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This experiment takes the mass loss rate and relative dynamic elastic modulus as indicators to study the damage

degradation process of black bricks in freezing-thawing environment and sulfate corrosion environment under pressure load, it
compares and analyzes the characteristics of freezing-thawing damage and mutual influence of various failure factors. This
paper also performs experimental research and theoretical analysis of the process of damage degradation of black bricks under
action of freezing-thawing cycles. The study finds that under the action of only freezing-thawing factor, the relative dynamic
elastic modulus of the black brick test piece decreases to about 0.60 after 80 cycles of freezing-thawing, reaching the failure
criteria of the test piece. The coupling effect of the load and sodium sulfate accelerates the decline of the relative dynamic
elastic modulus of the test piece under the action of freezing-thawing. Finally, this paper combines with the freezing-thawing
fatigue damage equation model, through the number of indoor freezing-thawing cycles of the black brick, uses the Geographic
Information System (GIS) software TopMap7 to draw various freezing-thawing life distribution maps of the black bricks under

@ter freezing, load and salt freezing environment.
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1. Introduction

China has a vast territory and a long history,
with an architectural history of more than 7,000
years [1-3]. After thousands of years of struggle,
China had various ancient buildings, and diversified
architectural remains [4-6]. Ancient Chinese
architecture combines science, creativity and
artistry, it has a particular style and special
functions, and is unique in world architecture.
Ancient Chinese architecture is a comprehensive
product of political, economic, cultural and
technological conditions of specific historical period.
Through them, not only can we learn from the
treasure house of ancient Chinese architecture, but
we can also better understand the history of the
Chinese nation, it will have a positive effect on the
inheritance of the national culture [7-9].

However, due to the long-term environmental
effects such as wind erosion, rain, earthquake and
other natural disasters, a large number of ancient
buildings face serious damages. For both ancient
buildings and pseudo-classic buildings, brick walls
are important load-bearing structures or building
envelope, and their safety plays a key role in
protecting the status of cultural relic architectures
[10,11]. At present, the research on the durability
mechanism and evaluation of black bricks is
scattered and not systematic [12-15]. In addition to
the study of durability under the only factor of anti-
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freezing and anti-sulphate, the research results of
the performance of black bricks under the multi-
factor coupling of mechanical load and sulfate are
few and no public reports have been reported yet.

In this paper, the relative dynamic elastic
modulus is used as an indicator to study the
damage degradation process of black bricks under
the freezing-thawing environment, sulfate corrosion
environment and pressure load. The characteristics
of freezing-thawing and mutual influence of various
damage factors are compared and analyzed.
Experimental research and theoretical analysis of
the process of damage degradation of black bricks
under freezing and thawing cycles are carried out.
Referring to the related papers, this paper
combines with the freezing-thawing fatigue damage
model, targeting on the natural freezing-thawing
environment conditions, according to the
accumulation principle of fatigue damage, it draws
the life prediction distribution map of black bricks
under the freezing-thawing conditions throughout
China.

2. Materials and Methods
2.1. Experimental materials

The experiment selected black bricks produced
by Changzhou Longyun Antique Building Materials
Co., Ltd., the chemical composition is shown in
Table 1. Ten black bricks were taken for physical
property test, the average values are shown in
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Table 1
Chemical composition of black brick wt%
Type SiO, ALO; FeO MgO CaO TiO, KO NaO
Black brick 69.45 14.13 9.18 1.93 047 0.65 4.51 047
Table 2

Physical and mechanical properties of black brick

Data type Size/mm Density/(kg/m?®)

Compressive strength /MPa  Water absorption rate /%

Average value 230x115%x48 1828

8.11 12.45

A

A

B C D
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Fig.1 - XRD pattern of black brick

Table 2. The mineral composition is shown in Fig.
1. The mineral composition of the black bricks
mainly includes quartz (A), albite (B), anorthite (C),
and hercynite spinel (D).

