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Abstract

Using ultrasonic detection, microhardness test, scanning electron microscope test, mercury intrusion method and X-ray diffraction, 

the parameters of sonic time, microhardness, pore size distribution, cumulative pumping of high strength concrete under low cycle 

compression loading are tested after exposure to 200 °C, 400 °C and 600 °C. Experimental study showed that with the increasing 

loading times, the rangeability of sonic time, the microhardness, and total pore volume shows an overall trend of fast-slow-fast. 

Furthermore, the sonic time and microhardness are linearly related to the longitudinal fatigue strain. The research results provided 

references for nondestructive testing, fatigue damage analysis and structural evaluation of concrete structures subjected to fire or 

other high temperature processes.
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1 Introduction
High strength concrete (HSC) materials have high com-
pressive strength and large bearing capacity, and are 
widely used in modern building structures such as high-
rise and long-span buildings. However, when exposed to 
high temperatures during a fire, the dense internal struc-
ture of the material can lead to poor permeability and easy 
cracking, causing high-strength concrete components to 
quickly lose their load-bearing capacity. Furthermore, 
engineering structures that have experienced fires may 
also be subjected to low-cycle fatigue caused by earth-
quakes and other factors, which raises concerns about the 
low-cycle fatigue performance of materials after exposure 
to high temperatures. After exposure to high tempera-
tures, a series of complex physical and chemical changes 
occur inside the concrete, resulting in many small cracks. 
Under cyclic loading, these microcracks propagate and 
connect continuously, and the accumulation of micro-
scopic damage eventually leads to macroscopic cracks 

and ultimate fatigue failure. Microstructural changes are 
the inherent cause of macroscopic damage, and studying 
the relationship between the high-temperature process 
of materials, low-cycle fatigue damage, and microstruc-
tural changes is of great significance for non-destructive 
or micro-damage detection and fatigue damage evaluation 
of high-strength concrete structures after a fire. In spite of 
its excellent fire-resistant performance, the concrete struc-
tures after exposure to high temperature must also meet 
the requirements of the corresponding seismic fortifica-
tion under the low cycle loading caused by earthquake or 
other cyclic loadings. It can be seen that some concrete 
structures of HSC may experience comprehensive work-
ing conditions combining high temperature, fatigue and 
other factors, which will cause fatigue damage to con-
crete. This damage exists not only at the macro level, but 
also at the micro level, and there is an objective relation-
ship between macro damage and microstructural change. 
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In order to scientifically evaluate and repair the fire dam-
aged buildings, its structure must be analyzed. However, 
it's very difficult to use non-destructive testing methods to 
determine the temperature history and mechanical proper-
ties of building materials, what's more, the limited numbers 
and uneven temperature field of coring samples will lead 
an unsatisfactory result, which leads to the hidden dan-
gers of the final assessment conclusion and reinforcement 
plan. Therefore, it's necessary to put forward the scientific 
means to study the relationship between high temperature 
history and microstructure evolution mechanism of HSC 
and establish the corresponding relationship models.

Nowadays, many research have been carried out to inves-
tigate the microstructure of HSC after exposure to high 
temperature. Muhammad et al. [1] observed microstructural 
samples after 150, 300, 500, and 800 ℃ through scanning 
electron microscopy (SEM) and evaluated the role of poly 
(1,4-isoprene) particles in the modified system using thermo-
gravimetric analysis (TMA) conducted on hardened cement 
paste, latex film, and cement-latex blend. Ren  et  al.  [2] 
studied two high performance concrete materials using the 
TMA technique between room temperature and 800 ℃, 
and microporosities were observed in the calcium-sili-
cate-hydrate (C-S-H) phase as a result of phase changes 
during heating. Annerel and Taerwe [3, 4] researched the 
structural change of HSC after exposure to high tempera-
ture by some basic approaches. Liu et al. [5] used differen-
tial thermal analysis (DTA), thermos-gravimetric analysis 
(TGA), SEM and mercury intrusion porosimetry (MIP) to 
test the changes of microstructure of high-performance con-
crete at high temperature. Saridemir et al. [6] examined the 
crack formation and alterations in the matrix, interface and 
aggregate of HSCs by X-ray diffraction (XRD), SEM and 
polarized light microscope (PLM) analyses. XRD, SEM 
and PLM analyses have shown that increasing target tem-
perature result with decrease in mechanical properties.

