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High-strength concrete is commonly used in tall buildings. Due to the poor high-temperature
resistance of concrete, the fire safety of tall buildings has always been a huge concern. The
application of tall building refractories might slow down structural damage, reduce economic
loss and protect personal safety. In this paper, the rock wool fibre was taken as an example of
tall building refractories. On this basis, the author probed into the mechanical properties and
damage evolution of the tall building refractory, and set up a meso-damage mechanics model
for the material. The research results show that the rock wool fibre refractory (RWFR)
witnessed a reduction in elastic modulus after being damaged under the growing stress; when
the temperature was below 600 <C, the RWFR enjoyed good properties with only a slight
decline in strength, which could satisfy the requirement on the bearing capacity; the results
simulated by the constitutive model agree well with the test results. The research lays solid
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experimental and theoretical bases for the promotion of RWFR in tall buildings.

1. INTRODUCTION

With the development of cities, urban land has become
increasingly scarcer, and tall buildings have developed rapidly
in cities. However, due to complex functions and many
surrounding buildings of tall buildings, it’s very difficult to
control in case of fire, which will cause economic losses and
even endanger personal safety [1]. As an important
engineering structural material, concrete is widely used in
modern architecture, transportation and other structures. At
present, more than 99 % of China's tall buildings have concrete
structures, and the fire resistance of concrete is of great
significance to the fire protection of tall buildings [2, 3]. When
a fire occurs in a tall building, heat radiation, heat convection
and heat conduction are transmitted inside the concrete, which
seriously deteriorates the concrete, resulting in large
deformation of the member and reduced bearing capacity [4].
Developed countries such as Europe and the United States
have studied refractories earlier for tall buildings. Some
researchers have found that when the temperature exceeds
600 °C, the strength of building concrete significantly declines,
and the elastic modulus is also greatly reduced [5].

Under high temperature conditions, the strength damage of
low-strength refractories is less than that of high-strength
refractories. When the temperature exceeds 300 °C, the
strength loss of concrete materials with higher water-cement
ratio is more serious [6]. In addition, the compressive strength
and elasticity modulus of refractories at slow heating rates
decline rapidly [7]. Currently, the properties of building
refractory such as combustion performance, mechanical
properties, smoke performance, toxicity performance and
thermal insulation properties are mainly measured, and there
are strict requirements on the quality of refractories in
buildings [8, 9]. In this paper, the rock wool fibre was taken as
an example of tall building refractories. On this basis, the
author probed into the mechanical properties and damage
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evolution of the tall building refractory, and set up a meso-
damage mechanics model for the material.

2. MECHANICAL DAMAGE
BUILDING REFRACTORIES

SIMULATION OF

Unlike ordinary materials, refractories have complex
microstructures, for which traditional strength theory and life
prediction cannot realize the accurate explanation and
prediction [10]. The application of meso-mechanics can
simulate the nonlinear mechanical behaviour of building
refractories. The refractory materials commonly used in tall
buildings are heterogeneous multiphase materials, generally
composed of inorganic aggregates, binder phases and
additives; the internal principal crystalline phase has a higher
melting point and a certain thermal insulation effect [11]. By
analysing the microstructure of building refractories, the
mechanical properties and damage mechanisms of the
materials can be established to predict the macroscopic
properties of the refractory materials [12]. Park et al. [13] used
different building refractories (Table 1) in the study and found
that their mechanical properties differ greatly for the
refractories with different chemical compositions.

Refractories are different from other building materials
mainly in terms of their matrix phase, and their fracture
characteristics don’t conform to the linear elastic mechanical
properties. When the refractory material is subjected to tensile
load, the bond strength between the aggregate and the matrix
inside the building material is weakened, and the phase
separation phenomenon occurs, which will greatly reduce the
overall rigidity of the material; when the refractory material is
pressed, with the compressive stress increasing, microcracks
are generated in the matrix phase, and microcrack propagation
leads to material failure. Figure 1 shows the variation curve of
the RWFR elastic modulus with the stress. Under the growing



stress, the post-damage elastic modulus of the material
decreases, mainly resulted from the brittle properties of the
material.

