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Detailed observations are presented on the evaluation of the residual properties of high strength concrete
specimens after exposure to high temperatures. The variables considered were fiber reinforcement con-
sisting of steel or polypropylene microfibers and two different specimen sizes. Both heat treated and
undamaged (no heat treatment) specimens were tested by conducting three-point bending experiments
at ambient conditions approximately one month after exposure to the high temperature. Residual
strength and post-peak response were monitored using a closed-loop load frame, and the damage zone
was observed with optical and acoustic techniques. Electronic speckle interferometry provided high res-
olution measurements of the displacement field due to the development of fracture. The size and shape of
the localized damage zone were identified through the acoustic emission due to pre-peak microcracking,
one of the significant factors influencing the strength of quasi-brittle materials.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete is commonly considered to have good fire resistance
but chemical and physical reactions occur at elevated tempera-
tures [1-6]. As a consequence, exposure to high temperatures
may cause considerable variations in the physical and mechanical
properties with irreversible loss of strength and stiffness, including
the possibility of increased ductility in the post-peak regime [5-8].
This behavior is influenced by microcracking and spalling, gener-
ated by thermal incompatibility of the various components, the
type of aggregate, heating rate, initial moisture content and perme-
ability. For the cement matrix, thermal treatments to high temper-
atures cause a reduction in the amount of chemically bonded water
in the hydrate phase. In particular, with an increase in tempera-
ture, gel-like hydration products are decomposed followed by a re-
moval of hydroxide from the calcium hydroxide [9]. Therefore,
significant changes in the microstructure of the material and, as
a result, of properties of concrete may happen due to elevated
temperatures.

The mechanical properties of a material are unique and should
be independent of specimen size and shape. However, the common
perception that concrete compressive and tensile strengths are
inherent material properties is incorrect because the strength of
a concrete specimen changes based on the specimen size [10]. Fur-
thermore, with thermal treatment at elevated temperature, chem-
ical/physical transformations in aggregates and paste are
developed and many small pores and microcracks form within
the concrete element. Since these micro-defects have a significant
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effect in defining the true residual strength of the material, it is
necessary to perform analyses that remove from the nominal
strength evaluated from a test, the influence of a given specimen
size on the experimental data.

Residual mechanical properties have been studied extensively
[5-7], including a numerical model of hydro-thermo-mechanical
phenomena in heated concrete, treated as a multiphase porous
material [11,12]. To assess residual mechanical properties, differ-
ent procedures have been suggested and defined as the [7,13]

(1) stressed test method,
(2) unstressed test method,
(3) unstressed residual property test method.

The stressed and unstressed test methods are performed at ele-
vated temperatures; concurrent loading and heating application
are required. The unstressed residual property test method is em-
ployed to provide mechanical properties of concrete at room tem-
perature after an elevated temperature treatment [13,14].

Nevertheless, residual properties are commonly detected by
testing specimens of equal size, without any material identification
and, among work reported in the literature, using dissimilar heat-
ing rates, specimen sizes and shapes, and loading configurations.
Thus, these differences do not allow for a reliable evaluation of
mechanical properties. Standard test methods should be defined
in order to correctly evaluate, removing the size dependence,
experimental findings on residual properties of concrete at ele-
vated temperature [14].

The purpose of this paper is to present observations and extract
some conclusions about the evaluation of the residual properties of
specimens of two different sizes after exposure to high
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temperatures. The variables considered for the high strength con-
crete were steel or polypropylene microfibers. It is well known that
the steel fiber reinforcement enhances the mechanical properties
whereas the polypropylene reinforcement is claimed to improve
fire resistance; the polypropylene fiber easily melts and dissolves
(at approximately 160 °C), creating additional pores and small
channels in the concrete, which allows liquid and steam transport
with the relaxation of the internal pressures in the heated material.
Unstressed residual property tests were monitored with an inter-
ferometric technique referred to as electronic speckle pattern
interferometry, which provides a map of the displacement field
[15]. During the tests, the observation of fringes in real time on a
monitor allowed a qualitative monitoring of the crack length at
failure. In addition, the size and shape of the localized damage zone
were identified through acoustic emission monitoring. The prob-
lem of evaluating the residual properties of thermally damaged
concrete (and in fact, any quasi-brittle material) is specimen-size
dependent, whatever is the geometry of the specimen and the load
configuration.