Furthermore, some studies focus on fatigue damage of 
HSC after exposure to high temperature. Oneschkow  [7] 
investigated the fatigue behavior of HSC within a low-cy-
cle-fatigue research project with respect to the influence of 
maximum stress level, loading frequency and waveform. 
The influence on numbers of cycles to failure and on the 
developments of strain and stiffness were systematically 
analyzed. Kumar et  al.  [8] and Gao  [9] found the max-
imum longitudinal total strain of the HSC after exposure 
to high temperature processes under low cyclic uniaxial 
compressive loading is in accordance with the three-stage 
development law and established the relationship mod-
els between the high temperature process and the fatigue 

damage. Yan et al. [10] present an experimental investiga-
tion on the compressive behavior of steel fiber-reinforced 
reactive powder concrete (SRPC) at 20~800 ℃, including 
the failure mode, compressive strength, stress-strain curve 
and energy absorption capacity. Mathews et al. [11] found 
through experimental research that high temperature can 
cause a decrease in the strength of concrete, and the loss of 
strength increases with the increase of the concrete grade. 
Yang  et  al.  [12] investigated the changes in the mechan-
ical properties of concrete under compressive and bend-
ing fatigue loads, and quantitatively described its fatigue 
performance through stress-strain curves and fatigue life 
curves. Chan  et  al.  [13] tested the parameters of residual 
compressive strength, porosity and pore size distribution of 
high-performance concrete and normal concrete after expo-
sure to high temperature of 800 degrees Celsius, showing 
that the strength of HPC degrades faster than normal con-
crete with increasing exposure temperature, but HPC has 
higher residual strength. Abdelmelek and Lublóy [14] found 
that in high-temperature environments, the compressive 
strength, tensile strength, freeze-thaw resistance, and other 
properties of mortar containing fly ash decrease. Moreover, 
as the temperature rises and the duration lengthens, these 
decreasing trends are intensified. Dehane et  al.  [15] used 
advanced imaging techniques to study the effect of saline 
wastewater on the microstructure of concrete and found that 
the use of saline wastewater in concrete mixtures leads to 
the formation of larger and more numerous pores in the con-
crete structure, which reduces its strength and durability.

Above all, the current research of high strength con-
crete mainly concentrate on the effect of single factor of 
high temperature or fatigue damage, while there is a lack 
of research on the variation of fine microstructure of HSC 
under comprehensive working conditions, and the rela-
tionship between microstructure and mechanical proper-
ties of fatigue still absences. So, in this paper, the micro-
structure of HSC after exposure to high temperature under 
low cycle compression loading has been studied by means 
of ultrasonic detection, microhardness test, scanning elec-
tron microscope test, mercury intrusion method and XRD. 
The  relationship between microscopic parameters and 
macroscopic mechanical behaviors is established. On this 
basis, the dynamic evolution process and damage mecha-
nism of fine microstructure of HSC under the comprehen-
sive conditions of high temperature and fatigue loading are 
further revealed. The research results can provide refer-
ences for nondestructive testing, fatigue damage analysis 
and structural evaluation of concrete structures subjected 
to fire or other high temperature processes.



892|Zhao et al.
Period. Polytech. Civ. Eng., 67(3), pp. 890–901, 2023

2 Materials and experimental methods
2.1 Low cycle compression fatigue test after exposure 
to high temperature
Standard prism concrete with 100 mm sides were used 
as test material (the matching ratio is shown in Table 1). 
The heating rate used in this study was set according to 
the temperature-time curve of the ISO 834 fire protection 
standard  [16]. When carrying out the heating operation, 
the top and bottom of the specimen surface is protected 
by a fireproof barrier material to ensure that the tem-
perature does not develop vertically along the specimen 
and that the remaining four sides are heated evenly (the 
specimen is heated as shown in Fig. 1). The design heat-
ing temperatures were 200, 400, and 600 ℃. Each set of 
specimens was constantly heated for 1, 2, and 3 h after 
reaching the specified temperature and then cooled in 
room temperature [17].

Considering the uneven temperature field, after cool-
ing, the prism specimen was cut into three segments per-
pendicular to the long side direction, and the cube piece 
in the middle with even temperature field was taken as 
the study specimen [18]. The fatigue test was carried out 
on the electro-hydraulic servo testing machine and the 
vertical fatigue loads on the test blocks was applied by 
500 kN actuator. Cyclic loading waveform was sine wave 
with frequency of 10 Hz, and the minimum stress level 
Smin (the ratio of minimum lateral compressive stress σmin 
and tensile strength ft) was 0.10, and the maximum stress 
level Smax was 0.80, 0.85 and 0.90, respectively. And speci-
mens were loaded to 25%, 50%, 75%, 100% of fatigue life, 
respectively. The deformation of the test pieces was mea-
sured by 50 mm foil resistance rosette strain gauge pasted 
in the two opposite free surfaces of the specimen [19].

