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Scaling of fracture properties of fibre reinforced cement
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ETH Zurich, Institute for Building Materials, Zurich, Switzerland

ABSTRACT: This paper deals with the scaling effects in uniaxial tensile tests of fibre-reinforced cement. For
this purpose dogbone shaped specimens were produced in two different sizes. The small dogbone size was
scaled in 3 dimensions with a factor 4. Not only the size of the specimens was scaled, the basic materials were
scaled as well. A fine-grained cement and straight steel micro fibres were used for the small specimen and 4
times larger cement grains and fibres were used for the larger dogbones. The specimens were cast in a way
that ensured fibre alignment in the loading direction. For the uniaxial tensile tests freely rotating supports
were used and during the test the surface of the specimen was scanned with two high-resolution digital cameras. These pictures were correlated and with this displacements and strains at the surface could be calculated.
Further the fiber distribution and alignment were analyzed in a cross-section close to the crack. Although the
size and the material were scaled, the reuslts show a size effect, this can be explained by the hydration products, that can not be scaled.
1 INTRODUCTION
Size and scale effects in concrete is a topic of high
relevance in research. Size effect laws were derived
and developed, see (Bazant 1997), (Carpinteri,
Ferro, and Invernizzi 1997),(Sutherland, Shenoi, and
Lewis 1999), (Tucker 1927), (Danzer 2006). Weakest link theory by Weibull (Weibull 1939) was
adapted to concrete and it could be shown that the
relation between size and strength works for concrete structures.

σ ∝ D−n m
/

(1)

In this relation D is the scaled size, n is the scaling dimension and m is the parameter depending on
the material, see (Bazant, Xi, and Reid 1991). For
normal concrete m=12 fits quite well, see (van Vliet
and van Mier 2000) (for 2D scale n=2). Though it
was also shown that m can vary in a wide range for
concrete (Zech and Wittmann 1978).
These investigations about size effects mostly
concentrate on normal concrete and on scaling the
size of the specimen or structure. It is well known
that for steel fibre reinforced concrete changes in fibre geometries lead to different cracking behavior of
the material. Hence the effect of fibre geometry
plays a big role for strength and failure behavior.
The present study concentrates both on the effect
of scaling the size of the specimen as well as on the
ef- fect of scaling the basic materials used for making the specimen, see Figure 1. With this the three

dimen- sional scaling of the specimen size is in direct relation to the scaling of the material itself.

Figure 1. Schematic diagram showing scaling of struc- tural
size (a) and scaling of size and material (b).

2 MATERIALS
The uniaxial tensile tests were performed on
spec- imens made of steel fibre reinforced cement.
Tests were performed with specimens of 2 different
sizes. For producing the specimens not only the size
of the moulds was changed, also the basic materials
were scaled. The matrix material is pure cement
paste with varying water/cement-ratios. The cement
is an ordinary Portland Cement (CEM I). For the
small specimens a fine grained cement CEM I 52.5R
with a Blaine value of 5060 cm2/g and for the large
speci- men a coarser cement CEM I 32.5 with a
Blaine value of 2220 cm2/g was used. The grain size
distribution for the different cements is listed in table 1. The grain size distribution shows that almost

all particles for the CEM I 52.5 R are smaller than
45 µm and almost all particles of the CEM I 32.5 are
smaller than 200 µm. With the fine grained cement
straight micro-steel fibres were used with a diameter
of 50 µm and for the coarser one straight steel fibres
with a diameter of 200 µm. This ensures a good
packing density around the fibre, which is important
for the bond between fibre and matrix.
Table 1. Grain size distribution of the different cement-types
used for the specimens (d(x%) describes the particle size for
which x% is smaller than d).
Grain size [ m]
CEM I 52.5 R
CEM I 32.5
Fraction [%]
16
70.8
24.3
32
94.8
39.6
45
99.4
50.8
63
100
64.0
90
100
78.0
200
100
97.6
d(10%)
1.6 m
4.7 m
d(50%)
9.5 m
44.0 m
d(90%)
26.6 m
131.3 m

J = − Dbetween
( h, T )∇h fibre and matrix in
To see the relation
the base materials, the un-hydrated cement was
mixed with epoxy resin.
The epoxy/cement-ratio
The proportionality
coefficientis D(h,T)
equal to the water/cement-ratio.
The
two
moisture permeability and different
it is a nonlinea
cements were mixed
epoxy,
and inh each
mix
of thewith
relative
humidity
and temperature
the corre- sponding
fibre
was
embedded.
These
& Najjar 1972). The moisture mass balanc
specimens were ground
observed
theofSEM.
In mas
that theand
variation
in in
time
the water
Figures 2 and 3volume
the resulting
grain
distributions
of concrete (water content w) be eq
around a fibre aredivergence
shown. Note,
thatmoisture
the scale
of the
fluxofJthe
images differs by a factor 4 (see scale bars).

