the projected differ-
ence between HPCs and conventional concretes. In each case,
systems with no fibers were first evaluated, and then systems
with various fiber contents and geometries. Typically, fiber
lengths of 10 and 20 mm were investigated and in both cases, a
value of 0.25 mm was used for the fiber diameter, resulting in
fiber aspect ratios of 40:1 and 80:1, respectively. For a few lim-
ited simulations, the fiber diameter was reduced to 0.1 mm to
examine its effect on the percolation properties of the ITZ
regions. For fiber diameters smaller than this, the diameter of
the fibers would be similar to that of the original unhydrated
cement particles and there would not be a well-defined ITZ
region surrounding each fiber. Reducing the fiber diameter
may thus reduce the volume of fibers required to achieve per-
colation, but there is a lower limit based on the size of the
cement particles in the concrete.

All fibers were randomly oriented in the three-dimensional
microstructure by generating a set of Euler angles correspon-
ding to a random point on the surface of a unit sphere. Thus,
it is being assumed that the fibers are not oriented preferen-
tially by the concrete mixing process. Fiber contents were var-
ied by adding different numbers (50, 75, 100, 200) of fibers to
the microstructure volume to estimate the critical volume frac-
tion needed to achieve percolation of the I'TZs in those systems
whose I'TZ regions were originally discontinuous across the
microstructure. Finally, simulations were conducted for sys-
tems containing only fibers and their ITZs, to determine their
approximate peecolation threshold. This value could be of par-

ticular relevance in lightweight agpregate conerete where the
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Table 1—Minimum ITZ thickness (and volume fraction) for ITZ

percolation in concrete.

Agg V.e=0.6 V,0=0.65 V,e=0.7 Vige=0.75
dist -

cCcF | 30 pm{0.058) | 20 pm{0.042) | 10 pm(0.022) | 10 um{0.024)
cCcF | 30 pm(0.058) | 20 pm(0.042) | 10 pm{0.022) 5 pm{0.012)
cCcF | 20 pm(0.038) | 20 um(0.042) | 10 ym{(0.022) } 10 pm(0.023)
fCeF | 20 pum(0.038) | 20 um{(0.042) { 20 um(0.045) 5 um{0.011)
mCmE | 20 pm(0.065) | 10 pm{0.032) | 10 ym{0.036) S pm{0.018)
cCfF | 10 pym{0.043).] 10 pm{0.047) 5 um{0.024) —
fCEfF | 10 um{0.042) | 10 pm{0.046) 5 um(0.024) —

L e, ——— -
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o ]
< -
w 897 ,
L'3]
o 704 -
(o} P
v 60 r
o B -
2 50+ -
g 40 N : B
@ ] ¢ )
a 30 " 0- fine Coarse fine Fine (ICfF)
o {J- coorse Coarse fine Fine (cCfF) -
° 6- fine Coarse coarse Fine ({CcF)
v- coorse Coorse coarse fine (cCcf)
T N T T T \ ]
5 10 15 20

Sieve opening, mm

Fig. 2—Aggregate gradations examined in this studv. Gradations
are as indicated by symbols; central solid line indicates middle-middle

(mCmF) gradation. Coarse aggregate to fine aggregate vatio is con-
stant at 1.5:1.

I'TZs surrounding aggregates may be effectively eliminated, as
an I'TZ denser than the bulk paste may be formed. **! Indeed,
Bilodcau et al.* have observed that a fiber content sufficient to
diminish the spalling of a normal weight high strength con-
crete had little influence on the spalling behavior of a compa-
rable Jightweight high-strength concrete.