2.2 Microstructure test in fatigue process
The microstructure test was carried out in the exper-
imental center of School of Civil and Transportation 
Engineering of Beijing University of Civil Engineering 
and Architecture. Since the requirements of each sub test 
are different, the four tests are carried out in the order of 
ultrasonic detection, microhardness test, scanning elec-
tron microscope test, mercury intrusion method and XRD 
test step by step [20–24].

Firstly, the non-metal ultrasonic testing analyzer 
(NM-4B) whose transmitting frequency is 50 kHz is used 
for ultrasonic test. Based on diagonal test method, test 
blocks loaded to 25%, 50%, 75% of the fatigue life were 
selected, respectively. The diagonal intersection of two 
unfired sides of the specimens was ultrasonic point and 
took the distance between two ultrasonic points measured 
by vernier caliper as distance measurement, as shown 
in Fig.  2(a). Applied a layer of medical Vaseline evenly 
on the test points, and pasted the transmitting probe and 
receiving probe tightly on the concrete measuring points, 
then gently twisted the probe to discharged the excess air 
to achieve good acoustic coupling of probe and concrete. 
Each test point was repeated six times, and the average 
value was taken as the test result of this point.

Then the microhardness tester (FM-800) was used for 
the test. The test blocks tested by ultrasonic wave were 
cut in parallel to the unfired sides and cut into 10 mm thin 
slices along the centerline, as shown in Fig.  2(b). After 
grinding and polishing, the specimens were firmly placed 
on the rigid support of the FM-800 microhardness tes-
ter. Carefully adjust the illumination and focus to obtain 
clear indentation images. Then contact the indenter with 
the surface of the specimen and increased the test force 
applied perpendicular to the test surface to the specified 
value 100 g. The time from loading to all test force apply-
ing was 4 s, and then kept the maximum constant test force 
for 15 s. The microhardness tester should avoid impact and 
vibration during the whole experiment.

Afterwards, scanning electron microscope (HITACHI 
S-4300) tests were carried out. First of all, the prepared 
sample was firstly dusted with an ear wash ball. In order 
to make the surface of the sample conductive, it was 
firstly placed in a vacuum coater for evacuation, and after 

Table 1 Mix Properties of HSC

Cement: kg/m3 Sand: kg/m3 Gravel: kg/m3 Water: kg/m3 Water reducing agent: kg/m3 Water to binder ratio: kg/m3

510 720 1040 144 11 0.32

Fig. 1 Schematic diagram of the heated surfaces
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reaching the vacuum state, a gold film was sprayed on its 
surface. Then it was glued to the scanning electron micro-
scope carrier plate with a photocell and marked on the car-
rier plate. Finally, it was sent into the scanning electron 
microscope sample chamber and fixed. At the same time, 
the surface morphology was analyzed at different points by 
adjusting the position and magnification of the objective.

The pore structure of the sample was analyzed by auto- 
matic mercury intrusion porosimetry instrument (Autopore 
IV 9500). Break the specified test block region where 
microhardness test had been done and loaded to fatigue 
damage with hammer, and pick out the sample about 10 mm 
× 10 mm × 10 mm. Before testing, heat the sample in vac-
uum drying oven under 60  ℃ for more than 2~3  hours. 
Then, weigh the empty test tubes and test tubes put into 
the sample. Next, evacuate the test tubes to vacuum at low 
pressure, measure the amount of the intruded mercury at 
high pressure after completion, weigh the test tubes after 
experiment and record the weight difference. Keep the 
room temperature below 25 ℃ and in good ventilation con-
dition. Export data after the experiment.

The samples were tested using an X-ray diffraction 
(DX-2700B analyzer). Because the samples were inevitably 
mixed with sand, so after coarse crushing, the remaining 
samples should as much as possible remove the gravel and 
coarse sand and so on. Then, the samples were mixed with 
alcohol and placed in an agate mortar to grind to granule. 
Carefully collected, and took proper amount onto the load 
plate, then put in the scanning bin and set the parameters [25].

3 Results and discussion
3.1 Fatigue life
It is generally believed that the fatigue life of concrete is 
subject to the lognormal distribution [26, 27]. The European 
Concrete Code uses a formula to predict the fatigue life of 
concrete, according to which the logarithmic values of the 

expected fatigue life of ordinary concrete specimens at room 
temperature are calculated to be 1.368, 2.052 and 2.736 (cor-
responding to maximum stress levels of 0.90, 0.85 and 0.80), 
as shown in equation log ( )( )

min min max
N S S S� � � �12 16 8 12 . 