− ∂ = ∇•J
∂
w
t

µ

µ

µ

µ

µ

µ

µ

The chemical composition is listed in table 2. The
two cement-types show nearly the same chemical
composition, the only big difference is the grain size
distribution.
Table 2. Chemical composition of the cements used for the
specimens.
Clinker Phase
CEM I 52.5 R
CEM I 32.5
Fraction [%]
CaO
61.5
63.2
SiO2
19.8
19.4
Al2O3
4.9
4.7
Fe2O3
3.3
3.2
MgO
2.1
2.2
K2O
0.83
0.85
Na2O
0.31
0.23

The micro-steel fibres were produced at the Institute for Building Materials. They were cut from a
fine-wire. The fine-wire with a diameter of 50 µm is
made of stainless steel (AISI 304L). To cut the finewire a special cutting machine was developed. With
this machine the fibre length can be varied. For the
present test series the wire was cut into fibres with a
length of 3mm. For the larger specimens larger fibres were used. The fibres with a diameter of 200
µm and a length of 12 mm are industrially produced
fibres and are available on the market (STRATEC).
The tensile strength of the large fibres is similar to
the tensile strength of the fine-wire used to produce
the microfibres, see table 3.
Table 3. Tensile strength of different fibres.
Length [mm]
12
Diameter [mm]
0.2
Tensile strength [MPa]
2250

3
0.05
2400
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J

= − D ( h , T ) ∇h

(1)

The proportionality coefficient D(h,T) is called
moisture permeability and it is a nonlinear function
of the relative humidity h and temperature T (Bažant
& Najjar 1972). The moisture mass balance requires
that the variation in time of the water mass per unit
volume of concrete (water content w) be equal to the
divergence of the moisture flux J
− ∂ = ∇•J
∂ 4. Picture of the two different specimen sizes.
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where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
governing equation (Equation 3) must be completed
by appropriate boundary and initial conditions.
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where the first term (gel isotherm) represents the
physically bound (adsorbed) water and the second
term (capillary isotherm) represents the capillary
water. This expression is valid only for low content
of SF. The coefficient G1 represents the amount of
water per unit volume held in the gel pores at 100%
relative humidity, and it can be expressed (Norling
Mjornell 1997) as

Figure 6. Fixed specimens for glueing the supports.
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5 RESULTS
5.1
As expected, higher tensile strengths were reached
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The water content w can be expressed as the sum
of the evaporable water we (capillary water, water
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where the first term (gel isotherm) represents the
physically bound (adsorbed) water and the second
term (capillary isotherm) represents the capillary
water. This expression is valid only for low content
of SF. The coefficient G1 represents the amount of
water per unit volume held in the gel pores at 100%
relative humidity, and it can be expressed (Norling
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).

2.2 Temperature evolution
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Figure 17. Histogram of circularity for all small specimens
with w/c=0,2 (left) and w/c=0,3 (right).

Figure 18. Histogram of circularity for all large specimens with
w/c=0,2 (left) and w/c=0,3 (right).

Figure 19. Fibre amount in cross-section for different specimen
sizes and w/c-ratios.

slightly smaller amount of fibres than the large specimens. With w/c=0.3 less fibres were counted than
with w/c=0.2 for both types of specimens. The large
specimens show a higher variation in the fibre
amount than the small specimens.
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2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
Figure
24. Calcium-hydroxyde
small and largecan
scaled
temperature
is constant. plates
Heatinconduction
be
material.
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
These results
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Fourier’s
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readsthat although the basis materials were scaled, the hydration products can not
beq =scaled.
− λ∇T These hydration products are responsible
(7)
for the bond between fibre and matrix. It is obvious
that different fibre sizes in the same surrounding mawhere
the heatfibre
flux,pullout
T is behavior.
the absolute
trix
leadqtoisa different
This
temperature,
and
λ
is
the
heat
conductivity;
this
could be a possible explanation for the differentin prepeak- behavior.

In order to confirm this statement further investigations of the interface between fibre and matrix have to
be done. The analysis of the pictures taken during the
tests can also help to find explanations for the different
behavior. With digital image correlation displacement
vectors and strains can be calculated and visualized.
With such results at hand the crack initiation and crack
growth can be analyzed in great detail. At the moment
these analyses have not been fully completed and will
be published in a forthcoming paper.
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7 CONCLUSIONS
In this paper the size effect when not only the specimen size is scaled but also the material itself is studied. Dogbone shaped specimens were produced and
scaled in three dimensions with a factor 4. These
two sizes were tested. The basic materials the
specimens were made of were also scaled. The fibres
as well as the cement grains were scaled by the same
factor 4. ESEM investigations of polished crosssections of the different materials show that the scaling on micro- level worked quite well. The unhydrated as well as the hydrated cement particles show
for each w/c-ratio with different sizes the same area
fraction. With image analysis the distribution of unhydrated cement particles was determined. With the
small as well as with the large fibre less particles
close to the fibre can be found.
The specimens were produced with a technique
that ensures fibre alignment. With image analysis
the pic- tures of cross-sections close to the crack the
circularity and the fibre amount in the cross-section
was determined. The results show that the fibres
were mostly aligned in the loading direction.
The uniaxial tensile tests show lower strengths
for the larger sized specimens. The decreasing
strength with increasing size can be described for
w/c=0.2 with a Weibull-modulus of m = 32. The results also show a much more distinctive pre-peakbehavior for the smaller sized specimens. A possible
explanation for this can give the hydration products
that are responsible for the fibre-matrix bond. ESEM
investigations of fractured surfaced show that the
hydration products could not be scaled. This can be
a possible reason for the different pre-peak behavior.
During the tests the specimens were scanned with
high-resolution digital cameras. With digital image
correlation displacements and strains will be calculated, which may give further explanations for the
differences observed in the tests.
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