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B40 and B60

Mindeguia J.C., Pimienta P., Mr6z K., Carré H., La Borderie C.
Abstract

The report presents concretes properties at high temperature of 2 concretes B40 and B60.

These properties have been studied extensively in the frame of several research and expertise projects,
including thesis projects. The first very detailed characterization at high temperature was performed by Jean
Christophe Mindeguia during his PhD thesis.

The report provides the composition of the 2 concretes and their constituents, mass transport properties
(porosity, permeability ...), thermal properties, mechanical properties (strength, thermal strain, transient
thermal strain, fracture energy...). In addition, the report includes the results from pore pressure and mass
loss measurements (PTM) at high temperature.

Finally, a large number of tests have also been carried out on fire exposed intermediate-scale and large-scale
specimens made from these 2 concretes. The references of the publications are given at the end of the report.
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1. INTRODUCTION

The drafting of this report was initiated as part of the work of the RILEM Technical Committee 256-SPF
Spalling of concrete due to fire: testing and modelling. More specifically, it was initiated in the task dedicated
to modelling work on 2 concretes M100 and B40.

Both concretes have been characterized extensively. The report presents concretes properties at high
temperature of 2 concretes B40 and B60.

The reference concrete is an ordinary concrete (B40), which has been used for the construction of a tunnel in
France in 2005. The second concrete is fabricated by only varying the W/C ratio (by increasing cement content
and reducing water content) and by fixing the aggregates quantity constant.

Their properties have been studied extensively in the frame of several research and expertise projects,
including thesis projects. The first very detailed characterization was performed by Jean Christophe Mindeguia
during his PhD thesis [1] whose work has given rise to numerous publications [2] to [18].

The report provides the composition of the 2 concretes and their constituents, mass transport properties
(porosity, permeability ...), thermal properties, mechanical properties (strength, thermal strain, transient
thermal strain, fracture energy...). In addition, the report includes the results from pore pressure and mass
loss measurements (PTM) at high temperature.

Finally, a large number of tests have also been carried out on fire exposed intermediate-scale and large-scale
specimens made from these 2 concretes. The references of the publications are given at the end of the report.

The characterization of the high performance M100C concrete at high temperature has also been carried out
and is summarized in a second report: Concrete properties at high temperature — complete characterization
of M100C concrete by Mindeguia J.C., Hager I, Pimienta P., Mréz K. and Carré H..

This report is intended to evolve and be updated as new data are acquired. Readers are invited to contact the
authors if they detect any corrections or additions to be made.

2. MATERIALS AND MIXTURES
2.1. Concrete compositions

The B40 and B60 mixtures, as well as the main characteristics of the concretes at 20 °C, are presented in
Table 1 [1], [5] and [12]. Compressive strength and modulus of elasticity have been measured at 28 days on
@ 160 mm x h 320 mm cylindrical samples. Tensile strength has been assessed by mean of 28 days splitting
test.
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For 1 m3 of B40 and B60 Unity B40 B60
Cement CEM II/A-LL 42.5 R PM-CP2 (C) kg 350 550
8/12.5 calcareous gravel (Chalonnes sur Loire) kg 330 330
12.5/20 calcareous gravel (Chalonnes sur Loire) kg 720 720
0/2 siliceous sand (Chazé) kg 845 845
Water (W) kg 188 165
Superplasticizer (PRELOM® 300) % by mass of C 1 3
WI/C ratio / 0.54 0.30
28 days compressive strength MPa 37 61
28 days modulus of elasticity GPa 36 40
28 days tensile strength MPa 2.4 3.8

Table 1: mixes of the studied concretes B40 and B60.

2.2. Binders properties

The cement used in the B40 and B60 formula comes from the CALCIA Airvault factory in Western France (it
is composed by 92 % of clinker and 6 % of limestone). Their main characteristics are presented in Table 2.

Physical characteristics B40 and B60
Shrinkage at 28 days (um/m) 720
Hardening (min) 225
Density (g/cm?3) 3.13
Hydration heat (J/g) (at 41 h) 315
Composition (%) B40 and B60
Loss on ignition 3.35
SiO, 19.50
AlLOs 3.35
Fe,0s 3.32
TiO2 0.28
MnO 0.08
Ca0 62.64
MgO 1.19
SO; 2.73
K20 1.60
Na20 0.10
P20s 0.52
S <0.02
Cl- 0.03

Table 2: properties of the cement used for B40 and B60.
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2.3. Aggregates properties

The B40 and B60 concretes have been fabricated with calcareous aggregates (99% CaCOz3) and siliceous
sand (97% SiO2). The granulometry curve (the same in both concretes) is given in Figure 1.
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Figure 1: granulometry curve of B40 and B60 aggregates.