2.2. Experimental Method

In order to simulate the durability behavior
of black bricks in the natural environment, the
freezing-thawing cycles, sodium sulfate corrosion
and external compressive stress are selected to
carry out the durability test of black bricks under
single, double and multiple factors. There are 3
major categories of experiments. Three bricks were
selected for each test.

(1) Durability of black bricks under the
action of the single freezing-thawing factor.

(2) Durability of black bricks under the
action of double factors, including freezing-thawing
+ 10% load, freezing-thawing +30% load.

(3) Durability of black bricks under triple
factors, including freezing-thawing + 10% load +
5% sulfate solution, freezing-thawing + 30% load +
5% sulfate solution.

2.2.1. Single failure factor

According to GB/T 2542-2012, after the test
piece had been immersed for 24 h, it was placed in
a freezing-thawing box(JY-BX-115) at -15 °C~-
20 °C for 3 h, then it was taken out and placed in
15 °C~20 °C water for 3 h, every six hours is a
cycle. During the experiment, the sample was
immersed in water for 24 h, and the surface water
was wiped dry to measure the initial ultrasonic
sound time interval To using the ultrasonic
instrument, for every 5-10 cycles, measures the

ultrasonic sound time interval Tn, the relative
dynamic elastic modulus Er was calculated by
formulas (1):

E =—t=—=(1) (1)

2.2.2. Multiple failure factors

Spring

Specimen

Ultrasonic

] m

probe

Fig. 2 - Device diagram of test piece subjected to compressive
stress

At the same time as the freezing-thawing
cycle experiment, compressive stress was applied
to the sample as shown in Fig. 2. The device is
cleverly designed and easy to use, it improves the
utilization rate of the freezing-thawing test
machine. First measure the elastic modulus of the
spring, and then control the load by the amount of
compression of the spring. The tests have shown
that with this loading device, the thermal
expansion of the test piece and the instrument, as
well as the temperature change of the freezing-
thawing cycle, have little effect on the load of the
test piece.

A spring-loading system was used to apply
compressive stress to the black brick test piece,
which is equivalent to 10% and 30% of its
compressive damage strength, and then the
freezing-thawing cycle  compressive  stress
experiment was started. The test piece was placed
in a freezing-thawing test machine together with
the loading device, and the freezing-thawing test
was carried out according to GB/T 2542-2012. In
the third category experiment, the specimens were
melted in 5% sulphate solution for three hours
during each freeze-thaw cycle.
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3. Experimental results and discussion

3.1. Single freezing-thawing factor

It can be seen from Fig. 3 that as the
number of freezing-thawing cycles increases, the
relative dynamic elastic modulus of the three black
bricks slightly increases at first and then
decreases. Before 35 freezing-thawing cycles, the
relative dynamic elastic modulus of the bricks
increased and fluctuated between 1-1.15; after 35
cycles, the relative dynamic elastic modulus
decreased slowly, and the relative dynamic elastic
modulus of the three brick samples decreased to
about 0.60 after 80 freezing-thawing cycles. With
the rise in freeze-thaw cycle frequency, the brick
will see increasing internal microcrack and gradual
decline in relative dynamic modulus of elasticity. At
the time when obvious exfoliation takes place on
the brick surface, it's impossible to detect the
ultrasonic velocity with ultrasonoscope due to

unsmooth exfoliation on brick corners.
1.2
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Fig.3 - Relative dynamic modulus of black bricks subjected to
freezing-thawing cycles

3.2. Effect of load on the freezing resistance of
black bricks

Fig. 4 and 5 show the effect of load on the
freezing resistance of black bricks. The results
show that the load effect has obvious influence on
the relative dynamic elastic modulus, and the load
action accelerates the decline rate of the relative
dynamic elastic modulus of the test piece under the
action of freezing and thawing. It can be seen from
the figure that after applying 10% load, as the
number of freezing-thawing cycles increases, the
relative dynamic elastic modulus of the three black
bricks slightly increases at first and then
decreases. After about 50 freezing-thawing cycles,
the relative dynamic elastic modulus of the black
brick samples began to show a significant declining
trend. After 60 freezing-thawing cycles, the relative
dynamic elastic modulus decreased to below 60%,
which reaches the failure criteria of the test piece.
After applying 30% load, the relative dynamic
elastic modulus of the black brick samples showed
a significant declining trend after about 30 freezing-

