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Abstract Understanding the susceptibility to spal-
ling of concrete members in case of fire is important
to evaluate the residual load-bearing capacity. The
investigations of the spalling phenomenon of a
concrete mixture using real scale members are
necessary but expensive to carry out. Reducing the
specimen size leads to an increase of boundary
effects that can result in a reduced spalling or absence
of spalling. In this study, fire tests were carried out on
unrestrained, single-sided exposed, cuboid shaped
specimens (0.6 m x 0.6 m x 0.29 m) as well as
unrestrained and steel ring restrained cylindrical
specimens (@ = 0.47 m, h = 0.29 m), which induce
different boundary conditions. These fire tests were
carried out on two ordinary concrete mixtures. The
two mixtures differ only in the type of aggregates
(quartz gravel and basalt grit) and were used to
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investigate the influence of the thermal expansion of
the aggregate on the spalling behaviour of the
concrete. The results show a significant increase of
the spalling depth due to the restrained thermal
expansion achieved by the applied steel rings.
Additionally, the type of aggregate has a direct
influence on the spalling behaviour of a concrete
mixture. The reduction of the boundary effects by the
steel rings recreate the test conditions in the centre of
a large concrete member. Thus, this type of specimen
is suitable to determine the susceptibility to spalling
of a material (screening-tests) as preliminary inves-
tigations to full scale fire tests.