RESULTS

Microstructures and Percolation of ITZs

Three views of representative three-dimensional fiber-
reinforced concrete microstructures are provided in Fig. 3, 4,
and 5. In all three figures, the aggregate volume fraction is 0.6
(based on the ¢CeF distribution) and the fiber content is 0.0012,
consisting of 100 fibers of length 10 mm and diameter 0.25
mm.” Figure 9 provides a simple two-dimensional surface view
for two concretes with the same volume fractions of aggregates
and fibers, but one based on spherical aggregates (Fig. 8a) and
‘the other on dlipsoidal aggregates (Fig. 8h) with an aspect
ratio of 1.5:1:0.6667. In Fig_+, for simplicity, only those aggre-
grates that are partof a percolated pathway for an T thickness
of 20 um are shown in grey, with all of the fibers shown in
white. Interestingly, in all three figures; one can observe that
it is mainly the larger aggregates that are a part of the perco-
Tated pathiway, and not the shsaller aggregates that provide a
major fraction of the agpregate surtace area. This is illustrated
quantitatively for the system with spherical agyregates in tat
74% ol the aggregate volume s part of the percolited pathway,
while only 2% of the TTZ regions ave part of this pathway.
For the svstem with ellipsoidal argrepates, the (.,,-“-\»,,(,mli,.g

volume fractions are 78 and 39%. Larger aggregates provide a
farge aggregate volume, but a proportionately smaller I'TZ vol-
ume (surface area/volume ratio) than smaller ones. These
results are supported by the simulations of Snyder,*?  who
showed that for air voids, the probability of a given air void
having a neighbor within a fixed distance was larger for the
larger air voids. Correspondingly in this study, the greater sur-
face area of an individual large aggregate makes it more likely
that one of the fibers or another aggregate will intersect its
ITZ volume. This finding could have a significant impact on
mixture proportions for HPC as will be outlined for the case of
lightweight HPC in the Application to Mixture Proportioning
section to follow.

For each of the aggregate gradations examined in this
study, the minimum I'TZ thickness (5, 10, 20, or 30 Wm) neces-
sary to create a percolated pathway, was determined as a func-
tion of aggregate volume fraction. The results are summarized
in Table 1, in which the aggregate distributions are listed from
coarsest (cCcF) to finest (fCfF). For the two finest distribu-
tions, results were not generated for Vag = 0.75, as well more
than one million aggregates would have been required and the
V,, = 070 systems were already percolated for an ITZ
thidkness of 5 pm. For the ¢CcF distribution, three separate
simulations, each using a different random number seed, were
executed at each volume fraction to provide some indication of
the variability due to the random configuration of the three-
dimensional microstructure. From Table 1, one can clearly see
that the greater the aggregate surface area (finer distributions),
the lower the ITZ thickness needed to achieve percolation. In
general, as would be expected, the greater the aggregate vol-
ume fraction, the lower the requisite ITZ thickness and volume
fraction of ITZ paste. Since more of the concrete volume is
filled with aggregates, less I'TZ paste is needed to achieve per-
colation. For a volume fraction of aggregates of 75%, all of the
distributions are percolated for an I'TZ thickness of 10 um, and
one would expect that these concretes would have less propen-
sity for spalling during a fire. However, as the volume fraction
of aggregates is reduced as it typically is in HPCs 202! with
their higher cement content, the systems based on the coarser
particle size distributions remain unpercolated for an [TZ
thickness of 10 um, and could thus be susceptible to spalling.

For those systems that are unpercolated, the addition of
fibers can be extremely efficient in creating a pereolated path-
way. ‘This can be observed in Figure 6 which coutrasts the ofli-
cieney of adding fibers vs. adding more aggregates to a system
nitially containing 6o% aggregates (¢Cel distribution) for
ITZ thicknesses of 20 and 30 . One can clearly observe that
the fibers are nearly five times more efficient on a volume basis
(oo t-addition of fibers is more or less equivalent to a.02 addi-
ton of aggregates). This clearly Wlastrates the ability of the
fibers to enbianee the connectivity of the FEZs present in a con
crete Farther ilastriation of the officieney of fibers s provid