2. Experimental techniques
2.1. Mix designs and test specimens

Mix-components of the cement-based materials used for this
investigation can be summarized as follows: a Portland cement
CEM I 52.5 R, according ENV 197/1 European Standard; an uncom-
pacted grey microsilica; an acrylic copolymer superplasticizer, 30%
solid content; a natural crystalline quartz of high purity (99% SiO,),
maximum aggregate size of 3 mm; brass coated carbon steel
microfibers, diameter 0.15 mm, length 6 mm; monofilament type
of polypropylene fibers, diameter 0.18 pm, length 6 mm. The con-
crete had an aggregate/binder ratio of 2 and a water/binder ratio of
0.22. The superplasticizer dosage, that is the ratio between the dry
mass of superplasticizer solids and the mass of cement, was 0.02
for unreinforced material, increasing for the other materials in or-
der to obtain the same workability. The microsilica/binder ratio
was 0.1; the steel fiber (SF) contents were 0% and 2% by volume;
the polypropylene (PF) fiber contents were 0% and 0.2% by volume.
The mixture proportions of concrete mixes are shown in Table 1.
The fiber contents by volume of concrete for each batch of speci-
mens are listed in Table 2.

All specimens were prepared using steel molds and consoli-
dated with a high frequency vibrating table, removed from the
mold after 24 h, and cured in water at a temperature of 20 °C for

Table 1
Mixture proportions of concrete mixes
Aggregate/binder 2
Water/binder 0.22
Acrylic copolymer superplasticizer/cement 0.02
Microsilica/binder 0.1
Carbon steel microfibers (diameter 0.15 mm, length 6 mm) volume 0-2%
Monofilament type of polypropylene fibers, (diameter 0.18 um, length 0-

6 mm) volume 0.2%
Table 2

Fiber contents for each batch of specimens

Mix Polypropylene fibers (%) Steel fibers (%)
NF 0 0
PF 0.2 0
SF 0 2

one week and in air (20 °C and 90% R.H.) for three weeks. The max-
imum grain size of 3 mm improves efficiency of short fiber rein-
forcement and also increases accuracy of source locating by
acoustic emission.

2.2. Heating rates and furnace

An electric furnace was used for the thermal treatment; the
maximum temperature reached was 750 °C. Intermediate temper-
atures were set at 250 and 500 °C. The ramps (Fig. 1a) were chosen
in order to avoid high gradients. In this way, the specimens were
warmed up to the fixed temperature at a speed of 1 °C/min, and
after 2 h at the peak temperature, they were cooled at a speed of
about 0.5 °C/min. The temperatures of the specimens are moni-
tored by five K-type thermocouples. The change in colour that
gives a visual indication of a significant modification in the con-
crete’s properties, detected in the specimens is shown in Fig. 1b.
The considered thermal treatment is consistent with proposed
methods of assessment of fire resistance [13]. The specimens were
not dehydrated prior to being heated and no spalling or explosion
was observed at any of the concrete mixtures. Both undamaged
and heat treated specimens were tested at ambient conditions
approximately one month after exposure to the high temperature.
Another variable that could affect the evaluation of residual prop-
erties for thermally damaged concrete includes the restoration of
strength by re-hydration during the time between thermal expo-
sure and testing. Indeed, it has been shown that the heated cement
paste is not stable in the wet atmosphere and re-hydration pro-
cesses take place [16].

2.3. Closed-loop testing

The testing system consisted of a closed-loop electromechanical
Instron load frame with a maximum capacity of 100 kN. The main
characteristics are as follows:

(1) electromechanical controls with a minimum speed of 2 pm/h;

(2) three control channels, one of which can be external (giving
the possibility to choose the feedback signal that allows sta-
ble test control);

(3) closed-loop control with integral and derivative gain (in
order to remove the effect of the finite stiffness of the
machine).

To avoid unstable failure, strain control tests were performed
with the choice of crack mouth opening displacements as the feed-
back signal to the servo-controller. The output of the transducers,
including a load cell and strain gages, were automatically recorded
using a data acquisition system. Furthermore, the load-deforma-
tion data were continuously displayed through the use of a per-
sonal computer.