2.4. Storing conditions

25

30

For B40 and B60, the prismatic samples have been fabricated for pore pressure, temperature and mass
measurements. Dimensions of the samples and experimental details are presented in separate sections. After
casting, the samples are kept near the mixer (inner hall of the laboratory) in their moulds for 24 hours. The
moulds are covered with plastic caps in order to avoid excessive evaporation of water. The samples are then
removed from the moulds and placed in a 20 °C and a 50 % RH until the day of the test. A minimum of 90
days of conservation is respected before testing. The Table 3 gives the hydral state of the samples before

tests.
B40 B60
Days before test 154 126
Water content at the day of test 259 3.46
(%)
Water porosity (%) 13.85 | 10.55
Bulk density (kg/m3) 2285 2364
Degree of saturation (%) 43 78

Table 3: hydral state of the samples before tests (mean values).
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3. MAIN PROPERTIES OF CONCRETES VS TEMPERATURE

3.1. Water porosity

The concrete porosity was measured by a technique of water intrusion [1] and [12]. The operation of such a
test is based on the recommendations of the AFREM [19] and is based on measuring the mass of a specimen
of concrete (quarter-cylinder) in various states of saturation:

- Mass in the dry state Mgry the mass of the specimen is measured after oven drying at 80 °C,
- Massin the immersed saturated state m;r;tm - the specimens are immersed in a bell vacuum (pressure
of 25 mbar) for 24 hours. During this period, the porous network is assumed to be fully saturated
with liquid water. The mass of the immersed specimen is then measured by hydrostatic weighing,

- Mass in the saturated state m, : the saturated specimen is taken out from the water and its mass
is measured in the ambient air.

Water porosity of concrete (in %) is then calculated according to the expression (eq.1).

msat - mdry

o= x100 (eq.1)

imm
sat

m m

sat —

The water porosity of concrete is measured on specimens that have been thermally pre-treated at set
temperature allowing to estimate the evolution of porosity with temperature. The heating rate and set values
of temperatures for concretes are summarized in Table 4.

Before cooling and measurement of the porosity, the maximal temperature of the cycle is maintained during
several hours in such a way that specimens are assumed to be in a homogeneous thermo-hygral state. The
stabilization time must be long enough to ensure that most of the physico-chemical transformations and that
the departure of water from the specimen are achieved. Hence, the stabilization time is longer at lower
temperatures. The Table 5 presents the water porosity of B40 and B60 depending on the temperature. Figure
2 presents the evolution of the water porosity with temperature for B40 and B60. For concretes B40 and B60
the reference state corresponds to a dry material (obtained after drying for several days in an oven at 80 °C).

Concrete Temperatures (°C) Heating rate (°C/min)
B40 and B60 120, 250, 400 1.0
Table 4: heating rate and set values of temperatures for different concrete

Water porosity (%) 80 °C 120 °C 250 °C 400 °C

Test1 13.9 13.6 145 16.0

B40 Test 2 13.8 13.8 14.1 15.9
Mean 13.85 13.0 14.30 15.95

Test1 10.2 11.3 12.8 13.9

B60 Test 2 10.9 11.7 13.5 14.2
Mean 10.55 11.50 13.15 14.05

Table 5: water porosity after different thermal exposure (residual measurements) for B40 and B60
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Figure 2: water porosity vs. temperature (mean values) for B40 and B60.

3.2. Density

The apparent density for B40 and B60 and their changes with temperature are measured [1] and [12]. The
evolution of the density with temperature is given in Figure 3 and Table.6.

