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Abstract. The freeze-thaw durability of shotcrete can be improved by adding an air-entraining agent in cold areas. The
main focus of this paper is to investigate the changes in the internal pore structure of C25 ordinary shotcrete and shot-
crete mixed with a RM-YQ air-entraining agent using computed tomography (CT) scanning technique during freeze-
thaw cycles. The macroscopic tests were conducted, including mass loss, dynamic modulus of elasticity and ultrasonic
wave velocity tests. Results were compared, and the freeze-thaw durability characteristics of shotcrete mixed with the
air-entraining agent were revealed. Adding an air-entraining agent could reduce the number of pores largely that ranged
mainly from 0.01 mm? to 1.00 mm? (excluding the pores or bubbles <0.01 mm? because of the precision of the CT scan-
ning system), and could therefore improve the initial pore structure of the formed shotcrete. During first few freeze-thaw
cycles, just few small pores formed. After cement mortar fragmentations appeared, the number of small pores (0.01 mm?
to 0.50 mm?) in ordinary shotcrete increased significantly. The pore structure deteriorated largely. However, this could be
prevented effectively by adding an air-entraining agent. Therefore, the freeze—thaw durability of shotcrete was improved.

Keywords: freeze—thaw cycles, shotcrete, air-entraining agent, computed tomography scanning, pore structure.

Introduction

In cold regions, shotcrete undergoes freeze-thaw cycles
because of the alternating changes in negative and posi-
tive temperatures. Consequently, the internal structure of
shotcrete is damaged. Such an effect can threaten the sta-
bility and safety of the initial support and even the whole
tunnel structure. However, a large number of evenly dis-
tributed, stable, and tiny closed bubbles can be created
in the shotcrete, when an air-entraining agent is added.
These bubbles are mostly spherical and uniform, with a
diameter ranging from 20 and 150 pm on the whole (Chen
et al. 2014). Such bubbles in concrete materials can cut
the channel of capillaries and therefore prevent the migra-
tion of unfrozen water caused by the frost heave force.
Thus, the bubbles function as impounding reservoirs in
buffering and decompression to reduce the freeze-thaw
damage to concrete structures (Chatterji 2003; Lomboy,
Wang 2009). Currently, an air-entraining agent has been
introduced to tunnel construction in cold environments,
and engineering practice has shown that the addition of
such agent can significantly improve the freeze-thaw du-
rability of shotcrete. Nevertheless, current studies have
rarely investigated the mechanism of freeze-thaw dam-
age to shotcrete mixed with an air-entraining agent. Many

studies have focused on the common casting structures
of concrete, such as house buildings, bridges and dams.
In the present study, changes in the inner pore structure
of shotcrete under freeze-thaw loading are considered as
the foundation to analyze and reveal the mechanism of an
air-entraining agent for improving the freeze-thaw dura-
bility of shotcrete.

Nondestructive detecting technologies, including
the acoustic emission (AE) method (Suzuki et al. 2007),
the ultrasonic imaging method (Molero ef al. 2012; Ranz
et al. 2014) and the computed tomography (CT) scan-
ning, have been applied to investigate the internal micro-
structure of concrete. Among these methods, CT scanning
technique is widely used, because it can obtain visual-
ised and accurate results. Suzuki et al. (2010) used an
X-ray CT method to investigate the crack distributions in
concrete-core samples obtained from reinforced concrete
in an existing canal. Desirable results were obtained. Yi
et al. (2015) investigated the crack growth in non-rein-
forced and fibre-reinforced cemented paste backfill in
the unconfined compressive strength test through X-ray
computed tomography to reveal the mechanism of the
internal failure. Yuan ef al. (2016) investigated the vari-
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ation of concrete pores and process of concrete damage
under the coupled actions of sulfate attack and drying-
wetting cycles depending on X-ray CT images. In addi-
tion, the images captured through the CT scanning system
can also be converted into numerical concrete models or
3D images by some image analysis software, in order to
investigate and analyse the internal structure of cementi-
tious materials more quantitatively and visually (Zofka
et al. 2014; Savas 2014; Chung et al. 2015). Therefore,
CT scanning technique is an effective tool to investigate
changes in the internal structure of concrete materials.
In the present study, C25 shotcrete was selected as
the test object. On the basis of the results of previous
studies, the CT scanning technique was applied to investi-
gate the changes in the internal pore structure of shotcrete
mixed with an air-entraining agent and ordinary shotcrete
during freeze-thaw cycles. Mass loss, dynamic modulus
of elasticity and ultrasonic wave velocity tests (Chen
et al. 2014) were performed to verify and supplement the
CT scanning results. The test results were analysed and
compared to determine the freeze-thaw durability charac-
teristics of shotcrete mixed with an air-entraining agent.