Therefore, the logarithm of the mean value of fatigue life 
lgN f under the same stress level is used as the average 
fatigue life under this condition. At least 3 test blocks 
are tested for each condition in this test, discrete values 
are removed, and the average value is taken. The results 
of the average fatigue life calculation and fc

T is the com-
pressive strength of HSC specimens after different high 
temperature processes, whose unit is MPa, as shown in 
Table 2 [17].

3.2 Results and analysis of microscopic test in fatigue 
process
3.2.1 Scanning electron microscope tests
Figs. 3 and 4 show SEM images at 30 mm from each of 
the three adjacent surfaces of the concrete during uniaxial 
compression fatigue at a stress level of 0.9 at room tem-
perature and 400 ℃ for 1 h.

Table 2 Test data of fatigue life for HSC after exposure to high 
temperature

Specimen 
Number

Average fatigue life ( lgN f )

0.9 fc
T 0.85 fc

T 0.8 fc
T

P-200-1 3.16 4.53 5.01

P-200-2 2.07 4.34 4.91

P-200-3 2.74 3.60 4.74

P-400-1 2.80 4.83 4.97

P-400-2 2.09 2.82 3.08

P-400-3 2.37 4.65 5.04

P-600-1 3.52 4.74 4.96

P-600-2 3.50 4.80 5.08

P-600-3 1.49 2.32 4.49

Note: P-heating temperature-holding time. Eg.P-200-1 indicates keeping 
200 ℃ for 1 h.

Fig. 2 Test schematic; (a) Schematic diagram of direct-penetration method, (b) Schematic diagram of microhardness test
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Fig. 3 SEM images during fatigue under the maximum stress level of 0.9 at room temperature; (a) P-20-0.9-0%, (b) P-20-0.9-25%, 
(c) P-20-0.9-50%, (d) P-20-0.9-75%, (e) P-20-0.9-100%

(a) (b) (c)

(d) (e)

Fig. 4 SEM images during fatigue after exposure to 400 ℃ and kept for 1 h under the maximum stress level of 0.9; (a) P-400-1-0.9-0%, 
(b) P-400-1-0.9-25%, (c) P-400-1-0.9-50%, (d) P-400-1-0.9-75%, (e) P-400-1-0.9-100%

(a) (b) (c)

(d) (e)
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Fig. 3(a) shows that the interfacial transition zone (ITZ) 
between aggregate and cement matrix of HSC is tightly 
adhered at room temperature, and the cement paste is 
dense and continuous. The structure is complete, and no 
obvious defects are found. According to Fig.  4(a), after 
1 h with a constantly high temperature of 400 ℃, there 
are obvious defects such as holes and micro-cracks in the 
transition region of the aggregate and cementite inter-
face before fatigue loading. The cement paste appeared 
significantly flaky, and the gel surface showed signif-
icant crystalline water dissipation after leaving small 
holes. According to Fig. 3(b) and Fig. 4(b), when the load-
ing reaches 25% of the fatigue life, the porous state in 
the ITZ of the interface between the aggregate and the 
cement paste is significantly increased, which generates 
the hydration products. The cement paste is uncompacted, 
and the structural looseness is significantly increased. 
The bond becomes loose, and a large number of micro-
cracks is generated. The micro-cracks expand rapidly 
along the surface of aggregate. As can be seen in Fig. 3(c) 
and Fig. 4(c), at 50% of the fatigue life, the structure of 
cement paste becomes significantly flaky and peeled, and 
the porous state is further aggravated. There are a large 
number of scattered interconnected micro-cracks devel-
oping uniformly within the cement paste, which indicates 
that the development of micro-cracks is mainly focused in 
the interior of the cement paste. As can be seen in Fig. 3(d) 
and Fig. 4(d), when loaded to 75% of the fatigue life, there 
is severe delamination and misalignment between the 
aggregate and the cement paste. Cracks are interconnected 
between the cement paste and the ITZ. Micro-cracks in 
adjacent coarse aggregates are distributed in parallel or 
multiple distributions and become larger in width. Some 
of the cracks extend further which leads to the connec-
tion between nearby holes. According to Fig.  3(e) and 
Fig. 4(e), a large number of deep gaps and voids are gen-
erated between the aggregate and the cement paste when 
loaded to fatigue failure. The gaps penetrate along the 
edges of the aggregate thus eventually lead to the failure 
of specimens. In conclusion, fatigue failure first occurs 
in the ITZ between aggregate and cement paste, which is 
highly consistent with the macro fatigue failure pattern of 
high-strength concrete after high temperature.