2.4. Acoustic emission

The acoustic emission signals generated in laboratory speci-
mens are captured using piezoelectric (PZT-5A) transducers at-
tached to the specimen surface, and preamplified before
recording. The sensors have a reasonably flat frequency response
from 0.1 to 1 MHz and a sensor diameter of about 3 mm. They
are mounted directly to the material with a methyl-cyanoacrylate
glue and catalyst. Preamplifiers (40 dB gain) and filters (bandpass
from 0.1 to 1.2 MHz) were chosen to maximize amplification, min-
imize noise, and assure matched frequency response. The data
acquisition system consists of four, two-channel digitizers with a
sampling rate of 20 million samples per second per channel
(50 ns between two consecutive samples) and 8-bit resolution.
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Fig. 1. (a) Thermal cycles and (b) change in colour after a thermal cycle.

The controller interfaces with a personal computer via a GPIB cable
and an AT-GPIB card. The digitizers are equipped with an internal
trigger that is activated whenever an AE signal exceeds the preset
value. This threshold of amplitude must be set so that environmen-
tal noise does not trigger the system. The trigger-out signal of the
first digitizer is fanned out to the other three digitizers for the
acquisition to begin simultaneously at all the digitizers. One of
the trigger-out signals is also sent to the load-displacement data
acquisition system to correlate AE with the loading history.

In general, source location techniques involve a network of AE
sensors positioned at different points on the specimen. Microseis-
mic activity due to a change in stress is detected at each sensor at a
given time. By knowing the relative arrival times of the P-wave,
which is the component of the signal that arrives first, the P-wave
velocity of the material, and the coordinates of each receiver, the
event hypocenter can be estimated with a minimum of four sen-
sors. Because some error is associated with arrival-time detection
(it is not always clear when the signal arrives) and with the P-wave
velocity measurement (as damage accumulates material properties
may change or become anisotropic), the number of sensors should
be increased so that the location problem becomes over-deter-
mined. In the present tests, eight piezoelectric transducers (Physi-
cal Acoustic model S9225) were arranged so that the fracture
process zone was covered. Four sensors were located on the back
face and four sensors were mounted on the front face of specimens.
To perform the source location it is necessary to know the P-wave
velocity.

2.5. Electronic speckle pattern interferometry

The electronic speckle pattern interferometry (ESPI) is an inter-
ferometric method used to measure a deformation field of diffusely
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scattering objects. ESPI is full field strain measurement technique
with the following components employed in this paper:

(1) a Melles-Griot He-Ne
P=30mW),

(2) a Panasonic WV BP310/G CCD camera,

(3) a DT-2861 frame grabber.

laser (wavelength /=632nm,

When an optically rough surface is illuminated by a laser beam,
a random pattern of irregular or regular dots is observed. This phe-
nomenon is called as laser speckle pattern. In this technique, two
laser beams are used to illuminate the object, so that, by combining
the object speckle and the reference beam, it is possible to obtain a
brightness of the image speckle very sensitive to specimen
movement.

3. Experimental results
3.1. Microscopic analysis

SEM investigations showed enhanced changes in the morphol-
ogy as a consequence of exposure to high temperatures. Micro-
graphs that reveal characteristics features of the undamaged
materials after the exposure are shown in Figs. 2-4. In particular,
a comparison between the untreated plain concrete and the same
composition treated to 750 °C, is shown in Fig. 2a and b. Two SEM
photographs of polypropylene fiber reinforced concrete before
(Fig. 3a) and after 500 °C treatment (Fig. 3b) and of the steel fiber
reinforced concrete before (Fig. 3c) after 750°C treatment
(Fig. 3d) are showed in Fig. 3. Detailed images of the treated steel
fibers are shown in Figs. 4a and 4b.

Signal A = 0BSD
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Fig. 2. SEM analysis plain concrete: (a) 20 °C and (b) 750 °C.
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Fig. 3. SEM analysis: polypropylene fiber reinforced concrete (a) before test, and (b) after exposure to 500 °C, and steel fiber reinforced concrete (c) before test, and (d) after
exposure to 750 °C.
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Fig. 4b. EDS analysis performed on the surface of fractured oxidized fiber at 750 °C.