Table 2-—Fiber effects on percolation properties for mCmF,

Vagg= 0.60 concrete

1TZ= 10 pm ° 15 pm 20 pm
fibers {mm)
] _ 0.00 0.000 {.000 0.636 0.231 0.904 0.591
100 10 0.12 0.000 0.000 0.740 0.300 0.912 0.615
50 20 0.12 0.000 0.000 0.755 0.31% 0.913 0.620
200 10 0.24 0.000 0.000 0.780 0.34¢6 0.921 0.643
100 20 0.24 0.000 0.000 0.787 0.364 0.923 0.649
300 10 0.37 0.000 0.000 0.795 0.380 0.929 0.670
150 20 0.37 0.164 0.039 0.812 0.413 0.928 0.666

“Volume fraction (0-1) of total aggregates which are part of a percolated pathway.
"Volume fraction of all (TZ regions which are part percolated pathway.

Table 3—Fiber effects on percolation properties for mCmF,

Vagg = 0.75 concrete.

ITZ= 5 pm 10 um
Number Fiber Fiber Vicee" Virge® Vasop Virge
of length vol. (%)
fibers {mon) .
0 o 0.00 0.000 0.000 0.895 0.627
100 10 0.12 0.000 0.000 0.908 0.662
50 20 0.12 0.404 0.147 0.911 0.€70
150. 10 0.18 | 0.327 0.111 0.914 0.680
75 20 0.18 0.228 0.085 0.916 0.699
200 10 0.24 0.589 0.208 0.918 0.692 -
100 20 0.24 0.617 0.245 0.924 0.706

£1g. 3—Two-dimensional surface views of concrete microstructures
based on (a) spherical and (b) ellipsoidal aggregates. Aggregates and
Jibers that ave part of percolated pathway for ITZ = 20 1m (and 30
um) are white; those that are part of pathway for ITZ = 80 im (but
not 20 um) are light grey; other aggregates and fibers are dark grey;

and bulk cement paste Is black. For ellipsoidal aggregates, ratio of

major fo minor aris is 1.5 to 0.6667. Each image is 30 mm in each
direction. Periodic houndaries are emploved such that aggregate
extending acrass one face of three-dimensional svstem rs completed
penetrating into the opposite face.

ed in Table 2 and 3. These list results for the addition of fibers
to two specific conerete microstructures; one is based on the
medium coarse medium tine (imCmEF) distribution with 60 % by
volume of aggregates, and the other is based on the coarse
voarse coarse fine (cCoF) distribution with 17 = 075, Tor
systems whose I'TZ regions are unpercolated or weakly perco-
lated, the addition of fibers is seen to significantly increase the
fraction of both the aggregates (V/,(,.('.p) and 07 regions
(I'”.Z/‘) \\'!\i('h are 4 part of the pereolated network spanning:
the specimen, 1t shondd bhe noted that these volume fractions
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Fig. 4—View directly into face of concrete microstructure.
Aggregates that are part of percolated pathwoay are grev, and all

fibers are white. Bulk paste and nonpercoluted aggregates are trans-

parenl. Image 1s 30 mm in each direction.

of fibers (0.1 to 0.4% by volume) correspond closely to those
currently employed in structural concretes to prevent
spalling.*

By comparing the results tor the two different leagth tibers
in Fig 6, it can also be observed that the 20 ma lengeth fibers
(triangles) are slightly superior to the 10 mm ones (cireles) in
ereating a percolated network. These results are also con-
firmed by those presented in Table 2 and 8 where in certain
cases, at equivalent volume fractions, the 20 mm length fihers
are able (o percolate a system that remained unpercolated witl)
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Fig. 5—Three-dimensional view of concrete microstructure <with
ctlipsoidal aggregates.  Greylevel assignments are the same as in
Fig. 3. Image 15 30 mm x 20 mm.
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I1g. 6—Comparison of percolation efficiency of 10 mm (circles) and
20 mm (triangles) length fibers versus aggregates 'squares) for «Ccl
aggregate gradation initially containing 60% aggregates by volume,