Density (kg/m?3) 80 °C 120 °C 250 °C 400 °C
Test 1 2280 2286 2278 2241
B40 Test 2 2289 2302 2295 2248
Mean 2285 2294 2287 2245
Test 1 2379 2333 2332 2306
B60 Test 2 2349 2344 2309 2300
Mean 2364 2339 2321 2303
Table 6: density after different thermal exposure (residual measurements) for B40 and B60
2.5
::')E
Eﬂ 2.4
=
2 23
> g-"B‘B\E
e 22
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2.1
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Figure 3: density vs. temperature (mean values) for B40 and B60.
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3.3. Mass loss

Setup for experimental measurement of the loss of mass in transient heating was developed by Fire
Technology division in SP Swedish laboratory, Figure 4 [1]. It consists of a cylindrical specimen (4104 mm,
H50 mm) placed inside an electric furnace with circular radiating elements. During the test, the specimen is
located in a perforated metal basket, suspended by an electronic balance. Balance is located on a rigid steel
frame to minimize measurement noise caused by laboratory vibration and is connected to a computer during
the test to measure continuous mass loss. Four thermocouples are located near the surface of the specimen.
They are used for temperature records and additionally for the regulation of heating rate.

After measuring the initial mass, the specimen is exposed to heating rate of 1°C/min. The heating continues
up to 600 °C. Figure 5 presents the changes in mass loss and mass loss rate with temperature for B40 and
B60.

Balance

Specimen
suspending wire

“ . - : ~ T . Perforated
. sl = / metal basket

et

Electrical fumace

S .
Steel rigid frame |
Radiant
T " Tt

Figure 4: Setup for experimental measurement of the loss of mass in transient heating [1].
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Figure 5: Results of: (a) mass loss and (b) mass loss rate vs. temperature for B40 and B60.

3.4. Gas permeability

The gas permeability of concrete is measured through a constant pressure permeameter (‘CEMBUREAU”
device) [1] and [12]. The procedure is based on the recommendations of the AFREM [19] and consists in
measuring the gas flow (di-nitrogen) percolating through a concrete disk (150 mm in diameter and 50 mm
thick). For each measure, two levels of gas pressure are applied in order to determine the intrinsic permeability
of the material according to the Klinkenberg's approach [20].

The evolution of the concrete gas permeability with temperature is estimated by applying the same thermal
cycles as for water porosity measurement (see § 3.1).

The concrete B40 and B60 are measured for temperature levels: 80 °C, 120 °C, 250 °C, 400 °C and 600 °C,
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Table 7 presents the gas permeability of B40 and B60 depending on the temperature. Figure 6 presents the
change of the gas permeability with temperature for B40 and B60.

Gas pe(:n”lfab”“y 80 °C 120 °C 250 °C 400 °C 600 °C
Test 1 5.0 1016 7.7 1016 1.21075 2.8 10715 1.8 1073
Test 2 5.3 1016 5.5 1016 9.3 10716 5.7 10°15 2.6 1014

B40 Test 3 6.28 1016 4.6 1016 / 411015 1.51073
Mean 5.53 1016 5.93 1016 1.07 1075 4.2 1075 1.19 1013
Test 1 2.11016 2.6 1016 4.9 101 2.0 10 2.8 1014
Test 2 1.7 1016 1.2 1016 5.91 1016 2.210% 2.5 1014

860 Test 3 1.2 1016 1.8 1016 2.9 10716 411015 1.7 1024
Mean 1.67 10716 1.87 10716 4.57 1016 1.54 1014 2.33 10

Table 7: gas permeability after different thermal exposure (residual measurements) for B40 and B60.

Gas permeability|

1E-12 : : :

"ie’ 1E-13 +

Z

S 114 4

Q

£

5 —0—-B40

2 1E-15 +

3 ~O0—B60

1E-16 I

0 200 400 600 800

Temperature (°C)

Figure 6: gas permeability vs. temperature (mean values) for B40 and B60.

3.5. Thermal properties at steady state

The thermal properties of concrete (thermal diffusivity and thermal conductivity) were measured at steady
state by mean of the so-called "TPS" (Transient Plane Source) method, developed by [21]. Table 8 gives the
thermal properties measured at ambient temperature for all materials. To estimate the change of the thermal
conductivity with temperature, the specimens and the TPS resistivity sensor can be placed in an oven. Figure
7 presents this change for B40 and B60 concretes.

co-rr]r(]jeurcnt]i?/lity Specific Heat Density ~ Thermal
(W/mK) (J/kgK) (kg/m?3) diffusivity (mm2/s)
B40 2.55 910 2285 1.23
B60 2.42 1020 2364 1.00

Table 8: thermal properties at 20 °C (TPS measurement).
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Figure 7: thermal conductivity vs. temperature (TPS measurement) for B40 and B 60.