Keywords Spalling - Concrete - Fire test -
Restraint - Screening test

1 Introduction

Concrete is a versatile building material in civil
engineering with varying ingredients and composi-
tions. This variety differs the damage prediction of a
concrete member in case of fire [1]. Thermohydraulic
and thermomechanical damage mechanisms occur
simultaneously and induce stresses inside the con-
crete member. These stresses are released in form of
cracking. A local accumulation of cracks in the
boundary zone of the fire exposed surface can result
in spalling of concrete fragments, which leads to a
reduced load-bearing cross-section of the member.
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The thermohydraulic damage mechanism depends on
the bound water and the structural density of the
concrete. In case of fire, the dehydrating cement
matrix shrinks and cracks occur [2] in the boundary
zone of the fire exposed surface. Based on a
theoretical approach of Harmathy [3], Stelzner et al.
[4] experimentally showed a pressure-induced mass
transport of water towards deeper parts of the
concrete as well as the condensation of water in
larger pores. Due to the low thermal conductivity of
the concrete, a temperature gradient leads to a
condensation and accumulation of the steam in cooler
regions. The steady steam flow and the condensation
form a saturated and impermeable zone for vapour
[5] ("moisture clog” [3]). Additionally, Jansson [6]
concluded, that the moisture content primarily has an
effect on the mechanical properties in a critical zone.
Thus, the increasing pore pressure in front of the
saturated zone increases the formation of cracks and
can lead to spalling. Thermomechanical damage is a
result of a differently pronounced expansion of the
concrete member due to the temperature gradient and
stiffness of the material. The thermal expansion
depends on the type and grain size of the aggregates
in the concrete mixture. Schneider [7] shows a
significant higher thermal expansion of concrete
specimens containing quartzitic or calcareous aggre-
gates compared to specimens that included basaltic
aggregates. Quartz-containing aggregates in particu-
lar have a high volume increase of 0.8 % [8] due to
the conversion of the mineral at 573°C. In case of
fire, the restraint of the continuously expanding
aggregates by means of the stiffness of the concrete
member lead to compressive stresses parallel to the
fire exposed surface and tensile stresses perpendicular
to the fire exposed surface. At the same time, the
compressive and tensile strength of the concrete
decrease significantly [9]. Bosnjak et al. [10] show a
reduction of compressive strength of 55 % and 80 %
of tensile strength for normal concrete at a temper-
ature of 800 °C compared to the specimens at 20 °C.
These thermomechanical induced stresses are
reduced by the appearance of cracks, which can lead
to spalling on the fire exposed surface. The prior
described damage mechanisms and their expression
depend mainly on the composition of the concrete
member. Additionally, external factors, i.e. specimen
size, restrained expansion and loading, influence the
damage mechanisms as well as the spalling behaviour
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on the macroscopic scale. Investigating the suscep-
tibility to spalling of a concrete mixture for one
specimen size has advantages and disadvantages.
Full-scale tests [11-14] are necessary to investigate
the damage behaviour of a concrete under real load
conditions, but these tests are expensive to carry out.
Small scale tests on cubes or cylinders [15-17] are
easier to perform, but the influence of boundary
effects is high. Due to the small specimen size, cracks
connect the fire exposed surface and the unexposed
side of the specimen. Vaporised water escapes
through these cracks from deeper parts of the
specimen and thermohydraulic stresses are reduced
as-well. Thus, the susceptibility to spalling is low for
small scale concrete specimens. Different compara-
tive multi-scale studies examined the spalling
behaviour of small scale specimens, intermediate
scale beams, intermediate scale cylinders and full
scale slabs. Multi-scale studies for unrestrained
specimens showed that if a full scale specimen of a
concrete mixture was affected by spalling, the
intermediate scale specimens also spalled, but to a
lesser extend [18-20]. As for the small scale spec-
imens, the spalling behaviour on the fire exposed
surface of the intermediate scale specimens is also
affected by boundary effects [21, 22]. Bostrom et al.
[23] showed that adding uniaxial compressive stress
(2.5 MPa) to cuboid shaped, intermediate scale
specimens (0.6 m x 0.5 m X 0.2 m and 0.4 m X
04 m x 0.1 m) spalling increases compared to
unloaded specimens of the same mixture and size.
The external compressive stress led to a reduction of
cracks and therefore, a reduction of the water loss at
the sides of the specimen. Additionally, the authors
showed that spalling occurred for small cylinders (&
=0.15 m; 2 = 0.3 m) if compressive stress (5.3 MPa)
was applied. Thus, the addition of compressive stress
increased the spalling volume independently of the
specimen size and shape. Ozawa et al. [24] adapted
the idea of reducing boundary effects by applying two
steel rings on cylindrical shaped intermediate scale
specimens (@ = 0.3 m; & = 0.1 m). The steel rings
were shadowed from a direct heat input of the
furnace. Thus, the thermal expansion of the steel
rings was lower compared to the concrete. The
restrained thermal expansion of the specimen induced
thermomechanical stresses inside the concrete during
the fire tests. Additionally, the cylindrical shape
allowed a more homogeneous expansion of the
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specimen compared to cuboid shaped specimens and
therefore, an easier stress determination. Three dif-
ferent high-performance concrete (HPC) mixtures
with different coarse aggregates (limestone, tuff and
sandstone) with and without polypropylene fibres
(PP-fibres) were tested. The use of PP-fibres has a
positive effect on the spalling behaviour of HPC
[25-27]. Strain gauges were applied on the surface of
the steel rings in several depths from the fire exposed
surface. Afterwards, the restrained stresses inside the
concrete were calculated by the strain measurements
and the mechanical properties of the steel rings. The
restrained stresses induced by the steel rings were
larger for concrete mixtures with PP-fibres within the
first 10 min of the fire test compared to specimens
without PP-fibres. The increased spalling behaviour
of the mixtures without PP-fibres led to short periods
of stress release. Additionally, the spalling was
influenced by the type of aggregate in the mixtures.
The mixture with limestone showed greater spalling
depths compared to the mixtures with tuff or
sandstone. Thus, aggregates with low porosity (lime-
stone) increase spalling and showed higher restrained
stresses compared to aggregates with a higher
porosity (sandstone, tuff [28]). Based on the inves-
tigations of Ozawa et al. [24], Mohaine et al. [29]
carried out a study of single-sided fire exposed and
restrained concrete specimens to investigate the
spalling behaviour for different specimen sizes and
shapes. Steel rings were applied to two cylindrical
shaped specimens (@ =03 m; A =0.11 m and @ =
0.61 m; 2 = 0.3 m) and compared to unrestrained and
uniaxial loaded (0.75 MPa) full scale specimens (1.7
m x 098 m x 0.2 m) of the same mixture. The
results show a similar spalling behaviour of the
uniaxial loaded full scale specimen (spalling depth:
105 mm) and the large cylindrical shaped specimens
(spalling depth: 144 mm and 114 mm). The small (@
= 0.3 m; # = 0.11 m) cylindrical shaped specimens
showed little to no spalling. Thus, smaller specimens
can represent the spalling behaviour of larger spec-
imens for the same mixture if the specimens are
restrained and the boundary effects reduced. The
authors also showed a limitation to the reduction of
the specimen size for a comparison of the spalling
behaviour.