the addition of 10 mm fibers. In general. for the PSD distribu-
dons investigated in this study, the 20 mm fibers were slightdy
more efficient both in percolating an unpercolated system and
m increasing the connectivity of a partially percolated one. As
~tated carlier, this is consistent with the percolation character-
istics of totally overlapping ellipsoids.®* For the few systems
exanuned with the fiber diameter reduced to 0.1 mm, and the
length maintained at either 10 or 20 mm for the same number
of fibers, the percolated volume fractions ot aggregates and
ITZ vegions were - just slightly reduced relative to those
ohserved for the 0.25 mm fibers. This suggests that it is the
length and number of fibers that is critical in percolating the

microstructure. Fibers of 0.1 mm diameter occupy only 16", of

the volume ot 0.25 mm diameter anes, so that the volume frac-
von (fiber content) needed could be significantiy reduced. This

must be contrasted, however, against the stractaral rigidity of

the fiber and the fact that its diameter needs 1o be significantly
farger than that of the cement particles in order to promaote
U7 tormation at the fiber-cement paste mrertace. The resalt-
my, fiber channel of suflicient diamerer would facihitate the
cseape ol water vapor.

For svstems contamng, fibers only the follawing pereola
tan thresholds were obseryed using the computer simalation
For 10 i fength, .25 mm drsmeter fihersovolume ractions
vowere required for TEZ thicknesses

ab 2onand S0 g, respectvelys For the equn adent diameter 20

an the order of 6oand 1.5

i hers. by cantrast, the percolation threshiolds were

observed to be about 3 and 2.5%. For fibers of reduced diame-
ter (0.1 mm, length = 10 mm), percolation thresholds were suh-
stantially reduced to 1.1 and 0.8% for TTZ thicknesses of 20
and 30 pm, respectively. For the 20 mm length, 0.1 mm
diameter fibers, the equivalent percolation values were once
again reduced by a factorof five to values of approximately 0.6
and 0.5%, respectively. Al of these values are somewhat high-
er than those previously observed for totally overlapping ellip-
solds of equivalent aspeet ratios,™ due to the restriction in the
present study that the hard-core tibers can not overlap one
another, although their soft-shell ITZ regions are free to
overlap one another. For the 0.1 mm diameter fibers, however,
the values are definitely approaching those reported earlier for
the totally overlapping ellipsoid case (0.7% for an aspect ratio
of 100:1, and 0.8% for 200:1). As the fibers become thinner,
their I'TZ regions occupy a larger proportion of their total vol-
ume and they would be expected to approach the case of total-
ly overlapping particles, particularly for the 30 pum 1TZ sys-
tems. In all cases, the longer (higher aspect ratio) fibers are
seen to be the more cfficient shape for creating a percolated
I'TZ network through a three-dimensional microstructure.

Thermal Stability of Fibers and Cement Pastes

One part of a previously proposed theory for the
performance enhancement of polypropylene fibers in HPC
exposed to fire is that the fibers burn out, providing a conven-
ient escape pathway for the water vapor released during the
thermal decomposition of the hydrated cement paste present in
the concrete. Here, thermogravimetric analysis (TGA) will be
applied to investigate this hypothesis more closely. Both the iso-
tactic and atactic versions of polypropylene thermally decompose
in the temperature range of 250 to 450 C.** The decomposition
products are reported to be a variety of hydrocarbons, with the
major components being propylene, pentenc and heptene
derivatives. Figure 7 provides the results of a high resolution
TGA analysis, (employing a nominal scan rate of 20 C/min) of
fibers from two commercial manufacturers. The results are
consistent with the literature, with substantial mass loss occur-
ring at about 250 C, and thermal decomposition being com-
pleted around 400 C.