3.2.2 Ultrasonic detection
The fatigue process of high strength concrete under uni-
axial compression after exposure to high temperature is 
characterized by sonic time. 

It can be seen from Fig. 5 that the sonic time varies with 
the fatigue loading process. When loading to 25% of the 
fatigue life, the amplitude of sonic time changes greatly, 
which is about 1.1~1.5 times before loading. When load-
ing from 25% to 75% of the fatigue life, changes of sonic 
time tend to be gentle. When the holding time and stress 
level are constant, the higher the heating temperature, 
the greater the sonic time. What's more, the sonic time at 
600 ℃ is about 4 times as much as it at 200 ℃, and the 
sonic time under loading to 75% of the fatigue life is only 
about 1.25 times than loading before. Thus, the impact of 
heating temperature on sonic time is far greater than the 
fatigue process. Holding time and stress level have less 
influence on sonic time.

The analysis shows that there are many tiny cracks on 
the interface and the inner of cement stone before loading. 
Due to the difference in elastic modulus and strength of 
aggregate and cement, the deformations of the two mate-
rials are not consistent under the fatigue loading. A large 
amount of microcracks will generate quickly on the inter-
face between aggregate and cement stone at the beginning 
of the fatigue cycle, resulting in the variation of sonic time. 
The number of microcracks formed by the cyclic load-
ing is gradually reduced with the increase of the number 
of fatigue loading, so that the change range of the sonic 
time at this stage is small. And the microcracks are con-
stantly absorbing the energy, gradually developing, cross-
ing, converging, finally resulting in performance between 
aggregate and cement stone adhesive cracks and internal 
microcracks leading to unstable continuous crack insta-
bility expansion. Then adjacent microcracks continue to 
merge to form a macrocrack, test blocks damage [19, 28].

P2-1-0.80 P4-1-0.80
P2-1-0.85 P4-2-0.80 P6-1-0.80
P2-1-0.90 P4-3-0.80

�� ��� ��� ���

��

��

��

	�

���

���

N/Nf

TS( µs)

Fig. 5 Relationship between sonic time TS and relative fatigue cycles  
N/Nf of HSC after exposure to high temperature
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The regression equation of the fatigue strain of HSC 
after different high temperature process was obtained by 
nonlinear multivariate regression of the measured sonic 
time Ts, the number of loading cycles N/Nf and the stress 
level Smax:

T a N N b N N c N N dT etS f f f� � � � � � � � � � �/ / /
3 2

,	 (1)

in which T indicates the heating temperature, t indicates 
the holding time, N is the number of fatigue loading times, 
Nf is fatigue life and a, b, c, d, e are coefficients of regres-
sion equation.

In order to facilitate the engineering application and 
analysis, this paper analyzed the relationship between the 
sonic time Ts and the loading cycles after exposure to dif-
ferent high temperature processes under various stress 
levels and put forward a unified formula. Holding time 
was neglected due to its small influence.

When Smax = 0.80, Smin = 0.10:

T N N N N N N

T t
S f f f� � � � � � � � �
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1 79 15 07 41 49

0 14 0 021 200

3 2

. / . / . /

. . ( C �� � ��T R600 0 89172C) . . 
	 (2)

When Smax = 0.85, Smin = 0.10:

T N N N N N N

T t
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2 08 16 17 41 43

0 14 0 011 200

3 2
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	 (3)

When Smax = 0.90, Smin = 0.10:

T N N N N N N

T t
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0 99 10 36 35 22

0 14 0 016 200

3 2
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(4)

Furthermore, the relationships between the sonic time 
Ts of HSC and the strain εT,m in fatigue direction under 
different stress levels and temperature processes were 
obtained [26]:

When Smax = 0.80, Smin = 0.10:

T
N N N N

N N
S

T m f f

f

�
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When Smax = 0.85, Smin = 0.10:

T
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S
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When Smax = 0.90, Smin = 0.10:

T
N N N N
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S

T m f f

f

�
� �

� � � � � �
� �

0 0152 1453

19 5123

23 5225 14
3 2

. / /

. /

. .,�

22 8524 40 9018

200 600 0 88612

. .