Based on these, previous observations, the fire
tests presented in this study continue the investigation
on the susceptibility to spalling of two ordinary

concrete mixtures from a previous multi-scale study
[18]. The aim of this project was the improvement of
the type of specimen to reduce the boundary effects
and recreate the test conditions in the centre of the
full scale specimens of the same mixture.

2 Materials
2.1 Test set-up

The fire tests for all specimens were carried out in a
special furnace, developed for research purposes with
a volume of one m?, the so-called one-m> furnace.
Figure 1 shows a half-section model of the furnace
and a model of a concrete specimen with steel casing.
Two oil burners, one horizontal and one vertical,
enable the thermal exposure of the standard time-
temperature curve (ISO 834) [30] till the end of the
fire test. Thereby, the furnace temperature is mea-
sured by two thermocouples that are placed in a
central position with a distance of 10 cm to the inner
edge of the furnace wall. All test specimens are
placed vertically in front of the same furnace opening
with an area of 0.5 m X 0.5 m. Closing walls are
placed in front of the other two openings of the
furnace.

Ring
restrained
specimen

Oil-burner

Closing wall

Mount

Insulation

Thermocouple
Fig. 1 Cutaway model of the test furnace including a vertical

and a horizontal oil-burner and two thermocouples to regulate
the fire curve. The ring restrained specimen is placed on a steel

mount in front of the furnace opening
F;;EII‘I
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2.2 Specimens

The spalling behaviour of 8 unreinforced concrete
specimens made of two ordinary concrete mixtures
(Table 1) was investigated using three different
specimen configurations (Fig. 2). The cuboid speci-
mens, 0.6 m x 0.6 m x 0.29 m, as well as the
concrete mixtures base on the previous research
project [18]. Additionally, cylindrical specimens with
the dimensions of @ = 0.47 m, & = 0.29 m were tested
unrestrained as well as restrained by two steel rings
with an inner diameter of 0.492 m, a wall thickness of
8 mm and a height of 0.14 m (based on the developed
test set-up described in [24, 31]). The steel rings were
applied to restrain the thermal expansion of the
concrete as well as to reduce the water loss over the
shell surface. It was the aim to recreate the testing
conditions in the centre of a large scale member.
Thus, the test set-up of the cylindrical shaped
specimens was adapted with insulation to shadow
the steel rings from a direct heat input of the furnace
(see sketch of Fig. 2). The furnace opening as well as
the installation of the insulation resulted in a ratio of
the shadowed area to the specimen size of 0.3 for the

cuboid shaped specimens and the cylindrical shaped
specimens including the steel rings. This set-up
enables a lower thermal expansion of the steel
compared to the concrete and therefore, a restrained
expansion of the specimen. After casting, all

9
4
7

-Concrete
-Flre exposed surface 605
-Steel ring ]’?2
E Specimen type

Fig. 2 Sketches of the three different specimen types

Table 1 Overview of the

WO concrete mixtures Type of material Ordinary Ordinary

concrete concrete
Cs C6
Amount of components (kg/m?)

Cement (CEM 142.5 R) 270 270

Water 175 175

Fly ash 80 80

Superplastiziser 2.7 2.7

Aggregates

Sand (quartzitic)

0/2 mm 536 536

Coarse grains Quartzitic Basalt
Gravel Grit

2 /4 mm 285 513

4/ 8 mm 339 158

8 /16 mm 624 711

28 d Cube

Compressive 50 56

Strength (MPa)