These TGA curves can be contrasted against those obtained
for the mortar components of an ordinary concrete (w/c = 0.5,
no silica fume) and a high-performance concrete (w/c = 0.23,
10% condensed silica fume (CSF)), shown in Figure 8. For both
concretes, a significant mass Joss is observed in the tempera-
ture range of 100 to 250 C, corresponding to the loss of water
from the C-S-H gel and aluminate hydration products such as
ctringite.”  For the w/c = 0.5 concrete, a second significant
mass Joss oceurs in the temperature range of 450 to 550 C, cor-
responding to the loss of water from the calcium hydroxide
(CH). Normally,a w/c = 0.23 cement paste would have less CH
than a w/c = 0.5 system due to the lower degree of reaction of
the cement. But with the addition of the 10% CSE, the mass
loss corresponding to water in the CH is not observed at all.
This is beeause alt of the CH formed in this system has reacted
with the silica fume to form pozzolanic C-S-H, which loses its
water in the sanie temperature range as the primary C-S-1.7
Taken together with those in Figure 7, these results sugyest
that when most of the water is released in a Ingh-pertormance
conerete, the polypropylenc fibers would stitl be Jocally present
i the system, and the most probahle e ape pathway would be
through  the percolated TFZ vegions including those
surrounding the fibers. Towever, two further points must be
keptin mmd The Gestis that durings exposare 1o live, a fair
v sharp temperature gradient exists theough the thickness of
the concrete clement Thus, when prossarve s hadding, at o
depth o several contimieters within the conerete, the sieface

aver of the concrene s cortimly at o temperature where the
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Fig.  7—Thermogravimetric analysis of fibers from two
manufacturers.
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Fig. 8—Thermogravimetric analvsis of two concrete miztures.

polypropylene fibers would be completely degraded. It would
be of interest to "quench”™ an ongoing fire test and examine the
distribution of fibers as a tunction of depth within the concrete.
Second, the polypropylene fibers do soften at around 150 C
so that the possibility also exists that thev are flowable and can
be pushed out of the concrete, or at least locally out of the fiber
channel by the exiting steam.  This suggests that within a
fiber-reinforced concrete exposed to a tire, there are at least
three different property gradients of relevance: temperature,
moisture, and fiber content.

To turther investigate the fiber sottening, the viscosity of
the polymer melt has been measured at a temperature of 225 C,
using equipment conventionally emploved for measuring the
flow properties of asphalts. For a shear rate of about 1.2 s
the measured viscosity of the polymer melt was on the order of
1000 Pa-s. Fhis is in reasonable agreement with values pre-
sented in the literature for linear low-density polyethylene, b
where a viscosity of F000 Pa-s was measured at a temperature
of 200 C and  shear vate of 157! Using this viscosity and the
Hagen-Pouselle equation for low in a tube, one can estimate
the time required for the polvmer melr 1o flow through the
fiber path Gipproximately ovlindrical) s a tunction of the
applicd pressure. The time L to empty i siher s given by

V.. sul ,
= : 1
0 are ()

hor 15 the volumre ot the hber: @1~ the volumetric How
her - .

vater W ts the polytner meltviscositys Lois the fiber length, o
1 radinss and AL the pressare dvap across the fiber bength

where ['!
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Computer modelling®® and experimental measurements®
have suggested that pressures on the order of t to + MPa can
be created at the depths where spalling typically oceurs in a
high-performuance concrete exposed to a fire test. Substituting
this range of values, along with the appropriate fiber geometri-
cal parameters (L = 20 mm and r = 0.125 mm) into Eq. (1), one
can calculate that between 50 and 200 s would be required for
the fiber to empty. If the fiber diameter were reduced from 0.25
to 0.1 mm, this time would increase by a factor of four, accord-
ing to Eq. {(1). This removal time would apply for a fiber
attached to the surface of the concrete. For an interior fiber,
the polymer melt would also need to flow through the capillary
pore system, as the fibers themselves are not percolated. " Using
a pore diameter of 10 flm—a conservative estimate for this cal-
culation-—one arrives at a time of 2.25 to 9 h for the polymer
melt to flow a travel distance of 10 mm. These approximate
calculations suggest that only those fibers in contact with the
exterior surface of the concrete would be able to flow out of the
concrete during a fire exposure. Because spalling often occurs
at depths between 5 and 40 mm,® the removal of these surface
fibers, due either to complete burnout or flow of the melted
fibers, could substantially reduce the spalling susceptibility of
an HPC exposed to fire. Conversely, those fibers whose flow
path for egress includes a portion of the capillary pore network
will likely remain in place, but once melted could flow into and
be absorbed by the surrounding cement paste matrix. Of
course, in this case, the absorbed fiber melt could also partially
or totally block access to the now empty fiber channel.