The interfacial bond strength and particle strength of the
refractory are greater than the matrix phase strength. The
damage process of the refractory material at normal
temperature is divided into three stages: initial damage, matrix
damage and material damage. In this experiment, the
refractories were compressed and loaded at room temperature,
300 °C and 600 °C respectively. The stress-strain relationship
of the refractory at 300 °C and 600 °C is expressed as:

300°C:
06=1.369x101&*+1.2387x10%3+3.4260x 1 0°62+8.2359x |
0%e-14.63 (D

600°C:
0=4.591x101%4+5.618x10%3+1.032x10%62+5.269x 103
33.12 @)

The Young's modulus-strain relationship is calculated as:

300°C:

E=5.623x1083+3.5677x10%2+6.5914x10%¢+9.688  (3)
600°C:

E=3.6289x10%3+1.7922x10%2+3.568x10%+4.92  (4)
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Figure 1. Material elastic modulus with stress curve

Figure 2 shows the Young's modulus strain curve under
high temperature compression. As the temperature increases,
the Young's modulus of refractory decreases; the higher the
temperature, the smaller the variation range of initial Young's
modulus and the less reduction Young's modulus.
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Figure 2. Young's modulus strain curve under high
temperature compression

Table 1. Chemical composition and elastic modulus of two building refractories

Materials ~ MgO C  FexO3 SiO2 CaO Al  Elastic modulus/GPa
Materials A 783 15.1 0.2 0.7 1.2 1.1 21.7
Materials B 903 6.7 0.2 0.1 27  — 89.1

3. CHARACTERIZATION METHOD OF MESO-
DAMAGE TEST FOR TALL BUILDING
REFRACTORY

3.1 Mechanical properties test

At present, the refractory for tall buildings is mainly rock
wool fibre material, which is composed of rock wool fibre and
mortar to isolate and protect concrete. In order to study the
mechanical properties of this material, the rock wool fibre
mortar was prepared by mixing 35 % rock wool fibre into the
mortar. The 100mm*100mm*400mm sample was cured in the
standard curing room for 28d. Three point bending mechanical
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test was adopted. The flexural strength and flexural modulus
are expressed as:

- AFx100
F=1.5x=—— (5)
AF XL
" bxhx8 (6)

The apparent porosity and bulk density of the RWFR were
measured by a tester. They are expressed as:

mz—my

x100%

Apparent porosity: P= @)

ms3—m;



Bulk density: p:% (8)
where: m;, my and m3 are the dry weight, the suspension
weight, and the saturation weight of the samples, respectively,
and py is the density of water.

Due to the incorporation of rock wool fibres, the mortar
sample has a large porosity of 9.36 % and a bulk density of
2.300g/cm’. Figure 3 shows the stress-strain curve of RWFR
with the maximum stress of about 35 MPa and the maximum
strain of 4.5x10°3.
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Figure 3. Stress-strain curve of rockwool mortar refractories
3.2 High temperature test
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Figure 4. Test piece weight loss rate and temperature curve

For the high temperature test, the sample size was
100mm*100mm*100mm; the furnace temperature was
controlled at 100 °C-800 °C, and the temperature was
increased progressively by 100 °C. It was maintained in
constant temperature for 60min by muffle furnace. The
average number of three samples was used as the test result.
Figure 4 shows the relation curve between the weight loss rate
of the sample and the temperature, indicating that the weight
loss of the samples at different temperatures does not increase
linearly, mainly due to different sources of water loss under
different temperature conditions. At the earlier stage, mainly
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the free water and gel water had weight loss; when the
temperature rose to 400 °C, Ca (OH), dehydration occurred;
when exceeding 600 °C, the mass loss is mainly caused by the
internal structure change of concrete. Figure 5 depicts the
relationship between compressive strength and temperature of
the samples. It can be seen that before 600 °C, the compressive
strength of the RWFR decreased less; when the temperature
rose to 700 °C, the strength declined to a large extent. The
experiment indicates that the tested refractory material in this
paper has better performance at 600 °C.
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Figure 5. Test piece compressive strength and temperature
curve

3.3 Analysis of meso-damage test

When the refractory material is loaded with external load,
the acoustic emission can record the strain energy released
during the occurrence and development of internal defects
during the loading process. The damage position and
development of the refractory mortar component can be
clarified by means of acoustic emission technology. This test
adopted a DiSP acoustic emission system with 16 acquisition
channels which consists of three parts: sensor, amplifier and
analysis system, to test the damage of the samples during the
tri-axial loading process. In addition, the damage form of the
RWEFR is different, so it’s necessary to characterize the
compressed sample by the combination of time domain and
frequency domain.