. .( )

t

T R

�

�
�
�

��

�
�
�

��

� � � � �C C  

	 (7)

In order to facilitate the fatigue damage analysis and 
structural evaluation of HSC structures subjected to fire 
or other high temperature history by means of non-de-
structive testing, a fitting of the sonic time Ts of HSC and 
fatigue strain εT,m of HSC under different temperature con-
ditions was proposed:

�T m ST R,

.. . .� �1030 70 0 91660 422 2 	 (8)

3.2.3 Microhardness test
It can be seen from Fig. 6 that the microhardness (HV) of 
concrete under the increasing fatigue loading reduced in 
three phrases. Take the concrete at 400 ℃ for example, 
the HV under the loading before fatigue to 25% of fatigue 
life changed rapidly and reduced by about 20% while its 
variation tended to moderate under the loading from 25% 
to 75% of the fatigue life and reduced roughly by 10%. 
Comparing with the different holding time and stress 

Fig. 6 Relationship between micro-hardness and relative fatigue cycles of HSC after high temperature; (a) 200 ℃, (b) 400 ℃, (c) 600 ℃
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level, the different heating temperature had a greater influ-
ence on HV. When the heating temperature is the same and 
the constant temperature is different, the HV decreases 
with the increase of the holding time. Therefore, the HV 
in the interfacial transition zone (ITZ) decreases continu-
ously from fast to slow with the increase of fatigue loading 
times. This trend is consistent with the changes pattern of 
sonic time, and both are well supported. The test results 
are shown in Fig. 6.

The regression equation of the fatigue strain of HSC 
after different high temperature process was obtained by 
nonlinear multivariate regression of the HV, the number of 
loading cycles N/Nf and the stress level:

HV j N N k N N l N N mT ntf f f� � � � � � � � � � �/ / / ,
3 2

	 (9)

in which T indicates the heating temperature, t indicates 
the holding time, N is the number of fatigue loading times, 
Nf is fatigue life, and j, k, l, m, n are coefficients of regres-
sion equation.

In order to facilitate the engineering application and 
analysis, this paper analyzed the relationship between HV, 
fatigue strain and the loading cycles after different high 
temperature processes under various stress levels and put 
forward the relationship between HV and fatigue strain εT,m.
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When Smax = 0.85, Smin = 0.10:
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When Smax = 0.90, Smin = 0.10:

HV
N N N N

N N

T m f f

f

�
� � �

� �

� � � �
� �

0 0056 9 0798 9 2618

1 6385 1

3 2

. . / . /

. / .

,�

00563 113 3112

200 600 0 87122

t

T R

�

�
�
�

��

�
�
�

��

� � � � �

.

. .( )C C  

	

(12)

In order to facilitate the fatigue damage analysis and 
structural evaluation of HSC structures subjected to fire or 
other high temperature history by means of non-destructive 

testing, a fitting of HV of HSC and fatigue strain εT,m of 
HSC under different temperature conditions was proposed:

HV RT m� � � �0 0123 153 0590 0 82092. . . .,� 	 (13)

3.2.4 Mercury intrusion method
The peak aperture in the aperture distribution map is the 
most probable aperture [29], as shown in Fig. 7. In the 
case of 400 ℃, the most probable aperture increased evi-
dently by about 20% under the loading before fatigue to 
25% of the fatigue life, increased small under the loading 
from the 25% of the fatigue life to 50% and 50% to 75% 
by about 6% and 6.3%, respectively. The amplification 
is 12% under the loading from 75% of the fatigue life to 
fatigue damage. Thus, the most probable aperture shows 
the three-stage change trend of the "fast-slow-fast" pro-
cess with the fatigue loading process, which confirms the 
three-stage rule of the macroscopic mechanical behavior 
from the microscopic level and is consistent with the vari-
ation trend of sonic time and microhardness well.
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It can be seen from Fig. 7 and Table 3 that the increase 
of the number of fatigue loading cycles enlarges the most 
probable aperture in the transition zone of aggregate-ce-
ment stone interface of HSC after exposure to high tem-
perature evidently. The pores with the size of more than 
50 nm are harmful holes and more hazardous holes, while 
those with the size of less than 50 nm are less harmful 
holes and harmless holes [29]. When the HSC test block 
is loaded to 70% of the fatigue life, the number of harm-
ful holes and increased obviously, and the number of 
less harmful holes and harmless holes reduced to a cer-
tain extent. The reason shows that the number of harm-
ful holes and more hazardous holes in the transition zone 
of the aggregate-cement interface before fatigue loading 
are relatively small. At the beginning of the fatigue cycle 
loading, the pores in the transition zone absorb energy 
quickly expanding the edge of the holes, so that the pore 
size increases and part of the less harmful holes and harm-
less holes develop into. Then the number of less harmful 
holes and harmless holes decreases and harmful holes and 
more hazardous holes increases, which ultimately lead to 
test blocks damage. 