To further investigate this absorption process, mortar spec-
imens (sand/cement = 2.02, w/¢ = 0.86) containing 0.33 mass
percent fibers per gram of cement were prepared and were sub-
Jected to constant temperature heat treatments of two hours at
either 150 or 200 C. For the specimen heated to 150, the fibers
basically remained intact and were readily observed in the inte-
rior of the specimens. However, for the specimen heated to 200
C, extremely few fibers were present intact after the heat treat-
ment. The empty fiber channels, however, could be readily
observed on fracture surfaces created by breaking the speci-
men. These empty channels, in cooperation with the [TZs,
should provide a pathway for the exit of the saturated water
vapor generated during the fire exposure. Since the maximum
internal pressures generated within an HPC are typically char-
acterized by a local temperature in the range of 200 to 250 C,
the disappearance of the fibers at a temperature near 200 C is
quite fortuitous. This observation may provide a possible
explanation for the superior performance of polypropylene
fibers relative to comparable additions of steel fibers which do
not burnout, concerning firc performance.®

APPLICATION TO MIXTURE PROPORTIONING

The computer code bas been designed to be applicable to
any mixture proportions of interest. The user needs to specify
the aggregate particle size distribution and the best set of
aspect ratios to use to characterize the shape of the aggregates,
The TTZ thickness will generally be controlled by the median
cement particle size,™ but will be further reduced i systems
containing silica fume or other ultra-fine particles. The code
could be casily extended to model a three=dimensional conerete
consisting of spherical air voids, ellipsoidal aggregates, and
fibers, for any mixture proportion of interest. Fach particle
type could hinve its own U7 characteristios so that lightweigh
agrgrregates with no discernible UUZ region could be mixed with
conventional agpregates and aiv vords with ioineasurable 117
thickness. Al of the stndies presented i this paper have heen
conducted at o constant coarse agprepade to fine ageregate
mass ratio of 110 1 Dnereasing this vatio,as s often the case
whenapplying ACUuis ture praportioning procedures o high

strength conorete YU s cendeney to sttt the PSTY towards
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the coarse-voarse, coarse-tine (¢CeF) distribution, shown in
Fig. 2. One example of this would be the mixture proportions
employed by Sanjayan and Stocks?? for a high-strength con-
crete which exhibited substantial spalling. They used a coarse
aggregate to fine aggregate ratio of 2.12, as opposed to a ratio
of 1.5 for their normal strength concrete, which did not exhib-
it spalling. This higher coarse-tine ratio would shift the PSD
to the coarser region, where, as indicated by Table 1, the ITZ
regions could easily be depercolated v a high-performance
concrete. Conversely, Shirlev et al.?! emploved ratios varying
between 1.0 and 1.6, and did not observe any spalling for cither
normal strength or high-strength specimens. Ratios below 1.5
would tend to shift the PSD towards the fine-coarse, fine-fine
(fCfF) distribution, where, as indicated by the results in Table
1, spalling would not be expected to be a problem. In this case,
the I'TZ regions would be expected to be percolated even for an
HPC. Thus, the hypothesis developed in this paper lends sup-
port to the sporadicity of spalling observations in various
rescarch studies. Compressive strength alone is not the con-
trolling variable, as it is the exact mixture proportions
cemployed in each study that are of paramount importance.
Likewise, the aggregate content alone is insufficient to make a
spalling determination, as both aggregate volume fraction and
particle size distribution are critical variables influencing the
percolation of the ITZ regions. Unfortunately, the actual
agpregate particle size distribution is rarely reported in studies
presented in the literature.