1. Experiment
1.1. Experimental materials and specimen

The C25 shotcrete used in the experiment was a mixture
of ordinary Portland cement (strength grade: P.042.5),
clean river sand (fineness modulus: 2.72), good-grade
crushed aggregates (particle size range: 5-10 mm) and
water. The mixture mass ratio was 1.00:2.16:1.91:0.50,
which was in accordance with the recommendations of
Common Portland Concrete (GB175-2007) and Techni-
cal Specification for Construction of Highway Bridge and
Culvert (JTG/TF50-2011). The admixture of the shotcrete
included a MRT accelerating agent (alkali-free) and a
RM-YQ air-entraining agent (mainly composed of modi-
fied rosin pyrolytic polymer and high-performance anion-
ic surfactant), which accounted for 4.0 wt% and 0.1 wt%
of the cement, respectively.

The wet-mix method is commonly used to construct
shotcrete in tunnels. Therefore, the wet-mix method was
applied in this study to construct the test shotcrete and
simulate actual engineering practice. The process of the
wet-mix method was as follows. Firstly, about 30% of the
total water consumption was added to the mixture of sand
and aggregates, after which they were stirred fully. Sec-
ondly, the cement was placed into the mixture and stirred.
Lastly, about 70% of the total water consumption was
added, and all the materials were mixed and stirred before
spraying. The necessary shotcrete block was produced
in accordance with the requirements of the large-board
spraying method (Fig. 1), as indicated in the Specification
for bolt-shotcrete support (GB/T 50086-2001). The speci-
mens were completed by cutting the hardened shotcrete.
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Fig. 1. Large-board spraying method

1.2. Grouping and numbering of specimens

Two groups of ordinary shotcrete prismoid specimens
were prepared. One group included three specimens,
which were subjected to rapid freeze-thaw tests. Their
size was 100x100x400 mm. The other group included
two specimens, which were subjected to the CT scanning
test. Their size was 60x60x100 mm. All the specimens
were numbered as DR + lot number + serial number,
where DR represents the ordinary shotcrete specimens,
lot number represents the batch of tests, and serial num-
ber represents the specimen number in the same batch.
Similarly, two groups of shotcrete prismoid specimens
mixed with the air-entraining agent were prepared. Three
specimens with the size 100x100x400 mm were used
for the rapid freeze-thaw tests. Two specimens with the
size 60x60x100 mm were used for the CT scanning test.
They were numbered DRY + lot number + serial number,
where DRY represents the shotcrete specimens mixed
with the air-entraining agent, and lot number and serial
number are the same as above. The specimens map is
shown in Figure 2.

1.3. Experimental contents

Three parameters of the shotcrete specimens, including
(1) mass loss, (2) dynamic modulus of elasticity, and (3)
ultrasonic wave velocity, were tested at an interval of
25 freeze-thaw cycles until 400 freeze-thaw cycles were
completed. Thus, the degree of the deterioration of the
internal structure of the shotcrete specimens mixed with
the air-entraining agent and the ordinary shotcrete speci-
mens could be determined macroscopically during the
freeze-thaw cycles. X-ray CT scanning was performed
at an interval of 50 freeze-thaw cycles until 200 freeze-
thaw cycles were completed, by which the changes in the
internal pore structure of the shotcrete specimens mixed
with the air-entraining agent and the ordinary shotcrete
specimens could be revealed microscopically. Therefore,
the effect of the freeze-thaw cycles on the internal struc-
ture of the two kinds of shotcrete could be investigated
in detail through combining the four tests.
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Test Specimens