thawing cycles. After 35 freezing-thawing cycles,
the relative dynamic elastic modulus decreased to
below 60%, which reaches the failure criteria of the
test piece. Under the joint effects of load and
freeze-thaw, the brick body destruction goes in the
same way as in conditions affected by single
freeze-thaw factors - the surface peels off as a
result of crack extension. Due to the load effect,
however, the destruction goes a little faster.
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Fig.4 - Relative dynamic elastic modulus of black bricks
subjected to freezing-thawing cycles and 10% load
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Fig.5 - Relative dynamic elastic modulus of black bricks
subjected to freezing-thawing cycles and 30% load

3.3 Effect of load and crystallization of sodium
sulfate (Na:SO4) on the freezing resistance
of black bricks

Figures 6 and 7 show the effect of load and
sodium sulfate crystallization on the freezing
resistance of black bricks. The results show that
the brick surface saline solution gets increasingly
high in concentration; where the concentration
exceeds the solubility concentration, salt will be
precipitated in the form of crystals. When
crystalized, salt will experience a volume
expansion; once the crystal swelling stress
exceeds the tensile force that the surface pore wall
can bear, the piezocrystallization will cause
repeated destruction to the brick body.. The
coupling of load and sodium sulfate accelerates
the declining rate of the relative dynamic elastic
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modulus of the test piece under the action of
freezing and thawing. It can be seen from the
figure that under the action of 10% load and 5%
sodium sulfate solution, the relative dynamic elastic
modulus of the three black bricks slightly increases
first and then decreases with the increase of the
number of freezing-thawing cycles. After about 25
freezing-thawing cycles, the relative dynamic
elastic modulus of the black brick samples began
to show a significant declining trend. After 35
freezing-thawing cycles, the relative dynamic
elastic modulus decreased to less than 60%,
reaching the failure criteria of the test piece. Under
the action of 30% load and 5% sodium sulfate
solution, the relative dynamic elastic modulus of
the black brick samples showed a significant
declining trend after about 10 freezing-thawing
cycles, and the relativedynamic elastic modulus
decreased to below 60% after 20 freezing-thawing
cycles, which reaches the failure criteria of the test
piece.
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Fig.6 - Relative dynamic elastic modulus of black bricks

subjected to freezing-thawing cycles and 10% load and 5 wt%
sodium sulfate
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Fig.7 - Relative dynamic elastic modulus of black bricks
subjected to freezing-thawing cycles and 30% load and 5 wt%
sodium sulfate

4. Fatigue damage model of freezing-thawing of
black bricks and prediction method of
freezing-thawing life

The fatigue of the black bricks is a process in

under freezing and thawing conditions

which the material properties gradually change,
which in turn causes the cracking and expansion
of the micro-cracks of the black brick until the main
crack is formed. This process is accompanied by
changes in strain and ultrasonic velocity, i.e. the
fatigue damage. Fatigue strength is the level of
alternating fatigue stress for a given number of
cycles when the corresponding standard test piece
is subjected to fatigue failure, normally it is
expressed as a fraction of its static strength. The
relationship between the number N of any
specified cycles and the corresponding fatigue
strength S can be expressed by a stress-fatigue
life curve, and an S-N curve or a Wohler curve.

The macroscopic characteristics of the
black bricks gradually decrease during thethawing
cycles, which is mainly reflected in the decrease in
compactness and the decrease in strength [16-19].
Scanning electron microscopy and X-ray diffraction
analysis show that the freezing-thawing damage of
the black bricks is actually a process from dense to
loose, which is accompanied by the appearance
and development of micro-cracks. Although
hydrostatic pressure is a uniform internal pressure,
and unidirectional tension is an external tensile
force, and the action modes of the two forces are
different, while the black brick is a non-uniform
brittle material, under the action of three-direction
uniform tensile stress, it's always the weakest
section that is destroyed first, therefore, the action
of the freezing-thawing cycle and the triaxial
tension are similar in the damage of the black
bricks. The triaxial tension can be used to simulate
the internal tensile stress during the freezing and
thawing process of the black bricks. On this basis,
Yu Hongfa's research group proposed a freezing-
thawing fatigue damage life prediction model [20],
as follows:

4.1. Freezing-thawing fatigue damage model

Tepfers [21] gives the following expressions
for the fatigue strength of the test piece under
uniaxial tensile stress, which can also be used for
that under the triaxial tensile stress:

S=%=1—ﬂ(l—R)1gN 3)

t

Where, Omax and Omin are the maximum and
minimum tensile stress (MPa), respectively;

f—Tensile strength (MPa);

B—Material parameter;

R—Stress ratio (Omin/Omax);

N—Fatigue life (times).

According to the definition of damage
mechanics, the damage variable D, represents the
loss rate of the dynamic elastic modulus after n
freezing-thawing cycles of the test piece [22].

D, =1L

(4)
0
Where, Eo and En respectively are the
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dynamic elastic modulus of the test piece before
the freezing-thawing cycles and after N cycles of
freezing-thawing.

For the initial state, the freezing-thawing
damage Do=0, and the stress-strain constitutive
relationship of the damaged test piece is
considered as follows:
f;n :En 'gt :EO (I_Dn)g t:f;O (I_Dn) (5)

fio and fi, are the tensile strength of the test
piece before the freezing-thawing cycles and after
n cycles of freezing-thawing, €t is the ultimate
tensile strain of the test piece.

In addition, in the freezing-thawing cycle
process, the maximum internal tensile stress of the
test piece occurs during the expansion of the ice,
and the minimum tensile stress occurs after
dissolution. It can be seen that the freezing-
thawing cycle of the test piece is actually
equivalent to a tensile fatigue loading process. For
the convenience of model simplification, the
minimum tensile stress at this time is assumed as
omin=0. Therefore, the stress ratio R=0[19], then
the formula (3) is simplified as:

S, ="m =1- BlgN (6)
10

In the formula, the fatigue life N is the
freezing-thawing fatigue life of the test piece.

After the test piece has undergone n
freezing-thawing cycles, the remaining freezing-
thawing fatigue life is (N-n), which has the following
relationship:

S, =7 =1- Blg(N - n) )
Fronm formula (6) and (7), we can get:

Ju _Jo'(1=D,) _ 1-plgN o

Jro Jro 1-pBlg(N —n)

Therefore, the freezing-thawing fatigue
damage equation of the test piece is:

1-plgN
=l-— 0<n<N-1
" 1— Bla(N—n) (O<n ) 9

4.2. Material parameter 8

It can be seen from the freezing-thawing
fatigue damage equation that the size of the
freezing-thawing fatigue damage is closely related
to the material parameter 3. For the same stress
level S, the larger the material parameter B, the
smaller the freezing-thawing fatigue life, and the
material parameter (8 is an important indicator that
measures the freezing resistance of the test piece.
In the same freezing-thawing environment, the
smaller the material parameter B, the better the
freezing resistance of the test piece. According to
the experimental results of indoor freezing and

thawing, when n=N-1, the material parameter 8
value of different test pieces can be obtained from
formula (10).

_ DN—l
p lg N (10)
4.3 Freezing-thawing life prediction model of

concrete  structures under natural
freezing and thawing conditions
Assuming that there are m freezing-thawing
cycles in a certain winter, the maximum tensile
stress 0;max Of the test piece undergoing freezing-
thawing cycles can be obtained by the condition of
every positive and negative temperature change,
and then by formula (6) we can get the freezing-
thawing fatigue life N; of the test piece under the
action of Gimax.