For lightweight aggregate and ultra high-performance con-
cretes, the ITZ regions can be effectively eliminated so that
quite large concentrations of fibers (2 to 5%) may be needed to
provide their own percolated pathway. In the case of light-
weight aggregates, a promising compromise would be to use
saturated lightweight fines along with normal weight coarse
aggregates, with on the order of 0.5% by volume of fibers to
percolate the coarse aggregate network. This may be viable
hecause, as observed in Figs. + and 5, it is the larger aggregatc
particles that comprise the major portion of the percolated net-
work, created by the addition of fibers. Additionally, the use of
saturated lightweight fines will reduce self-desiccation and
subsequent autogenous shrinkage, which is another Achilles
heel of many HPCs.*%%  As our basic understanding of con-
crete microstructure continues to develop, the potential for
engineering solutions via “designer” concrete mixture propor-
tions appears promising. The presented computational model
provides a powerful tool for tailoring the exact concrete mix-
ture proportions to the intended application.

CONCLUSIONS

A three-dimensional microstructural model for fiber-rein-
tforced concrete has been presented and applied to examining
the spalling phenomena of high-performance concrete. The
hypothesis that the percolation of the ITZ regions in the con-
erete is of paramount importance to spalling performance, has
been supported by numerous simulations and a review of doc-
umented experimental results. The efficiency of fibers to per-
colate a system of ITZs surrounding aggregates or increase
their pereolated fraction, has been clearly demonstrated. The
simulation results also suggest that 20 mun tibers will provide
superior performance to 10 mm ones at equivalent volume frac-
tons.  The simulations, oupled with  thermogravimetrice
analysis of the fibers and concretes, suggest that at the temper-
atures where most of” the water vapor is generated ina high-
performance conerete, the fibers are softened and absorbed by
the surrounding cement paste matrix. Measarements of the
viscosity ol the polvmer melt indicate that while this flow
within the liber channels s possible, significant flow through
ot the cement paste s unlikely
Thus, only those fibers i hreet contact sl the exterior

the capillary pore network

surface wre likely to be totally expelied by the pressure devel-
aping within the conerete during the fire exposure.

The developed computer program provides the opportunity
to engineer a concrete with improved spalling resistance, by
ensuring the pereolation of the TTZ regions for the user-speci-
fied I'TZ thickness. For accurate performance, the user must
supply not only the aggregate volume fraction, but also the
particle size distribution, based on a sieve analysis, and some
insight into the specific geometrical properties (for example,
aspect ratios for three-dimensional ellipsoids) of the aggregate
(and fiber) particles.
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NOTATIONS
¢CcF = coarse—coarse, coarse-fine aggregate gradation
¢CfF = coarse-coarse, fine-fine aggregate gradation
CSF = condensed silica fume
C-8-H = calcium silicate hydrate
fCcF = fine-coarse, coarse-fine aggregate gradation
fCfIF = fine-coarse, fine-fine aggregate gradation
HCSS = hard core/soft shell
HPC = high-performance concrete
ITZ = interfacial transition zone
L = fiber length
mCmF = middle-coarse, middle-fine aggregate gradation
PSD = particle size distribution
Q = volumetric flowrate
r = fiber radius
¢ = time
Vigg = volume fraction of aggregate
Vicep = volume fraction of total aggregates which are part of a per-
colated pathway
Vﬁbn = volume of a fiber
7y T volume fraction of all 1TZ regions which are part of a per-
colated pathway
w/c = water to cement ratio
AP = pressure drop
u = viscosity
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