3.2.5 XRD test
Fig. 8 shows the XRD patter with details of the crystalline 
phases present in the samples, which were loading under 
0.9 of stress level after heating at 200 ℃ for 1 h [30]. XRD 
data were obtained by using a X-ray diffractometer with the 
following testing parameters: 30 KV, 40 mA, and Cu Kα 

Table 3 The amount of mercury injected in different pore sizes

No. Specimen No. The most probable 
aperture size

Accumulate mercury 
volume <50 nm/% 50~200 

nm/% >200 nm/% Peak width

1

P2-1 50.3 0.0580 49.8 30.5 19.7 11~151.1

P2-1-0.9-25% 62.5 0.0618 42.2 37.7 20.1 11~183.2

P2-1-0.9-50% 68.5 0.0610 36.9 40.3 22.8 12.2~227.1

P2-1-0.9-75% 73.1 0.0643 30.2 44.5 25.3 12.2~227.1

P2-1-0.9-100% 85.4 0.0678 23.7 48.8 27.5 17.1~283.5

2

P4-1 77.1 0.0616 31 40.4 28.6 13.7~283

P4-1-0.85-25% 88.5 0.0653 27 49.9 23.1 13.7~283

P4-1-0.85-50% 95.4 0.0661 21.8 51.6 26.6 21.1~350.5

P4-1-0.85-75% 87.3 0.0685 19.3 50.5 30.2 13.7~283

P4-1-0.85-100% 98.6 0.0718 21 54.2 24.8 21.1~434

3

P4-3 95.4 0.0654 22.3 44.2 33.5 17.1~434.8

P4-3-0.85-25% 108.7 0.0708 17.7 48.7 33.6 21.1~554.0

P4-3-0.85-50% 101.3 0.0735 18 47.2 34.8 17.1~554.0

P4-3-0.85-75% 113.6 0.0756 18.3 43.9 37.8 21.1~677.9

P4-3-0.85-100% 120.8 0.0789 13.1 48.6 38.3 26.3~836.6

4

P6-1 77.1 0.0727 22.6 42.6 34.8 17.1~283.9

P6-1-0.85-25% 95.6 0.0749 22.8 46.4 30.8 21.1~350.1

P6-1-0.85-50% 95.6 0.0759 21 45.1 33.9 21.1~350.1

P6-1-0.85-75% 85.1 0.0751 18.1 47.8 34.1 17.1~434.8

P6-1-0.85-100% 102.1 0.0788 15.4 49.4 35.2 21.1~434.8

Note: pore size distribution expressed as a percentage
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Fig. 8 The XRD pattern; the peaks are identified as follows:  
A = calcium hydroxide or Ca(OH)2, B = quartz or SiO2, C = calcium 

carbonate or CaCO3, and D = dolomite or MgCO3·CaCO3
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radiation. The XRD patterns were obtained by a scanning 
rate of one degree per minute from 10 to 80 degrees (2θ) 
and steps of 0.02 degrees (2θ).

A single letter or set of letters was assigned to each 
phase to facilitate easier representation. The major com-
ponents of samples are quartz (SiO2) and dolomite 
(MgCO3·CaCO3). The presence of a broad elevation hump 
from 20° to 40°, indicates the presence of amorphous sil-
icates, which are difficult to characterize [31]. Compared 
with the samples before fatigue loading [18], there was 
no obvious change, indicating that the basic reaction of 
cement mineral phase before fatigue loading was com-
pleted. There were almost no characteristic peaks of trical-
cium silicate, dicalcium silicate, tricalcium aluminate and 
tetracalcium aluminate which indicated that the contents 
were very few and almost completely reacted. The char-
acteristic peak of hydrated product calcium hydroxide was 
very low, indicating that there was certain content of cal-
cium hydroxide; the characteristic peak of hydrated prod-
uct ettringite barely showed almost no ettringite exists; the 
content of quartz stone was high, mainly from the aggre-
gate. As shown in Fig. 8, the peak value of the hydrated 
product calcium hydroxide and ettringite was almost 
invisible when loading to the 25%, 50%, 75% of the fatigue 
life and even to fatigue damage, indicating that the content 
of calcium hydroxide and ettringite was almost none, the 
content of calcium carbonate remained unchanged, and the 
content of quartz content was high.

In summary, the content of cement hydration products 
of HSC in the fatigue process after exposure to high tem-
perature kept consistent with it before fatigue and no new 
minerals formed, which showed that the fatigue process 
had no obvious effect on the content of HSC. This conclu-
sion is consistent with the results of literature [32].