3.6. Thermal expansion

The mechanical properties at high temperatures were measured on cylindrical specimens (diameter of 104
mm, 300 mm height) [1] and [6]. These specimens are placed in a cylindrical oven. A system for measuring
strains in longitudinal direction of the specimen is coupled with the furnace. The entire device can be placed
between the plates of a hydraulic press, which allows measurements of mechanical properties at high
temperature. More details on the experimental device are presented in [1], [4], [6], [14], [22] and [23].

Samples (diameter 104 mm and height 300 mm) are heated at 1 °C/min until 600 °C. During the heating
phase, different strains can be measured:

- Free thermal strain (FS): this is the strain of the sample in the longitudinal direction, without any
mechanical loading

Figure 8 presents the thermal expansion of B40 and B60 measured until 600 °C with a heating rate of 1
°C/min.
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Figure 8: thermal expansion (heating rate: 1°C/min), B40 and B60.

3.7. Compressive strength and modulus of elasticity

The same device described in § 3.5 has been used for measuring the compressive strength and modulus of
elasticity of concretes [1]. Tests have been performed at ambient temperature and then in hot conditions at
120, 250, 400 and 600 °C on samples (diameter 104 mm and height 300 mm). B60 has been tested only for
600 °C. The measured properties and their evolution with temperature are presented in Table 9 and Figure 9
for the compressive strength, and Table 10 and Figure 10 for the modulus of elasticity. The modulus of
elasticity is defined as the slope of the stress / strain curve between the origin of the curve and the point
corresponding to 30 % of the compressive strength of the material.

Compressive o o o o °

strength (MPa) 20°C 120 °C 250 °C 400 °C 600 °C
B40 30 23 27 26 16
B60 67 / / / 27

Table 9: compressive strength (hot measurements, mean walues).

Modulus of R . . . .
elasticity (GPa) 20°C 120 °C 250 °C 400 °C 600 °C
B40 24 14 13 8 3
B60 39 / / / 7

Table 10: modulus of elasticity (hot measurements, mean walues).

Compressive strength
80

70 +

60 +
50 4+ —O—B60

—O—B40

40 +
30 +

o | O\O/O‘o\o
10 +
0 I I I

0 200 400 600 800
Temperature (°C)

Compressive strength (MPa)

Figure 9: compressive strength vs. temperature for B40 and B60.
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Figure 10: modulus of elasticity vs. temperature for B40 and B60.

3.8. Transient thermal strain

The same device described in § 3.5 has been used for determining the transient thermal stain of concretes
[1] and [6].

Samples were heated with no load (free thermal strain presented in § 3.6) and under constant compressive
stress corresponding to 20 % and 40 % of their ultimate strength a room temperature. Determined curves are
presented in Figure 11.

15000 — ===DT_B40
----- DTSC_B40_20%
—DTT_B40_20% /

10000 +—
----- DTSC_B40_40%
=—DTT_B40_40%
5000

=-5000

pDéformation longitudinale (pm/m)

-10000

0 100 200 300 400 500 600 700
Température (°C)

Figure 11: support for 3-points bending test.
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3.9. Fracture energy and flexural strength

Fracture energy and flexural strength has been determined for B40 concrete [24]. Specimens were prisms of
10 x 10 x 35 cm. They were notched at mid-span up to the half of their height. This allows the localization of
the cracks and the better control of the tests.

A test device shown in Figure 12 and Figure 13 was developed. It allows carrying out bending tests on
specimens 10 cm x 10 cm x 35 cm. The distance between the two lower rollers is 30 cm. The test device was
designed to carry out bending tests with isostatic load conditions.

The heating rate was 1 °C/min. The target temperature was maintained during 2 hours at 120 °C and 1 hour
at the others temperatures (250 °C, 400 °C and 600 °C).

Top plate cooled by circulating water

Upper support

<4— Concrete sample

Lower supports

3 Invar® rods

Support of displacement sensors

3 displacement sensors

Figure 12: support for 3-points bending test.
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Upper support

Furnace

Furnace support

Lower supports and device for measuring
displacements

Plate of the press

Figure 13: complete device test 3-point bending at high temperature.

The tests were carried out with an electromechanical press. Vertical displacements were measured in three
points: at the edge of the notch (at mid-span) and at 3 cm from the supports. Vertical rods are made in Invar®.
They pass through the furnace at the lower part. They are held in contact with the specimen by means of
springs and guided by linear ball bearings. Three displacement sensors measure the displacement of the
three rods relative to their support.