The acoustic emission signal obtained by the tri-axial
loading needs to be classified using the wavelet energy
spectrum coefficient. Assuming that f(t) is a wavelet transform
function and y(t) is a wavelet base, then the wavelet transform
is expressed as:

)

Wf(a,b)=\/% =y (Q) dt

Figure 6. Wavelet transform decomposition structure
diagram



In the formula above, a and b represent the discretization
coefficient. After the wavelet transform, the signal is
decomposed into low-frequency approximation signal and the
high-frequency detail signal, and the low-frequency signal is
further decomposed to obtain the tree structure, as shown in
Fig. 6. Figure 7 shows an acoustic emission energy-time
history of the RWFR, indicating that the damage of the
samples can be roughly divided into four stages: no damage
stage, slow damage development stage, damage speeding
development stage and damage failure stage.
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Figure 7. Acoustic emission energy-time history diagram of
rock wool mortar refractory

4. DAMAGE CONSTITUTIVE MODEL OF BUILDING
REFRACTORY MATERIALS

The damage of building refractory materials is manifested
by the local damage of inelastic deformation. As the load
increases, the inelastic deformation concentrates to the weak
part of the material, while the other parts are in the elastic
unloading stage. It can be seen from the damage evolution
process that the damage process includes two parts: initial
damage and damage evolution. At the initial damage stage, it’s
considered that the characteristic stress reaches the lowest
strength of the internal phase in the refractory material; when
entering the damage evolution stage, it’s difficult to acquire
the characteristic parameters of the samples, but easy for the
energy parameter, which can be judged by the energy
unloading relationship, as shown in Figure 8. According to this
figure, the curve area represents the energy dissipation, and the
value of the equivalent displacement at the end of the damage
depends on the amount of energy dissipated; when the
refractory is suddenly unloaded under the damaged state, the
sample will recover along the OC route, but if the damage re-
occurs, it will also develop along the OC route, with the
damage retention function. The equivalent displacement of the

initial damage is expressed as &gq; at 60q26gq, the damage
variable is defined as:
3
&= 10
ool (10)

The characteristics of the RWFRs studied in this paper are
greatly affected by the load properties. The triaxial loading test
of the samples is approximated by the calculation of
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compression model. Based on the Abaqus finite element
software, this paper applies the damage constitutive model to
the RWFR for unit compression experiment. Figure 9 shows
the comparison between the experimental results and analog
values. It can be found that the analog value of the constitutive
model has good consistency with the test values. Because of
the tension process during the actual experiment, the peak
stress strain of the analog value is greater than the test values.
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Figure 9. Comparison of experimental numerical results of
refractory response

5. CONCLUSIONS

In this paper, the rock wool fibre was taken as an example
of tall building refractories. On this basis, the author probed
into the mechanical properties and damage evolution of the tall
building refractory, and set up a meso-damage mechanics
model for the material.

(1) As the temperature increases, the Young's modulus of
refractory decreases; the higher the temperature, the smaller
the variation range of initial Young's modulus and the less
reduction Young's modulus. The maximum stress of the rock
wool fibre refractory is about 35MPa, and the maximum strain
is 4.5x1073.



(2) Before 600 °C, the compressive strength of the RWFR
material decreases little; when the temperature rises to 700 °C,
the strength decreases greatly, that is, the RWFR has a better
performance at 600 °C.

(3) The damage of the RWFR can be roughly divided into
four stages: no damage stage, slow damage development stage,
damage speeding development stage and damage failure stage.
The damage process includes two parts: initial damage and
damage evolution.

(4) The damage process of building refractory includes
initial damage and damage evolution. The damage is
manifested by the local damage of inelastic deformation; as
the load increases, the inelastic deformation concentrates to
the weak part of the material, while the other parts are in the
elastic unloading stage.
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