Fig. 2. Specimens map
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Fig. 3. Technology roadmap of the experiment

1.4. Experimental methods and procedures

The technology roadmap of the experiment is shown in
Figure 3. The freeze-thaw cycles were conducted using
an automatic rapid concrete freeze-thaw tester in the Fro-
zen Earth Lab of Chang’an University. Each freeze-thaw
cycle was completed for 4 h to 5 h; the time of thaw-
ing was not less than 1/4 of the whole freeze-thaw cycle
to ensure the adequate thawing of the specimens. Dur-
ing this process, the temperature of the central part of
the specimens was maintained between —18+2 °C and
542 °C. The specific procedures of the experiment are
described in detail in ASTM C666/C666M-03 (2003).

Conclusions

2. Rapid freeze-thaw cycle tests

The mass loss, dynamic modulus of elasticity and ultra-
sonic wave velocity of the specimens, namely DR1-1 to
DRI1-3 and DRY1-1 to DRY1-3, were tested at an inter-
val of 25 freeze-thaw cycles until 400 freeze-thaw cycles
were completed. The results were recorded, and the fig-
ures were provided to analyse and compare the different
effects of the freeze-thaw cycles on the damage to the
internal structure of the ordinary shotcrete and the shot-
crete mixed with the air-entraining agent.
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Fig. 4. Change in mass loss of the shotcrete specimens during the freeze-thaw cycles

2.1. Mass loss test

The degree of damage to shotcrete specimens during
freeze-thaw cycles can be indicated directly by the mass
loss of the specimens. Therefore, the mass loss is cho-
sen as the main parameter to analyse. The changes in
the mass loss of the shotcrete specimens mixed with the
air-entraining agent and the ordinary shotcrete specimens,
along with the freeze-thaw cycles, are shown in Figure 4.

Figure 4 shows that the mass loss of the ordinary
shotcrete specimens shifted from negative to positive
values between 50 and 75 freeze-thaw cycles. The mass
loss of the shotcrete specimens mixed with the air-en-
training agent was also negative before 75 freeze-thaw
cycles were completed. In addition, before 100 freeze-
thaw cycles were completed, the mass loss of the two
kinds of shotcrete was approximate. However, after 150
freeze-thaw cycles were performed, the mass loss of the
shotcrete mixed with the air-entraining agent was signifi-
cantly lower than that of the ordinary shotcrete.

During the experiment, cement mortar fragmenta-
tions appeared in the freeze-thaw tester, after the ordi-
nary shotcrete specimens underwent approximately 100
freeze-thaw cycles. However, 150 freeze-thaw cycles
were required for the shotcrete specimens mixed with
the air-entraining agent.
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Therefore, before 75 freeze-thaw cycles were com-
pleted, few small pores and fine cracks formed in both
kinds of shotcrete specimens. It caused that moisture con-
tent of the specimens increased after freezing and thaw-
ing, and the resulting mass loss was negative. After 100
freeze-thaw cycles were completed, the ordinary shot-
crete specimens were greatly damaged as some cement
mortar fragmentations appeared. The same phenomenon
was observed in the shotcrete specimens mixed with the
air-entraining agent after 150 freeze-thaw cycles were
completed. However, the damage to the shotcrete speci-
mens mixed with the air-entraining agent was less than
that to the ordinary shotcrete specimens.