Gimax
—tm _1- BlIgN, (11)

Jio
Comparing formula (6) with (11), the ratio of
maximum tensile stress under indoor freezing-
thawing condition and natural freezing-thawing
condition is obtained as:

O _ 1=PIEN
O-i,max 1_ﬂlg]v1

After finishing, the freezing-thawing fatigue
life of the test piece under natural freezing-thawing
damage according to a specific freezing-thawing

cycle system is obtained as:
k+pBlgN-1

N, =10 Bk (13)

Where, Omax is the maximum tensile stress
(MPa) during standard indoor rapid freezing and
thawing;

Oimax iS the maximum tensile stress (MPa)
of the test piece when freezing and thawing under
a specific freezing-thawing cycle system;

k—Stress ratio (Omax/Cimax)

N is indoor rapid freezing-thawing fatigue
life (times);

N; is the freezing-thawing fatigue life (times)
of test piece under natural condition according to a
specific freezing-thawing cycle system.

According to the fatigue damage
accumulation principle of the test piece, under the
condition of natural freezing-thawing cycle, the
freezing-thawing damage caused by the failure of
the test piece is caused by the accumulation of
freezing-thawing damage generated each time
under the specific freezing-thawing cycle system.
Therefore, for the freezing-thawing life prediction
model of the test piece, the number of years Nyear
that it can withstand the freezing and thawing
damage caused by natural winter (consisting of m
different freezing-thawing cycles) is:

(12)
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1 1
- i L i k+;lgN—1 (14)
i=1 N, i i=1 1 OT

Where: Nyear is the freezing-thawing life
(years) of the test piece under natural freezing and
thawing conditions.

a4 04
Ig N,

indoor

D,

indoor
lg]vindoor

The stress ratio k in the freezing-thawing life
prediction model of the test piece is organically
associated with the lowest temperature in the
indoor and outdoor environment and the maximum
indoor and outdoor temperature drop rate, so that
the number of freezing-thawing damages in the
natural environment and the number of indoor
standard experimental freezing-thawing cycles can
be converted.

bl (&)
O-max _ p i Jindoor __ dt indoor (15)

o (do
Timax TinPw ()
pi outdoor dt outdoor

Where: T is indoor or outdoor lowest
thermodynamic temperature (1+273.15);

do
dt
temperature droprate (°C/min);

)

B—Material parameter( =

K=

is indoor or outdoor maximum

under freezing and thawing conditions

n 2w

Pi isa semi-empirical relationship
equation when the freezing point of ice and the
relative steam pressure reach balance.

4.4 Black  brick freezing-thawing life

distribution maps

The internal factors affecting the durability
of black bricks can be obtained through a large
number of experimental studies. The acquisition of
external factor data affecting the durability of black
bricks needs to be obtained from other industries
by means of survey statistics, environmental
meteorological data is used as a basic scientific
data resource. China's meteorological department
has long established a comprehensive
meteorological monitoring, data collection and data
statistics system, and preserves relatively
complete meteorological science data of China. To
meet the needs of architecture and transportation
planning and design, China has established an
observingsystem with more intensive weather
stations and more detailed monitoring data since
1980. The raw meteorological data affecting the
durability of black bricks collected in this paper
comes from the National Meteorological
Information Center of China Meteorological
Administration, and we need to reorganize, count
and analyze the original data. Starting from the
durability distribution of black bricks in the cold
area, we selected 520 meteorological stations
taking the Yangtze River basin as the bound,
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Fig.8 - Service life distribution map under freezing-thawing condition
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Fig.10 - Service life distribution map under freezing-thawing +30% load
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A

Service life distribution map under freezing-thawing +10% load+5wt% sulphate solution

oad+5wt% sulphate solution

Fig.12 - Service ife distribtion map under freezing-thawing +30% |
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which accounted for 75% of the total 700
meteorological stations in the country, and the
remaining 25% of the meteorological stations were
located in South China, which was not threatened
by freezing-thawing damage, therefore, they are
not included, and the time span is from 1980 to
2013, which lasts for 34 years [23].

According to the freezing-thawing fatigue
equation, the number of freezing-thawing cycles
under water freezing, load and salt freezing
environment is substituted into the equation and
then combined with the indoor maximum
temperature drop rate (take 11 °C/h), then
according to the number of natural freezing-
thawing cycles, the daily minimum temperature, the
daily maximum temperature drop rate and other
indicators, we can predict the national freezing-
thawing life of the black bricks. Using GIS software
TopMap7, we can draw various freezing-thawing
life distribution maps of black bricks under water
freezing, load and salt freezing environment. See
Figures 8, 9, 10, 11 and 12.