Fire curve 1SO834 1SO834
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specimens cured in the formwork for one day.
Afterwards, the specimen were stored in a sealed
plastic foil at an air humidity of 100 % in the
laboratory hall. Two weeks prior to the fire test, the
plastic foil was removed and the specimens cured
under laboratory climate conditions. Within these two
weeks, the steel rings were applied to the specimens
using an expanding mortar. A small gap of 10 mm
between the steel rings was set as a heat barrier to
reduce the heat transfer within the steel rings into
deeper parts of the specimen. Before and after the fire
tests, every specimen was scanned with a 3D
scanning system. Fixed target points on the speci-
mens ensure a good alignment

of the two digitalised surfaces. This allows the
calculation of the spalling volume as well as the
maximum spalling depth. Five embedded type-K
sheath thermocouples in depths of 5 mm, 15 mm,
30 mm, 50 mm and 100 mm from the fire exposed
surface measured the temperature inside the speci-
mens during the fire test. For the restrained
specimens, four thermocouples were welded on the
steel rings in a distance of 1 cm from the fire exposed
side to compare the steel temperature with the
temperature of the specimen. Ten acoustic emission
(AE) sensors (Vallen VS150-MS) were placed on the
fire-unexposed reverse surface of the specimen to
measure the mechanical waves that were transmitted
into the specimen by spalling events and cracking.
The use of acoustic emission sensors to measure and
analyse cracking as well as spalling has been
successfully implemented in previous studies
[32-34]. The AE measuring system has a limited
amount of capacity to record individual AE signals in
a small time frame and it is assumed that spalling
leads to high energy signals with high amplitudes. To
minimise the risk of a detection overflow and to
gather especially the signals from spalling events, the
threshold amplitude was set to 60 dB to detect an AE
signal as a hit. Additionally, a microphone was
placed outside of the furnace to record all spalling
events. After the fire test, the records of the micro-
phone and the AE measurements were synchronised
in time to separate spalling events and cracking in the
AE data.

3 Results and discussion

The results of the air moisture measurements
revealed that every specimen cured in an environ-
ment of 100 % air moisture content until the plastic
foil was removed two weeks before the fire test. Thus,
all specimens cured under the same conditions. The
moisture content was determined by weight differ-
ences using cylindrical specimens (@ = 0.1 m; 4 =0.3
m) that were manufactured simultaneously and cured
under the same conditions as the fire exposed
specimens. The cylinders were dried at 105°C a
week before the fire test in an electrical furnace.
During the time, the small cylinders were weighted
and further dried until the mass constant (Am < 0.1
% within 24 h) was reached. The mean moisture
content for the specimens with quartzitic aggregates
was 5.1 % and 5.5 % for the specimens that contained
basalt grit.

3.1 Surface damage

The results of the 3D scans are shown in Fig. 3 for the
concrete with quartzitic aggregates (C5) and in Fig. 4
for the concrete with basaltic aggregates (C6). Table 2
shows an overview of the determined spalling
volumes and maximum spalling depths from the 3D
scanning results. All three different specimen types
have different spalling behaviours. The fire exposed
surface of the cuboid shaped specimens was reduced
by 30 % (0.5 m x 0.5 m) compared to the previous
research (0.6 m x 0.6 m) [18]. Thus, a shadowed rim
occurred that caused an additional thermal gradient
on the fire exposed surface. The results show that the
surface damage was not significantly influenced by
the shadowed area. Further, a positive residual
elongation of the specimens towards the flame
occurred in the centre of the fire exposed surface,
whereas the boundary of the specimen has a negative
residual elongation. Both elongations have values
less than one millimetre and thus, have no significant
influence on the calculation of the spalling volume.
The macroscopic cracks (Fig. 5) on the fire exposed
surface for the specimens C5-Q1 and C5-Q2 are a
result of the reduction of the thermomechanical
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C5-Q2 C5-RSt

Fig. 3 Results of the 3D-Scans for every specimen of the
concrete with quartzitic coarse aggregates (C5) after the fire
test. The specimens Q1 and Q2 are unrestrained cuboids, R is
an unrestrained cylindrical specimen and RSt is a restrained
cylindrical specimen