2.2. Dynamic modulus of elasticity test

In this test, the dynamic modulus of elasticity can be ob-
tained through the conversion of the elastic wave propa-
gation velocity in the shotcrete. This parameter is closely
related to the density of the specimen. Therefore, the
relative dynamic modulus of elasticity was used here to
evaluate the degree of deterioration of the internal struc-
ture of the shotcrete specimens during the freeze-thaw
cycles. The changes in the relative dynamic modulus of
elasticity of the ordinary shotcrete specimens and that
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Fig. 5. Change in relative dynamic modulus of elasticity of the shotcrete specimens during the freeze-thaw cycles
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of the shotcrete specimens mixed with the air-entraining
agent, along with the freeze-thaw cycles, are shown in
ren Figure 5.

Figure 5 shows that the decrease rate of the relative
dynamic modulus of elasticity of the ordinary shotcrete
specimens suddenly increased near the 100th freeze-
thaw cycle. However, during the freeze-thaw cycles, the
decrease rate of the shotcrete mixed with air-entraining
agent specimens barely changed overall. Moreover, after
150 freeze-thaw cycles were completed, the decrease rate
even dropped slightly. Therefore, after 150 freeze-thaw
cycles were completed, the value of the relative dynamic
modulus of elasticity of the shotcrete specimens mixed
with the air-entraining agent was higher than that of the
ordinary shotcrete specimens. The results of the mass loss
test and the dynamic modulus of elasticity test lead to the
inference that the sudden increase in the decrease rate
of the dynamic modulus of elasticity of ordinary shot-
crete is likely related to the occurring of cement mortar
fragmentations, after 100 freeze-thaw cycles were com-
pleted. However, for the shotcrete specimens mixed with
the air-entraining agent, such an effect was quite less.
Thus, the deterioration of the structure of shotcrete could
be reduced effectively by adding an air-entraining agent,
as the number of freeze-thaw cycles increased. Moreover,
the effect was more significant after 150 freeze-thaw cy-
cles were completed and cement mortar fragmentations
occurred.

2.3. Ultrasonic wave velocity test

In this test, the measured ultrasonic wave velocity cor-
responded to the propagation velocity of the ultrasonic
wave in the shotcrete specimens. This parameter is cor-
related with the elastic property and internal structures
(e.g., pores, material composition, etc.) of shotcrete.
In this study, changes in ultrasonic wave velocity were
mainly attributed to changes in the inner pore structure
of the shotcrete specimens. The ultrasonic wave veloc-
ity decreases, when an ultrasonic wave transmits through
some pores or cracks. Therefore, the relative ultrasonic
wave velocity was chosen to evaluate the degree of dete-
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rioration of the internal pore structure of the specimens at
different numbers of freeze-thaw cycles. The changes in
the relative ultrasonic wave velocity of the two groups of
specimens, along with the freeze-thaw cycles, are shown
in Figure 6.

Figure 6 shows that the decrease rate of the relative
ultrasonic wave velocity of the ordinary shotcrete sud-
denly increased at approximately the 100th freeze-thaw
cycle. It was also attributed to the occurring of cement
mortar fragmentations. However, during the freeze-thaw
cycles, the decrease rate of the dynamic modulus of elas-
ticity of the shotcrete specimens mixed with the air-en-
training agent did not increase largely, although cement
mortar fragmentations appeared after 150 freeze-thaw cy-
cles. Moreover, after 200 freeze-thaw cycles were com-
pleted, the decrease rate even dropped slightly. Therefore,
the value of the relative ultrasonic wave velocity of the
shotcrete specimens mixed with the air-entraining agent
was higher than that of the ordinary shotcrete specimens,
after 150 freeze-thaw cycles were completed. Based on
the above, the deterioration of the internal pore struc-
ture of shotcrete caused by frequent freeze-thaw cycles
could be effectively reduced by adding an air-entraining
agent. Moreover, the effect was more significant after 150
freeze-thaw cycles were completed.