The concrete with polypropylene fibers at 500 °C showed an ab- phology, characterized by diffuse microcracks across both the
sence of fibers completely melted and vaporized (Fig. 3b). The aggregate and cement paste. In addition, a tendency appeared for
specimens exposed to 750 °C revealed serious changes in the mor- microcracks to develop with an orientation parallel to the
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specimen boundaries. The increase in microcracking was evident
by examining the increased porosity, permeability and poor
mechanical properties. When the temperature reached 750 °C,
the steel fibers, partially melted, tend to fill the cracks formed in
the concrete. An exchange of material between the external por-
tion of steel fibers and concrete paste took place, as confirmed by
the presence of calcium and silica in the fibers. SEM and EDS anal-
yses on single steel fibers (Figs. 4a and 4b) revealed that fiber par-
tial melting occurred and the internal core of fibers is clearly
different from the external portion in terms of both morphology
and composition. Furthermore, the X-ray diffractometer demon-
strated that the fibers were completely oxidated and, as a conse-
quence, characterized by a significant reduction in mechanical
properties [17]. The EDS analysis, performed on the surface of frac-
tured oxidized fiber, confirmed the presence of iron, oxygen and
copper (Fig. 4b).

3.2. MIP results

Porosimetric data - cumulative volume (cm?/g) and total poros-
ity (%) - are summarized in Figs. 5a and 5b [15]. In general, the
addition of fibers was responsible for a slight increase of porosity,
with temperature to 500 °C. A significant increase in porosity was
observed after heating at 750 °C, confirming an enhanced material
degradation that can have an effect on the mechanical properties.
In particular, with reference to undamaged concrete, the porosity
values doubled more than with an exposure to 750 °C.
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Fig. 5b. Porosity.

3.3. Residual mechanical properties

3.3.1. Bending tests

To determine the fracture properties under various heating
scenarios, three-point bending tests were performed on pre-
heated concrete beams of dimensions 500 x 100 x 30 mm (L-
specimens) and 300 x 50 x 30 mm (S-specimens). The effective
span of the beams was 400 and 250 mm, respectively. Typical
bending stress-displacement curves for specimen of larger
dimensions made of different mixtures and for a given thermal
cycle are shown in Fig. 6 together with crack pattern observed
at peak load on the surface of the specimens; arrows indicate
the crack tip. Softening of concrete is apparent with increasing
temperature. This can be demonstrated with an objective com-
parison of the overall response considering normalized load-dis-
placement curves (dividing the loads and displacements by the
corresponding values at failure). Whereas in the pre-peak branch,
the shapes of the curves are similar, in the post-peak part of the
normalized load-displacement curves, the influence of thermal
treatment is apparent: the decreasing load-carrying capacity be-
comes less critical with the increasing of severity of thermal
treatment [8,21].Fig. 7 shows the ESPI images at peak load for
specimens of dimensions 300 x 50 x 30 mm.. As a consequence
of thermal damage, in the pre-peak range, a definite evolution
in the hardening regime was observed and this, in the end, de-
fines the strength of a material as well as scaling of strength
and fracture energy. Noteworthy differences in the damage pro-
gression were monitored for the two considered geometries. In
particular it can be observed that the ESPI images at peak load
suggested a dissimilar strain field and therefore a clear influence
of specimen size. The crack penetration at peak load (Fig. 8a) was
almost constant for undamaged and heated specimens. A note-
worthy difference has been observed in the large steel fiber rein-
forced specimen, where crack penetration at peak load decreased
perhaps also because of local breakdowns in bond between the
cement and the reinforcement. This behavior was not observed
for the small steel fiber reinforced specimens. However, an en-
hanced difference was noted for the onset of fracture detected
by the ESPI observations (first discontinuity in ESPI fringes). The
ratio between the loads at onset of fracture and at peak (load ra-
tio) as a function of the maximum temperature of the thermal cy-
cles is shown in Fig. 8b: with the increasing of severity of thermal
treatment, the localization was detected at decreasing load ratio
levels. Thus, longer hardening regime characterized the heat trea-
ted specimen. It is interesting to compare the crack length at peak
load with the corresponding AE locations (Fig. 9). The AE loca-
tions appear more deeply diffused in the beams, denoting a large
process zone ahead of the crack tip. The evolution of the AE activ-
ity occurred around the middle cross section of the beam, the site
of tensile failure. At peak stress, the microcracks concentrated in
a narrower region spread from the bottom of the specimen. With
the increase in the severity of heating, this microcracked region
grew in length and width (Fig. 9). The strain and/or stress gradi-
ents, that cannot be disregarded from any analysis of experimen-
tal data, appeared less pronounced. A comparison between
specimens made of plain and polypropylene fibers reinforced con-
crete (concrete of similar apparent strength) showed that this
evolution was slightly more accentuated with fiber reinforced
specimens where the AE activity, at peak load, was diffused on
a larger volume.