The details of the experimental setups are presented in [24].

In the elastic range, the relationship between the experimental measured displacement dmeasured and the true
deflection (deflection at mid-span) can be calculated by using simple elastic based theories equations.

The experimental measured displacement Omeasured is defined as follows:
Omeasured = Amid-span— (A1 + A2)/2
where:

Anmid-span iS the measured displacement at mid-span,

A1 and Az are the measured displacements near the 2 supports (the distance between the supports and the
sensors is 3,5 cm).

Beyond the elastic range, deflection has been calculated by using the finite element code CAST3M.

Curves giving the strength as a function of dmeasured determined at different temperatures are plotted in Figure
13. Except at 120 °C, two samples were tested for each temperature. Obtained curves were smooth and
regular. They were very close at each temperature. These 2 observations are satisfactory. In Figure 14, only
one curve is plotted. One of the tests at 600 °C was unstable. Then, from the 2 tests carried out at this
temperature, two values of maximum load and only one value of fracture energy (Gr) have been determined.

Figure 15 shows the curves of true deflection as a function of the applied load. The method presented in
previous paragraph has been used to determine mid-span deflection from the measured displacement.
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Figure 15: applied load versus mid-span deflection
%
The maximum load and the calculated fracture energy are given in Table 11.
Fracture energy was calculated according to the following equation:

w

Gr= ————
T~ B(D —ay)

where W, B, D, ao are respectively the work supplied to statically fracture the notched specimen (area under
the curve in Figure 16), specimen thickness, specimen height, notch length.
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The maximum load and the flexural strength are quasi constant between 20 and 400 °C (Figure 16 and
Figure 17). The values at 600 °C are lower. Gtincreases from 20 °C to 600 °C (Figure 18). The values at
250 and 400 °C are very close.

B40 20 °C 120 °C 250 °C 400 °C 600 °C
Test 1 3198 2979 2661 3333 2051
Maximum
lond [N] Test 2 3186 3589 2795 2246
Mean 3192 2979 3125 3064 2148
Fracture Test 1 130 171 256 254 436
energy Test 2 247 238
[3/m?] Mean 130 171 252 246 436
Flexural Test 1 5.8 5.4 4.8 6.0 3.7
strength Test 2 5.7 6.5 5.0 4.0
[MPa] Mean 5.7 5.4 5.6 55 3.9

Table 11: fracture energy and flexural strength for B40 (hot measurements).
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3.10. Pore pressure, temperature and mass loss measurement

3.10.1. Experimental settings

The tests were carried out on prismatic samples (300 x 300 x 120 mm3) heated on one side [1], [12] and [17].
The experimental device allows temperature and pore gas pressure to be measured in a concrete specimen
during a transient heating (see Figure 19) [1], [25] and [26]. Before concrete casting, five metallic tubes (inner
diameter of 1.6 mm) are placed in the molds. A sintered metal round plate (diameter 12 mm, thickness 1 mm)
is wedded to the extremity of the tube that is placed into concrete. Just prior to tests, type K thermocouples
(diameter 1.5 mm) are put in these tubes. It is worth noting that the free volume between the tube and the
thermocouple (130 mm3) were not filled with any sort of fluid, which can be different than other similar studies.
The gas pressure in concrete is first transmitted via the metallic tubes to an external "T-junction”, and then to
an external pressure transducer (piezo-electrical transducer) via plastic tubes filled with silicon oil. By this
way, temperature and pore gas pressure are simultaneously measured at the same location. Measurements
are done at 2, 10, 20, 30, 40, and 50 mm from the heated surface. The thermal loading is ensured by a
ceramic radiant panel (5 kW), covering the entire surface of the specimen and located 3 cm above it. The four
sides of the concrete specimen are insulated by porous ceramic blocks. The heat flow can be then considered
as unidimensional.

radiant heater
5000w - 800°C

(] (N (— (
2mm 10mm
_lherm_a] L_,
I{I:::I::?cn i) : T-junction —» -
blocks) specimen
30x30x12 cm * Pressure
Metal tube transducer
to pressure J1.6mm 1
L ™ transducer =T
thermocouples Thermocouple —
Balance Sintered F
metal -

Figure 19: Scheme of the experimental set-up for small-scale tests (left). Right: detail of a metal tube filled
with a thermocouple and connected to a "T-junction”.