C6-Q1 C6-R [mm]
. e s
0

-10

C6-Q2 C6-RSt
Fig. 4 Results of the 3D-Scans for every specimen of the
concrete with basalt grit aggregates (C6) after the fire test. The
specimens Q1 and Q2 are unrestrained cuboids, R is an
unrestrained cylindrical specimen and RSt is a restrained
cylindrical specimen

stresses. Those cracks connect the surface with the
specimen sides and enhance the release of vaporised
water, which leads to a reduction of thermohydraulic
stresses. This results in only minor spalling with
small areas on the fire exposed surface for specimen
C5-Q1, for specimen C5-Q2 spalling is prevented.
The basaltic aggregates of the specimens C6-Q1 and
C6-Q2 have a lower thermal expansion compared to
the quartzitic aggregates [7]. For this mixture, the
number of macroscopic cracks was decreased com-
pared to the mixture C5 (see Fig. 5) and resulted in an
increase of the spalling volume (2.1 % for C6-Q1 and
2.0 % for C6-Q2) and maximum spalling depth in the
centre of the fire exposed surface. Hence, spalling
results from the combination of a slow build up of
thermomechanical stresses and high thermohydrauli-
cal stresses due to less release of vaporised water.
Further, spalling did not occur on the shadowed edge
of the fire exposed specimen side for all cuboid
shaped specimens of both mixtures. Thus, thermal
induced stresses were released through cracking in
this area. A reduction of the specimen size as well as
the change of shape from cuboid (Q) to cylindrical
(R) specimens lead to a similar spalling behaviour of
both mixtures (compare Figs. 3 and 4). The specimen
C5-R shows a similar spalling behaviour as the
specimen C5-QI1, whereas the spalling volume of
mixture C6 is halved (see Table 2). The reduced
spalling volume of C6-R compared to C6-Q results
from an increased water release by means of the
macroscopic cracks as well as the smaller specimen
size and therefore, lower thermomechanical stresses.
In contrast to the previous discussed specimens, the
application of steel rings to the cylindrical specimens
led to a significant increase of thermomechanical
stresses induced by the restrained expansion of the
concrete. As a result, the specimens C5-RSt and C6-
RSt have a higher spalling volume and larger
maximum spalling depth. The restrained expansion
of the specimen increased the thermomechanical
stresses at the fire exposed surface compared to the
unrestrained specimens. Additionally, the steel rings
restrained the water loss through the side of the
specimen, which also increased the thermohydraulic
stresses. For mixture C5 the spalling volume
increased from 0.8 % for the cylindrical, unrestrained



Materials and Structures (2024)57:15

Page 7 of 14 15

Table 2 Overview of the spalling depths and spalling volumes for all tested concrete specimens

Specimens Spalling volume Maximum spalling depth
(dm?) (dm3/m?) (%) (mm)
C5 (quartzitic) Q1 0.4 1.0 0.4 16
Q2 - - - -
R 04 2.3 0.8 15
RSt 6.1 35.1 12.1 63
C6 (basalt) Q1 2.2 6.1 2.1 21
Q2 2.1 5.7 2.0 20
R 0.4 2.5 0.9 16
RSt 34 19.7 6.8 45

The calculation of the spalling volume is related to the fire exposed area including the shadowed area (see Fig. 2).

(@)

(b)

Fig. 5 Pictures of the fire exposed surface with highlighted
macroscopic cracks of the cuboid shaped specimen with
quartzitic gravel without spalling a and the cuboid shaped
specimen with basalt grit with spalling b after the fire test

specimen (C5-R) to 12.1 % for the cylindrical
specimens with applied steel rings (C5-RSt) with a
maximum spalling depth of 63 mm. Further, the
spalling volume for C6-R is 0.9 % and 6.8 % for the
ring restrained specimens (C6-RSt) with a spalling
depth of 45 mm. The application of steel rings lead to
a significant increase in the spalling of both concrete
mixtures compared to the cuboid shaped specimens
and unrestrained cylindrical specimens.