5. Conclusions

In this paper, three durability failure factors
of freezing-thawing cycle, sodium sulfate corrosion
and external compressive stress were selected for
the durability test of black bricks under single,
double and multiple factors. The conclusions are
as follows:

(1) Under the action of the single factor of
freezing and thawing, the relative dynamic elastic
modulus of the black bricks tends to increase
slightly at first and then decrease. The relative
dynamic elastic modulus of the black brick samples
dropped to about 0.60 after 80 freezing-thawing
cycles. After that, as the peeling of the corner parts
of the samples is uneven, the ultrasonic sound
velocity cannot be detected by the ultrasonic
instrument.

(2) The load effect has obvious influence on
the relative dynamic elastic modulus, and the load
action accelerates the decline rate of the relative
dynamic elastic modulus of the test piece under the
action of freezing and thawing. After applying 10%
load and 30% load, the relative dynamic elastic
modulus decreased to less than 60% after 60 and
35 freezing-thawing cycles respectively, which
reaches the failure criteria of the test piece.

(3) The coupling effect of load and sodium
sulfate has a more significant effect on the
decrease of its relative dynamic elastic modulus.
Under the action of 10% load and 5% sodium
sulphate solution, and 30% load and 5% sodium
sulphate solution, the relative dynamic elastic
modulus decreased to below 60% after 35 and 20
freezing-thawing cycles respectively, reaching the
failure criteria of the test piece.

(4) Combining with the freezing-thawing
fatigue damage equation model, through the

number of indoor freezing-thawing cycles of the
black bricks, and according to the natural freezing
and thawing cycles, the daily minimum
temperature, the daily maximum temperature drop
rate and other indicators all around the country,
this paper used the GIS software TopMap7 to
draw various freezing-thawing life distribution
maps of black bricks under water freezing, load
and salt freezing environment.
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[ MANIFESTARI STIINTIFICE / SCIENTIFIC EVENTS ]

Ultra-High Temperature Ceramics: Materials for Extreme Environment Applications,
June 7-10, 2020, The Lodge at Snowbird, Snowbird, Utah, USA

Interest in high temperature ceramic phases has been growing in recent years, with significant ongoing
research programmes in many countries across the world. This has occurred because the conditions in which
materials are required to operate are becoming ever more challenging as operating temperatures and pressures
are increasing in all areas of manufacture, energy generation, transport and environmental clean-up. Often
extreme temperatures are combined with severe chemical environments and exposure to high energy and, in the
nuclear industry, to ionizing radiation. The production and processing of next-generation materials capable of
operating in these conditions is non-trivial, especially at the scale required in many of these applications. In some
cases, totally new compositions, processing and joining strategies have to be developed. The need for long-term
reliability in many components means that defects introduced during processing will need to be kept to an absolute
minimum or defect-tolerant systems developed, e.g. via fiber reinforcement. Modelling techniques that link different
length and time scales to define the materials chemistry, microstructure and processing strategy are key to
speeding up the development of these next-generation materials. Further, they will not function in isolation but as
part of a system. It is the behaviour of the latter that is crucial, so that interactions between different materials, the
joining processes, the behaviour of the different parts under extreme conditions and how they can be made to
work together, must be understood.

This conference is the fifth of a regular series of meetings held every two to three years. The vision for this
workshop is to have 5 main topic areas:

Processing (including all processing steps, scale up issues and novel approaches);
Environmental response (including thermodynamic considerations, oxidation behaviour, etc);
Characterization (including thermomechanical properties, subscale testing, etc);

Modelling (at all levels, from atomistic to processing and property related); and

Applications (including high-speed flight, propulsion, and energy related).

Contact
http://www.engconf.org/conferences/materials-science-including-nanotechnology/ultra-high-temperature-ceramics-materials-
for-extreme-environment-applications/
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