3. Industrial CT scanning test
3.1. Principle of the test

The type of Y. CT Precision S industrial CT scanner
(Fig. 7) was utilised in this test to reveal the changes in
the pore structure of the shotcrete specimens as the num-
ber of freeze-thaw cycles increased. It is composed of a
scanning system, ray protective room, computer system,
micro focus controller and power distribution box. The
ray protective room, scanning system and computer sys-
tem are the main components. The detected objects are
scanned in the ray protective room. The scanning system
is composed of a detector and ray source. The computer
system is used to analyse the scanning results and to pre-
sent the CT scanning results of the detected objects in
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. 6. Change in ultrasonic wave velocity of the shotcrete specimens during the freeze-thaw cycles
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Fig. 7. Y. CT Precision S industrial CT scanner
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the form of images. A sketch of the X-ray CT scanning
system is shown in Figure 8. The precision of the CT
scanning system is 0.01 mm?2. Therefore, the pores with
an area of >0.01 mm?2 can be captured by the CT scan-
ning system inside the shotcrete specimens. These pores
(>0.01 mm?) do not include the majority of bubbles in
the shotcrete mixed with the air-entraining agent, and
most of them are detrimental to the freeze-thaw durabil-
ity of shocrete.

The size of the specimen and the specific division
of the test cross-sections are shown in Figure 9. Scan-
ning was performed when the specimens DR2-1, DRY2-1,
DR2-2 and DRY2-2 underwent 0, 50, 100, 150 and 200
freeze-thaw cycles, respectively. After scanning, the re-
sults were visually reconstructed using the Software VG
Studio MAX 2.0 in the CT computer system to obtain the
CT image of the specified test cross-section. The CT im-
age was then imported into the Software Image-Pro Plus
and was processed. Through the processing, the identi-
fied pores were marked, and the area of each pore was
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Fig. 9. Division of scanning cross-sections (unit: mm)

extracted. The test results were analysed and compared to
reveal the different effects of freeze-thaw cycles on the
internal pore structure of the ordinary shotcrete and the
shotcrete mixed with the air-entraining agent.

3.2. CT scanning results

The CT images of the test cross-sections were obtained
after different numbers of freeze-thaw cycles through the
process of the CT computer system. Given that the char-
acteristics of the CT images of the two ordinary shotcrete
specimens, DR2-1 and DR2-2, were similar during the
freeze-thaw cycles, only the images of the former were
presented as an example for analysis here. Similarly, for
the specimens of DRY2-1 and DRY2-2, only the images
of the former were presented here for analysis.

Figures 10 and 11 show the CT images of each
cross-section in DR2-1 and DRY2-1, respectively, before
the freeze-thaw cycles were conducted. In Figures 10 and
11, small pores, and even a few large pores, were present-
ed regardless of the type of shotcrete. Moreover, the num-
ber of the pores in the ordinary shotcrete was larger than
that in the shotcrete mixed with the air-entraining agent.

The CT images of each cross-section in DR2-1 and
DRY2-1 were processed in Image-Pro Plus, after the
specimens underwent 0, 50, 100, 150 and 200 freeze-
thaw cycles. After the process, the marked CT imag-
es were available (Figs 12 and 13). The red marks in
the images represent the pores and cracks in the cross-

VU Nee

Cross-section 1 Cross-section 2

Cross-section 3

Cross-section 4 Cross-section 5

Fig. 10. CT images of each cross-section in DR2-1 before freeze-thaw cycles were performed
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Cross-section 3

Cross-section 2

Cross-section 1

Fig. 11. CT images of each cross-section in DRY2-1 before freeze-thaw cycles were performed

section. Figures 12 and 13 were analysed and compared,
and the results showed that the number of small pores in
the specific cross-section changed greatly as the number
of freeze-thaw cycles increased. However, the number of

cles, no large and evident cracks with a width of >0.1 mm
was captured inside the specimens, except for few adja-
cent pores interconnecting with and some fractures ap-
pearing on the edge of the specimens.

large pores changed barely. Within 200 freeze-thaw cy-
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Fig. 12. Changes in the pores of each cross-section in DR2-1 as the number of freeze-thaw cycles increased
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Fig. 13. Changes in the pores of each cross-section in DRY2-1 as the number of freeze-thaw cycles increased