Due to the similarity of the concrete mixtures, it is
assumed that the different spalling behaviours are
mainly caused by the lower thermal expansion of the
basaltic aggregates [7]. The spalling volume of C6-RSt
is 44 % lower and the maximum spalling depth is
reduced by 31 % compared to the specimen C5-RSt.
For the same restrained testing conditions, the lower
thermal expansion leads to reduced thermomechanical
stresses and thus, to reduced spalling. On the other

15 cm 5 ©
10 cm ° foem
o) O o) o) @ o)
o
O O :
15 cm
(a) cuboid (b) cylindrical

Fig. 6 Sketch of the acoustic emission sensor distribution on
the backside of the a cuboid shaped specimen and b cylindrical
specimen

hand, the lower thermal expansion of the basalt
reduced the occurrence of macroscopic cracks and
led to larger spalling depths for the unrestrained
specimens. The results of the 3D scans show that the
test conditions of the specimens are an essential
parameter for a comparison with the test conditions
in the centre of a large member.

3.2 Time dependent damage

3.2.1 Temperature propagation and acoustic
emission results

The results of the 3D scans are limited to the surface
damage of the specimens and only provide information
about the condition of the specimens before and after
the fire test. Ten acoustic emission sensors were placed
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Fig. 7 Results of the acoustic emission (AE) measurements for p
every specimen of the concrete mixture with quartzitic
aggregates. The energy of AE signals and their maximum
energy are displayed over the testing time (black). The detected
spalling events base on the audio recordings (red)

on the backside of the specimens to measure acoustic
signals that were triggered by the formation of cracks
inside the concrete during the fire test (Fig. 6).

The acoustic emission (AE) sensors measure
different types of parameters for a detected event
(hit) in dependence of the measuring time, i.e. the
amplitude, the signal energy, the duration and the rise
time of a signal. The gained data set is a combination
of signals that were triggered by spalling and
cracking inside the specimen. The connection of
AE signals with a high energy level to spalling are
described in [35]. These events are a result of a fast
stress release inside a small volume near the fire
exposed surface that induce high energetic acoustic
waves into the concrete. Due to the large distance of
up to 29 cm from the fire exposed surface to the AE
sensors, the energy of the AE signals was damped
strongly and the largest detected signal energies were
between 107" J and 107 J. It was assumed that
spalling events induce the largest signal energies.
Thus, all recorded AE signals with the highest energy
values (min. 10710 J) are displayed in Figs. 7 and 9.
In the study of Mréz et al. [36], the authors were able
to precisely time the occurrence of spalling events
using microphones. In our study, a microphone also
recorded the sound including spalling events during
the fire test. Afterwards, the spalling events in the
recorded microphone data were aligned with the
records of the AE sensors. In Figs. 7 and 9 the time of
occurrence for verified spalling events from the
microphone data are added as red bars. Further,
Figs. 8 and 10 show the temperature distribution of
the five embedded thermocouples in depths of 5 mm,
15 mm, 30 mm, 50 mm and 100 mm. Additionally,
the steel ring temperature was measured in a depth of
1 cm from the fire exposed surface of specimens C5-
RSt and C6-RSt during the fire test (Fig. 11).
Considering the results of the 3D scans for the
cuboid shaped specimens (see Sect. 3.1), the surfaces
of the specimens of mixture C5 spalled less compared
to the specimens surfaces of mixture C6. Only three
spalling events occurred for specimen C5-Ql,