In the case of steel fiber-reinforced specimens, prolonged AE
activity was measured and discontinuities of ESPI fringes, indicat-
ing multiple cracks, were observed.

The experimental evidence clearly showed that, as a conse-
quence of thermal treatment the strain field at peak load, was per-
ceptibly different in the specimens and in particular in the critical
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Fig. 6. Typical bending stress — displacement curves for large specimens together with ESPI images observed at the peak load (white arrow indicates the crack tip).

cross section where the coalescence process of microcracks results
in a main crack causing the final rupture of it.

Thus, the stress distribution is altered due to the microstruc-
tural differences generated in the material by the thermal damage.
The differences affected the overall response of the specimens and
in particular the bending tensile strength or modulus of rupture,
captured from the flexure formula:
oy = Mnax (1)
where M.« is the maximum moment at peak load and S is the elas-
tic section modulus.

Fig. 10 shows the bending strength as a function of the maxi-
mum temperature of the thermal cycles. For the range of temper-
atures considered in this study, all bending strengths underwent a
two-stage process. In the first stage, these strengths either changed
very little or slowly decreased with temperature until a transition
point was reached. In the second stage, the strengths rapidly de-

creased with the severity of thermal treatments. This transition
point is around 250 °C. For the considered materials, the concrete
bending strengths change little at the lower temperatures and con-
sequently, during this physical process, the removal of capillary
water would not cause a significant reduction in the concrete
strengths. There is no significant change in concretes up to a tem-
perature of 300 °C in aggregate and mortar phases, but there are
significant changes in aggregate and mortar phases after this
temperature.

3.3.2. Compressive loading

All tests were carried out on concrete cylinders of 10 cm diam-
eter x 20 cm height, and were cured under water at room temper-
ature until test time. Before testing, the cylinders were removed
from the curing tank and the ends were ground to be plane and
perpendicular. The experimental results are summarized in
Fig. 11. Similarly to bending strength, creation of pores and cracks
resulting from physicochemical changes in cement paste and
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thermal incompatibility between aggregate and cement paste
caused deterioration in compressive strength of heated concrete.

3.3.3. Ultrasonic pulse velocity

Fig. 12 shows the concrete deterioration through ultrasonic
pulse velocity (UPV) measurements. The UPV value, an additional
indicator of damage, has been used successfully to evaluate the
quality of concrete, as UPV is sensitive to degradation phenomena
including internal cracking and other deterioration due to a ther-
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mal treatment [18-19]. The UPV value, after 250 °C, decreases al-
most linearly as the maximum heating temperature increase.
Note that velocities of around 4500 m/s were measured after a sin-
gle cycle up to 250 °C, but values less than 2000 m/s were mea-
sured in specimens heated to 750 °C. Young’s modulus of the
concrete had a similar trend, with a monotonically decrease with
increasing heating temperature after 250 °C. Up to 250 °C, it is
known that a possible reduction is mainly influenced by the vol-
ume of the evaporated capillary water and this was not important
for the tested concrete. In any case, the degeneration of the elastic
properties of the individual ingredients is noteworthy at higher
temperatures. Therefore, in evaluating the deformation of ther-
mally-damaged concrete structures, it is imperative to take into ac-
count the effect of temperature on the elastic modulus too.

4. Discussion

With heat treatment to high temperatures, profound and irre-
versible transformations in the material must be considered to
analyze the problem of residual properties in bending. Testing
thermally damaged specimens of equal geometry, the experimen-
tal evidence showed that the population of microcracks evolves (in
number and size of cracks) and depends also on alterations in the
material due to heating. Crack propagation in concrete specimens
is therefore accompanied by a process zone of variable size. Due
to heating scenario, a diverse evolution of residual strength with
size results, that is, the damage process detected in the specimens,
that has a fundamental influence on size effects, influence a correct
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assessment of true mechanical properties because the specimens
can be considered made with a different material.

A mechanical approach to the problem of bending strength [20-
21], is to consider a substitution of the microcracked volume where
the AE activity at peak load is localized with a opportune cohesive
interaction applied to a notched specimen (Fig. 13). The notch is a
consequence of the intrinsic process zone and this notched speci-
men controls the peak stress.