3.3. Analysis of the CT scanning results

The area of each pore (i.c., the red mark in the processed
CT images) in the specific cross-section was determined
using Image-Pro Plus. The number of the pores in the
cross-section was counted. The results were statistically
analysed. Tables 1 and 2 present the number of pores in
certain area intervals, after the two groups of specimens
underwent different numbers of freeze-thaw cycles.
Tables 1 and 2 show that the internal pores in the
shotcrete specimens mixed with the air-entraining agent
and the ordinary shotcrete specimens mainly concentrated
between 0.01 and 1.00 mm? before the freeze-thaw cy-
cles were performed. This excludes the pores or bubbles
with an area of <0.01 mm? because of the precision of
the CT scanning system. The pores with an area of 0.01—
1.00 mm? occupied 93.3% and 91.3% of all the pores

(>0.01 mm?) in the ordinary shotcrete specimens and the
shotcrete specimens mixed with the air-entraining agent,
respectively. In addition, in this area interval, the number
of pores in the ordinary shotcrete specimens was signifi-
cantly larger than that in the shotcrete specimens mixed
with the air-entraining agent.

As the number of freeze—thaw cycles increased, the
number of the pores in the shotcrete increased. The in-
crease was mainly concentrated in the pores with an area
between 0.01 and 0.50 mm?. The correlation between the
number of the small pores (0.01 mm? to 0.50 mm?) in the
two groups of specimens and the number of freeze—thaw
cycles is shown in Figure 14. The number of the small
pores (0.01 mm? to 0.50 mm?) significantly increased
when the ordinary shotcrete specimens underwent 100
freeze—thaw cycles. A similar phenomenon was observed
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Table 1. Pore size distributions in the ordinary shotcrete specimens after different numbers of freeze-thaw cycles

Specimen  Number of freeze-thaw

Area interval

No. cycles 0.01-0.50 0.50-1.00 1.00-1.50 1.50-2.00 >2.00
(mm?) (mm?) (mm?) (mm?) (mm?)
0 700 79 20 12 24
50 601 64 18 12 22
DR2-1 100 818 73 22 15 27
150 927 77 28 15 29
200 1117 78 31 14 31
0 507 56 19 7 15
50 527 39 19 5 14
DR2-2 100 582 56 18 8 18
150 880 73 20 10 18
200 752 57 21 9 18

Table 2. Pore size distributions in the shotcrete specimens mixed with the air-entraining agent after different numbers

of freeze-thaw cycles

Area interval

Specimen  Number of freeze-thaw

No. cycles 001-050  0.50-1.00  1.00-1.50  1502.00  >2.00
(mm?) (mm?) (mm?) (mm?) (mm?)
0 204 39 T 8 15
50 326 36 1 6 16
DRY 100 331 36 9 6 17
150 382 8 13 6 21
200 379 36 8 9 18
0 385 ) 11 6 21
50 396 49 6 6 2
?_%Y 100 398 33 10 7 19
150 464 57 7 23
200 369 ) 1 18

—&— DR2-1 —#— DR2-2 —&— DRY2-1 —v— DRY2-2

0 50 100 150

Freeze-thaw cycles

Changes in the number of the pores (0.01 mm? to

0.50 mm?) as the number of freeze-thaw cycles increased

in the shotcrete specimens mixed with the air-entraining
agent when they underwent 150 freeze—thaw cycles,
but this increase was much smaller compared with that
in ordinary shotcrete specimens. Similarly, after 150
freeze—thaw cycles were completed, the number of the
pores (0.01 mm? to 0.50 mm?) in the shotcrete speci-
mens mixed with the air-entraining agent increased by a
much smaller extent than that in the ordinary shotcrete
specimens.