niEm
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whereas specimen C5-Q2 did not spall (Table 3).
Each of the three recorded spalling events in the
microphone data correspond to an acoustic event with
a high energy value above 107'° J for the specimen
C5-Q1 (Fig. 7a). Despite these three spalling events
of C5-Q1, macroscopic cracks with a high energy
occurred at similar times for C5-Q1 and C5-Q2
during the fire tests. Due to the intact concrete cover,
the temperature increase within the specimens was
not affected. The cuboid shaped specimens of mix-
ture C6 (C6-Q1 and C6-Q2) have a larger spalling
volume and a larger spalling depth compared to the
same specimen type of mixture C5 (Table 2). Addi-
tionally, the spalling events occurred earlier and
simultaneously to the acoustic events with energies
above 10719 J for these specimens. It is assumed that
the low thermal expansion of basalt grit leads to a
smaller amount of macroscopic cracks compared to
mixture C5 (Fig. 3). Thus, the water loss is lower,
which leads to high thermohydraulic induced tensile
stresses and results in spalling. All AE events with
energies above 10710 J were detected simultaneously
to the spalling events in the recorded data of the
microphone. The last spalling event occurred after
21 min of fire exposure and afterwards, no AE signal
with high energy was detected. Thus, the energy filter
separates all occurring spalling events from the AE
signals that were emitted by cracking for the spec-
imens C6-Q1 and C6-Q2. As a result of spalling
events, the embedded thermocouples were directly
exposed to the fire at a depth of 5 mm. This led to a
faster increase of the temperatures up to a depth of
30 mm. The embedded thermocouples in 50 mm and
100 mm depth from the fire exposed surface
measured no significant temperature differences
compared to the non-spalled cuboid shaped speci-
mens of C5. The change of the geometry from cuboid
shaped to cylindrical, unrestrained shaped specimens
led to a more homogeneous expansion of the fire
exposed surface (see Sect. 3.1). Two spalling events
were detected for the specimen C5-R and C6-R,
respectively. Additionally, AE signals with an energy
level above 107! J were detected for each spalling
event. For specimen with quartzitic aggregates (C5-
R) seven crack-forming events were detected after
the spalling ended, whereas no further high energy
event was detected for specimen C6-R. However, the
increased cracking of the specimen C5-R had no
direct influence on the temperatures and both
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Table 3 Number of
measured AE events above
10719 J and recorded

spalling events of the audio
data

Specimens AE events Spalling events
=) )
C5 (quartzitic) Ql 28 3
@ - -
R 16 2
RSt 227 118
C6 (basalt) Ql 6 6
Q2 11 11
R 2 2
RSt 48 42

cylindrical, unrestrained specimens showed similar
maximum temperatures at the end of the fire test. The
restrained thermal expansion due to the application of
steel rings as well as the restrained water loss
increased the spalling volume of both mixtures
significantly (Fig. 9). The temperatures of the steel
rings at 1 cm from the fire exposed surface were
always lower than the temperatures inside the con-
crete at 5 cm depth (compare Figs. 8, 10 and 11).
Thus, the thermal expansion of the concrete is larger
than the surrounding steel. As a result of the massive
spalling of C5-RSt, the steel ring was partly exposed
to the ISO 834 fire curve. This led to an enhanced
increase of the steel temperature after 30—40 min of
fire exposure. The temperature discrepancy induced
thermomechanical stresses in the boundary zone of
the fire exposed surface and resulted in an increased
crack formation and spalling. For specimen C5-RSt
118 spalling events were detected in the audio data,
whereas only 42 spalling events occurred for spec-
imen C6-RSt (Table 3). For all these spalling events
an associated AE signal above an energy level of
107'° J was measured. Thus, all specimens of this
study show a temporal correlation of detected
spalling and high energy events in the AE data
(Figs. 7 and 9). Further, the number of AE events not
associated to spalling events increased for both steel
ring restrained specimens. These events were caused
by either macroscopic cracking or unrecorded spal-
ling events in the audio data. The increased spalling
volume of the ring restrained specimens compared to
the unrestrained specimens led to a direct thermal
exposure of the thermocouples up to a depth of
50 mm. Due to the reduced concrete covering, the
temperature at a depth of 100 mm for C5-RSt was
70°C higher compared to C5-R at the end of the fire

niEm

test. For mixture C6 the temperature difference
between the ring restrained and unrestrained speci-
men was 41 K. Thus, a larger spalling depth led to a
faster temperature increase in larger depths of the
specimens. The results show that the application of
steel rings to the concrete specimen increases the
overall damage of the specimens compared to the
unrestrained specimens.

The adjustment of the intermediate scale speci-
mens of the previous study [18] leads to a significant
increase of the spalling volume and the spalling
depth. Additionally, the ring restrained specimen of
mixture C5 has a similar damage behaviour com-
pared to the unrestrained, full scale specimen (1.8 m
x 1.2 m x 0.3 m) of the same mixture (Table 4).
Thus, the test set-up of the ring restrained specimens
seems to be suitable for screening-tests.