Acoustic emission locations show that a small volume becomes
further microcracked upon reaching peak stress. For a typical spec-
imen, the volume of the intrinsic process zone is orders of magni-
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Fig. 11. Residual compressive strengths — Small specimens.

tude smaller than the volume of the specimen. To capture the
essential behavior, some simplification of the problem may be jus-
tified with respect to the geometry of the process zone and its
cohesive interaction. If the radius of curvature of the notch (p) is
taken to be one-half the width of the intrinsic process zone and
the failure criterion adopted is that at peak load the stress at the
notch tip reaches the “true” or theoretical residual tensile strength
Orty

H_/h
oN = G"FF(p) (2)

-
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where o,y is the nominal strength defined by relation (1). Note that
the nominal strength depends not only on the theoretical tensile
strength of the material, but also on

(a) the cohesive interaction, as measured by the ratio between
the beam height H and the undamaged ligament h and

(b) the notch effect induced by the intrinsic process zone, as
measured by the function F(h/p) that depends on the
undamaged ligament h and the radius of the notch tip p
defined by the microcracked volume.

Indeed, the two factors compete in defining the bending
strength of a concrete beam. The ratio H/h is the amplification fac-
tor due to the cohesive interaction of the process zone, whereas
F(h/p) is the reduction coefficient that represents the perturbation
in the stress field due to the shape and size of the undamaged vol-
ume. A plot of F(h/p) is shown in Fig. 14: F(h/p) is 1 when F(h/p) h/
p tends to 0 (no notch in the beam) and for values of h/p greater
than 10, the function reaches an asymptotic value approximately
equal to 0.74. The ratio H/h is always greater than 1 and it is the
measure of the positive contribution of the microcracked process
zone to the bending strength.

After a thermal treatment the material becomes less brittle (the
intrinsic length increases), the specimen size that is needed to
determine the lower limit of the nominal strength for a given test
geometry must increase. In any case, both the two contributions in
(2) have a positive effect to increasing severity of the thermal treat-
ment: cohesive effect increases and the notch effect is reduced
(Fig. 15). It is possible to assert that the inelasticity of the process
zone tends to be dominant with respect to the notch effect. For
steel fiber-reinforced specimens, the notch effect is nonexistent
due to multiple cracking and the pre-peak extended AE activity.
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Fig. 14. Reduction coefficient (p radius of the microcracked volume at notch tip).
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Fig. 15. Effect of thermal treatments on the microcracked volume at peak load.

Hence evaluating residual property considering identical speci-
mens and applying the relations of the classic beams theory may
cause an underestimation of the effective or true residual strength
of the material. The important distinction is in the pre-peak micro-
cracking, which influences the strength of a specimen, and with
that the scaling of strength.

It is important to realize that after heat treatment, the speci-
mens have an altered constitutive behavior. In this context, an
understanding of the failure process of the quasi-brittle material
is decisive for a correct interpretation of the experimental data.
Therefore, a suite of experiments should be conducted to find the
intrinsic residual properties that are independent of specimen size.
For example, the experiments should include:

(a) appropriate monitoring to detect the characteristics of the
microcracked volume at the peak load [20] and

(b) specimens of different sizes, but geometrically similar, to
identify a true residual strength of the damaged material,
by taking into account the size effect on nominal strength
[10].

5. Conclusions

Evaluating mechanical properties with tests on specimens of
equal size may cause significant underestimation of residual
strengths, especially in specimens made with plain concrete.

Pre-peak microcracking in the damaged volume, which causes a
nonlinear response, is one of the significant factors influencing the
residual strength of concrete specimens.

The experimental results showed that the discontinuity in the
ESPI fringes (crack initiation at peak load) tend to increase for
heated specimens, characterized by a significantly greater harden-
ing regime. With an enhancement in the severity of thermal treat-
ment, the damage detected by the acoustic emission locations
showed a tendency to increase, both in depth but more appreciably
in the longitudinal direction (notch effect tends to decrease).
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The size effect on residual bending tensile strength (modulus of
rupture) is significant in the case of specimens made of plain or
polypropylene fiber-reinforced concrete.

The multiple cracking and the pre-peak acoustic emission activ-
ity observed in steel fiber-reinforced specimens may cause a re-
duced influence of specimen size on the evaluation of the
mechanical properties when considering identical specimens.
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