The effect of the thermal loading was studied for B40 and B60 in the following way. A reference thermal
loading, called "moderate heating", is defined as following: the radiant panel is controlled in such a way that
the temperature measured inside the panel reaches 600 °C as fast as possible (cf. Figure 20). The power of
the panel is then kept constant in order to maintain this temperature of 600 °C during 5 hours. The sample is
finally naturally cooled down. A second heating scenario, called "high heating"”, consists in controlling the
radiant panel in such a way that its temperature reaches 800 °C as fast as possible (cf. Figure 20).
Temperature is then maintained at 800 °C during 5 hours, after which the sample naturally cools down. Other
tests are carried out on the B40 with a thermal scenario called "slow heating": temperature in the radiant
panel gradually increases up to 600 °C, with a heating rate of 10 °C/min. Temperature is then maintained at
600 °C during at least 5 hours, after which the sample naturally cools down. Figure 20 shows the evolution of
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the temperature that is measured: i) inside the radiant panel, ii) in the sample (B40) at 10 mm from the exposed
surface for the different scenario.
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Figure 20: evolution of the temperature measured in the radiant panel and in the concrete (at 10 mm from
the exposed surface) for the different thermal scenario.

NOTE: The PTM tests were also carried out for B40 and B60 concretes under the ISO834 fire exposure. The
evolution of vapour pore pressure under ISO fire is presented in [9].

3.10.2. Results

For B40 and B60 concretes, two tests have been done for the “high” and “moderate” heating. Only one test
has been done for the “slow” heating” on the B40, none on the B60.

The time evolution of the temperature, the pore gas pressure and the mass loss of each sample are presented
in the next pages.
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3.10.2.1. Temperature measurement

> Temperature of B40
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Slow heating 10°C/min

Slow heating 1°C/min
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>» Temperature of B60

Tinf = unexsposed side
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3.10.2.1.

Pressure measurement

> Pore gas pressure of B40
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> Pore gas pressure of B60
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3.10.2.1.

> Mass loss of B40

Mass measurement
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Slow heating 10°C/min

Slow heating 1°C/min
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> Mass loss of B60
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4. OTHER PROPERTIES OF B40 AND B60 CONCRETES

We have reported on section 3 the main properties (mass transport, thermal, mechanical) which have been
studied on concrete B40 and B60. We have also reported results from the test PTM (Pressure, Temperature
and Mass).

In this section 4, we give the references of the publications on a large number of tests have also been
carried out on fire exposed intermediate-scale and large-scale specimens made from these 2 concretes.

Mass transport

Tests on intrinsic permeability under different confining pressures

[27], [28], [29]

Combined NMR moisture, temperature and pressure measurements on small
cylinder exposed to heating

[30]

Mechanical properties

Moisture effect on mechanical behavior of concrete at high temperature [31]
Thermo-mechanical behaviour on large scale tests

Thermo Mechanical Experimental Investigation on 3 Loaded Concrete Walls [32] [33]
Exposed to 1ISO 834-1 Fire

Pore pressure

Tests on pore vapour pressure measurements on cylinders, prisms and slabs [9]
exposed to different fire scenarios (slow, moderate, rapid and 1SO 834-1)

Tests on pore vapour pressure measurements and fire spalling on slabs exposedto  [17]
ISO 834-1 and HCinc fire scenarios

PTM (pore, pressure, Temperature and Mass) on small slabs — Influence of cement  [34],
type (CEM Il and CEM 1) [35]
Fire spalling mechanism

Influence of pore pressure on fracture behaviour of concrete during heating. [36], [37]
Combined splitting test and pore pressure measurement

Combined use of Acoustic Emission (AE) and pore Pressure and Temperature (PT)  [38]

measurements on slabs exposed to ISO 834-1 and HCinc fire scenarios

Fire spalling mechanism tests on intermediate-scale slabs

Effect of Biaxial Mechanical Loading and Cement Type on the Fire Spalling
Behaviour of Concrete”, P

[39], [40], [41],
[42], [43]

Fire spalling mechanism tests on large-scale slabs

Fire spalling tests on large slabs exposed to 1SO 834-1 and HCinc fire scenarios
under unloaded and loaded conditions

[44],[45], [46]

A comparative study on spalling behaviour of embedded cores and slabs exposed
to HCinc fire scenario

[47]
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