4 Conclusions

The study shows the development of a screening-test
method for intermediate scale specimens, taken into
account the effect of a specimen size reduction.
Based on the results of a previous research project at
BAM [18] and the investigation of [24], the influence
of restrained thermal expansion on the spalling
behaviour is investigated on two similar, ordinary
concrete mixtures using unreinforced specimens. The
susceptibility to spalling was investigated for unre-
strained, cuboid shaped specimens as well as
unrestrained and restrained, cylindrical shaped spec-
imens. In contrast to the previous research, the
specimens were tested in a different furnace, which
led to a reduction of the fire exposed surface of 30 %
and a shadowed edge for the cuboid shaped
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specimens. Due to the smaller specimen size of the
cylindrical, steel ring restrained specimens, an insu-
lation was applied to protect the steel from a direct
heat input. Additionally, the fire exposed surface of
the cylindrical specimens was reduced in relation to
the reduced specimen size compared of the cuboid
shaped specimens by the insulation. The results show
that the reduced fire exposed surface has no signif-
icant influence on the spalling behaviour of the
specimens. The cuboid shaped specimens with
quartzitic aggregates showed little to no spalling,
whereas the specimens with basaltic aggregates
showed increased spalling. The larger thermal expan-
sion of the quartzitic aggregates and unrestrained
specimen set-up led to a release of thermomechanical
stresses through cracking in the boundary zone of the
fire exposed surface. Vaporised water was released
from deeper parts of the specimen through macro-
scopic cracks at the specimen side. On the other hand,
the low thermal expansion of the basalt led to reduced
cracking and reduced water loss compared to the
quartzitic aggregates. Thus, thermohydraulic induced
stresses are increased and released through spalling
for the cuboid shaped specimens. The results of the
unrestrained, cylindrical shaped specimens show a
similar spalling behaviour for both concrete mixtures.
The smaller specimen size and the cylindrical shape
of the specimens led to an increase of boundary
effects. Macroscopic cracks connected the fire
exposed surface and the side of the specimens. This
led to a release of vaporised water and thus, spalling
occurred similarly for both mixtures. The type of
aggregate has no direct influence on the spalling
behaviour for this specimen type. The application of
steel rings on the cylindrical shaped specimens led to
a significant increase of the spalling volume and
spalling depth for both mixtures. The restrained
thermal expansion of the concrete and reduced water
loss at the specimen side increased the
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Fig. 10 Temperature profiles of the concrete mixture with
coarse basalt aggregates (C6) for a and b the cuboid shaped
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thermomechanical as well as thermohydraulic
induced stresses in the boundary zone of the fire
exposed surface and as a consequence led to
increased spalling. For this specimen type a larger
spalling volume was measured for the specimen with
quartzitic aggregates compared to the specimen with
basalt. The results of the acoustic emission measure-
ments and the recorded audio data show that the
number of spalling events is significantly lower for
the unrestrained specimens. Further, the specimens
containing quartzitic aggregates show a larger num-
ber of high-energy AE events without spalling due to
crack formation. The amount of spalling events
increases with the restrained thermal expansion of
the concrete. Additionally, the number of high-energy
events that occurred without spalling in the audio
data, is almost twice as high as the amount of spalling
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Table 4 Comparison of the spalling depths and spalling volumes for the full scale (1.8 m x 1.2 m x 0.3 m) and intermediate scale
(0.6 m x 0.6 m x 0.3 m) concrete specimens of the previous study [18] and the ring restrained specimen of the same concrete mixture

Specimens Spalling volume Maximum spalling depth
(dm3/m?) %) (mm)
C5 (quartzitic) Full scale 25.8 8.6 76
Intermediate scale 2.0 39
RSt 35.1 12.1 63

events for the restrained specimen with quartzitic
aggregates. On the other hand, the number of high-
energy acoustic events almost matches the number of
spalling events for the same specimen type with
basaltic aggregates. Thus, the type of aggregate and
its thermal expansion have a direct influence of the
spalling behaviour for the unrestrained, cuboid
shaped and the ring restrained specimens.

The study shows that the application of steel rings
increases the spalling of a concrete mixture compared
to the unrestrained specimens. In comparison to the
previous study [18], the spalling results of the
specimen with a restrained expansion are similar to
the results of a large scale member. Thus, this type of
specimen seems to be suitable to investigate the
susceptibility to spalling on a material scale (screen-
ing-tests).
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