4 Discussions
By testing and analyzing the microscopic parameters such 
as sonic time, microhardness, the most probable maxi-
mum aperture and cumulative pumping, the three-stage 
rule of macroscopic mechanical behavior was confirmed 
from the microcosmic level. And the variation trend of 
each microscopic parameter was consistent and well sup-
ported by each other. From the Eqs. (8) to (12) we can see 
that the Ts and HV are linearly related to the longitudi-
nal fatigue strain εT,m, respectively, further illustrating the 
objective relationship between the microstructure change 
and the macroscopic damage, confirming the consistency 
of three-stage change rule.

The rangeability of sonic time, microhardness, the most 
probable maximum aperture and cumulative pumping 
shows the trend of fast-slow-fast, an obvious three-stage 
change rule, indicating that the damage development of its 
inner micro cracks can be divided into three stages, which 
is consistent with the three-stage variation of the low 
cycle compressive fatigue longitudinal total strain of HSC 
after exposure to high temperature [26]. The first stage is 
fatigue before loading to loading to 25% of the fatigue life 
when microcracks develop rapidly. At this stage, the pores 
in the transition zone of the aggregate-cement stone inter-
face absorb energy fast, the pore size and the cumulative 
amount of mercury increase rapidly, resulting in the tran-
sition zone loose and porous. Then sonic time increases 
significantly, microhardness decreases, microcracks form 
and extend substantially along the boundaries of the 
aggregate. The second stage is under the fatigue loading 
from 25% of the fatigue life to 75% of the fatigue life, 
that is, the linear development stage of the microcracks. 
The damage at this stage is mainly caused by the forma-
tion of new microcracks in cement mortar and the stable 
expansion of the original microcracks. With the increase 
of the number of fatigue loading times, the amplitude of 
variation of sonic time, microhardness, the most probable 
maximum aperture and cumulative pumping tend to be 
gentle. The inner microcracks increase steady, total longi-
tudinal fatigue strain grows cumulatively linearly, and the 
growth rate is relatively stable. The third stage is under 
the loading from 75% of fatigue life to fatigue failure. 
This phase aperture and cumulative pumping change rap-
idly. The microcracks expand significantly, interconnect 
with each other and penetrate the cohesive cracks on the 
interface of aggregate-cement stone leading to the forma-
tion of macrocracks with certain size. Then these cracks 
intersect with other cracks under the fatigue cycle loading 
to form larger cracks, which cause the total longitudinal 
fatigue strain to increase suddenly and damage the spec-
imens eventually.

By performing a nonlinear multivariate regression on 
the measured ultrasonic velocity, microhardness, and most 
significant pore size with loading cycle numbers, a rela-
tionship model between the microstructure and fatigue 
process of high-strength concrete after different high-tem-
perature histories under various stress levels was obtained. 
This model can provide reference for engineering applica-
tions and analysis.
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5 Conclusions
Based on analysis of experimental results from the devel-
opment of microstructure, the following conclusions can 
be drawn below.

1. The variation range of microscopic parameters show 
an overall trend of fast-slow-fast with the fatigue loading 
process. The number of harmful holes and more hazard-
ous holes increases significantly, the number of less harm-
ful holes and harmless holes reduces to a certain extent, 
and the sonic time and microhardness are linearly related 
to the total longitudinal fatigue strain. By establishing the 
relationship model between the microscopic parameters 
and the total longitudinal fatigue strain, the three-stage 
rule of the macroscopic mechanical behavior is confirmed 
from the microcosmic level.

2. The fatigue loading process has no obvious effect on 
the content of each phase in the high strength concrete, 
but has a great influence on the pore structure, which is far 
less important than the influence of heating temperature. 
And the pore structure of high strength concrete in fatigue 
process after exposure to high temperature has no obvious 
changes with the variation of holding time and stress level.

3. The variation rules of the measured parameters 
through five microscopic test methods are consistent and 
well supported by each other. Also, these rules definite the 

three-stage damage development of the inner microcracks 
of high strength concrete in the fatigue loading process 
and further reveal the dynamic evolution process and the 
fatigue damage mechanism of the internal fine microstruc-
ture of the high strength concrete under the comprehen-
sive conditions of high temperature and fatigue loading.

The micro-scale fatigue damage accumulation model 
and the comprehensive fatigue damage accumulation 
model established in this article are only based on C60 con-
crete, and the heating temperature is only tested at 200 ℃, 
400 ℃ and 600 ℃. Further improvement is needed in 
future research for other strength concretes or more com-
plex working conditions.
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