Based on the findings of the rapid freeze—thaw cy-
cle tests, cement mortar fragmentations appeared when
the ordinary shotcrete specimens underwent 100 freeze—
thaw cycles. The number of small pores (0.01 mm? to
0.50 mm?) in the specimens increased largely and sud-
denly. Therefore, at a macroscopic level, the decrease
rate of the relative dynamic modulus of elasticity and the
relative ultrasonic wave velocity of the ordinary shot-
crete increased significantly after 100 freeze—thaw cycles.
Similarly, when the shotcrete specimens mixed with the
air-entraining agent underwent 150 freeze-thaw cycles,
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cement mortar fragmentations appeared. The number of
the pores (0.01 mm? to 0.50 mm?) also had a larger in-
crease than the previous. However, the increment was
much smaller than that of the ordinary shotcrete. At a
macroscopic level, the decrease rate of the relative dy-
namic modulus of elasticity and the relative ultrasonic
wave velocity of the shotcrete mixed with the air-entrain-
ing agent barely increased and even dropped slightly.
Therefore, after 150 freeze—thaw cycles were completed,
the relative dynamic modulus of elasticity and the relative
ultrasonic wave velocity of the shotcrete mixed with the
air-entraining agent were higher than those of the ordi-
nary shotcrete. The mass loss of the shotcrete mixed with
the air-entraining agent was also much lower than that
of the ordinary shotcrete after 150 freeze—thaw cycles.
The above findings suggest that the addition of an air-en-
training agent could effectively prevent the development
of small pores (0.01 mm? to 0.50 m mm?) in shotcrete
and therefore improve the freeze—thaw durability during
freeze—thaw cycles, especially after 150 freeze-thaw cy-
cles were completed and cement mortar fragmentations
appeared.

Conclusions

In this study, the CT scanning results of the pore structure
of C25 ordinary shotcrete specimens and that of shotcrete
specimens mixed with the air-entraining agent were ana-
lysed and compared after different numbers of freeze—
thaw cycles. Coupled with the results of the macroscopic
tests, including mass loss, dynamic modulus of elasticity
and ultrasonic wave velocity tests, the following conclu-
sions are obtained:

1. After shotcrete hardens and forms, a certain number
of pores are produced inside the shotcrete, regard-
less of the type of shotcrete (i.e., shotcrete mixed
with the air-entraining agent and ordinary shot-
crete). The pores are mainly concentrated between
0.01 and 1.00 mm? (except for the pores or bub-
bles of <0.01mm? because of the precision of the
CT scanning system). And, the pores (0.01 mm? to
1.00 mm?) account for more than 90% of the total
pores (>0.01 mm?) in the specimens. In addition,
in this area range, the number of the small pores
in the ordinary shotcrete is much larger than that
in the shotcrete mixed with the air-entraining agent.
Therefore, the addition of an air-entraining agent can
effectively reduce the initial damage to shotcrete.

2. As the number of freeze-thaw cycles increased,
some changes occur in the internal pore structure of
both kinds of shotcrete. During the first few freeze-
thaw cycles, just few small pores occur and develop
in the specimens, which causes that the moisture
content of both kinds of shotcrete specimens in-
creases slightly after freezing and thawing. There-
fore, the mass loss is negative before approximately
75 freeze-thaw cycles.
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3. After 100 and 150 freeze-thaw cycles are complet-
ed, cement mortar fragmentations appear in ordinary
shotcrete and shotcrete mixed with the air-entraining
agent, respectively. The number of small pores in
both kinds of shotcrete increases significantly. And,
the pores are mainly concentrated between 0.01
and 0.50 mm?2. However, the increment of shotcrete
mixed with the air-entraining agent is much smaller
than that of ordinary shotcrete. Therefore, the dete-
rioration of the internal pore structure of shotcrete
mixed with the air-entraining agent is less than that
of ordinary shotcrete after 150 freeze-thaw cycles.
This finding is also verified by the results of the
macroscopic rapid freeze-thaw cycles tests. Based
on the above, the number of small pores (0.01 mm?
to 0.50 mm?) in ordinary shotcrete increases signifi-
cantly after cement mortar fragmentations appeared.
However, the addition of an air-entraining agent not
only defers the appearing of cement mortar fragmen-
tations, but also prevents the development of small
pores (0.01 mm? to 0.50 mm?), which effectively
improves the freeze-thaw durability of shotcrete.
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