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Abstract: In practical engineering, concrete is often under continuous stress conditions and there are
limitations in considering the effect of wet—dry cycles alone on the strength deterioration of concrete.
In order to study the deterioration of concrete strength under the coupling of load and wet-dry
cycles, concrete specimens were loaded with 0%, 10%, 20%, and 35% stress levels and coupled to
undergo one, three, and seven wet—dry cycles. The strength deterioration of the concrete was obtained
by uniaxial compression and the regression equation was established. The strength deterioration
mechanism of the concrete under the coupled conditions was analyzed and revealed through an
AE acoustic emission technique and nuclear magnetic resonance technique. The results of the study
show that, with the same number of wet—dry cycles, there are two thresholds of a and b for the
uniaxial compressive strength of concrete with the stress level, and with the progression of wet-dry
cycles, the length of the interval from a to b gradually shortens until it reaches 0. The cumulative
AE energy of concrete decreases with the progression of wet—dry cycles; using the initiating crack
stress as the threshold, the calm phase of concrete acoustic emission, the fluctuating phase, and the
NMR T, spectral peak area show different patterns of variation with the increase in the number of
wet—dry cycles.

Keywords: concrete; sustained compressive loading; wet-dry cycles; damage evolution; regression
analysis; acoustic emission; nuclear magnetic resonance

1. Introduction

In engineering applications, the study of the mechanical properties of concrete structures
under natural conditions plays a vital role in effectively predicting the life cycle of buildings.
The factors affecting the mechanical properties of concrete include carbonation [1-3], freeze—
thaw cycles [4-6], wet-dry cycles (chloride salts [7-9], as well as sulphate [10,11]), and the
effects of different forms of loading [12-16], where the effects of wet—dry cycles of different
salt solutions on the mechanical properties of concrete have become the focus of a wide range
of scholars.

As concrete is made of rocks that experience natural effects, making its chemical com-
position not yet stable, an in-depth study of the role of different salt solutions for wet-dry
cycles on the impact of the concrete structure is of great significance. For example, Su [17]
argued that the mass fraction of the salt solution is directly proportional to the degree of
concrete damage, and with the progression of wet—dry cycles, the quality of concrete first
increased and then decreased. Wang [18] used SEM technology to explain the mechanism of
concrete deterioration due to the crystalline swelling effect of Na;SO4-10H,O from a micro-
scopic perspective, followed by Jiang [19], through regression analysis, who established the
wet—dry cycle conditions of a sulphate solution using a stress—strain equation for damaged
concrete under wet—dry cycles of a sulphate solution. Although there are many saline areas
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in China, the concentration of salt solutions subjected to wet-dry cycles in most areas of
buildings is very low or even negligible, and it is equally important to study the effect of
water on the wet—dry cycles of concrete. However, in practical engineering, concrete is often
in distinctive low stress situations, and the single factor consideration of wet-dry cycling
makes the prediction of concrete durability somewhat limited, and it is not conducive
to accurately deriving the service life of buildings. Combined with the current research,
the summary of the coupling of wet—dry cycles and continuous loading on the concrete
deterioration law is not extensive enough; Wang [20] completed a similar exploration of
CFRP reinforced beams, and revealed the method of damage from the surface layer to the
internal bond development; however, for concrete material, the coupling effect related to
the deterioration mechanism has not yet been explored.

This paper uses a rock rheological perturbation effect instrument as a continuous
load system, and utilizes natural immersion at room temperature and natural drying to
simulate wet—dry cycles. The effect of different loads coupled with wet—dry cycles on the
deterioration process of concrete strength is analyzed, and the deterioration mechanism
of concrete is analyzed according to acoustic emission and nuclear magnetic resonance
techniques. The results of the research can be invoked as a reference for the accurate
prediction of the service life of concrete structures under combined dry, wet, and continuous
loading, as well as for protective measures.

2. Materials and Methods
2.1. Material Composition

The concrete mixes are shown in Table 1. Also, the individual materials are described
as follows.

Table 1. Mix proportion of concrete kg/ m3.

Material Cement Granite Gravel Sand Water
Quality /kg 404.04 808.08 808.08 202.02

Cement: M32.5 masonry cement (cement from Huainan Shunyue Cement Co., Ltd.,
Huainan, China) is used.

Granite gravel: Particle size 5-15 mm, density 2.63 g/cm?.

Sand: Huaihe River sand, maximum particle size 4.75 mm, fineness modulus 2.4,
density 2.41 g/cm?.

Water: Laboratory tap water.

A PVC pipe with an outer diameter of 15 mm and a length of 200 mm was inserted into
the bottom center of a standard concrete mold, as shown in Figure 1a. Cement was poured
into this mold, then the PVC pipe was pulled out promptly within 6 h after fabrication.
Finally, the molds were removed after 24 h and placed in saturated calcium hydroxide
solution for 28 d. The details are shown in Figure 1b.

(b)

Figure 1. Concrete preparation, including the (a) mold and (b) concrete specimens.
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Three standard cubic specimens (150 mmx150 mmx 150 mm) were prepared for
determining the compressive strength of concrete in standard curing for 28 d. The uniax-
ial compressive strength result was 17.7 MPa. Sixteen hollow concrete specimens were
prepared, three of which were used to determine the compressive strength of the hollow
concrete (17.7 MPa), one served as a control group, and 12 experienced the effects of dif-
ferent coupling conditions. In order to reduce the interference of the creep effect on the
deterioration process, this test only discussed the first few wet—dry cycles.

2.2. Design of the Degradation Process by Coupled Load-Holding and Wet—Dry Cycles

In order to reduce the fluctuation of the continuous pressure load, this test adopted
the mechanical loading method using the RRTS-II Rock Rheology and Disturbance Effect
Tester [21,22] as the loading device. When loading, firstly, the hydraulic oil was delivered
into the small cylinder and then the big cylinder through the hydraulic pump, then the
piston rod in the big cylinder contacted the concrete and provided the compressive stress,
and finally the small cylinder maintained the pressure in the big cylinder through the
pipeline, thus constituting a pressure stabilization system, as shown in Figure 2. Loading
was done using gears and hydraulic secondary expansion, with an expansion ratio of up to
60-100 times or so (the expansion ratio of this test device is 72); the expansion ratio K can
be expressed as follows:

2
K= P (1)

where d; and d, are the diameters of the large and small gears, respectively, and ¢ and ¢,
are the diameters of the pistons of the large and small cylinders, respectively.

Small gear

Large oil cylinder

(b)

Figure 2. Testing machine used for the rock rheological perturbation effect, including the (a) schematic
and (b) actual test.

Define the load level A, as the ratio of the actual loading stress f to the mean uniaxial
compressive strength of the specimen f., which can be expressed as follows:

Ae = £ x 100% )
fe

The concrete water absorption system is based on the principle of the linker. Two
rubber tubes (13 mm outer diameter) are glued to the two ends of the concrete central
aperture, and the joints are filled with glass glue (left for 24 h) to ensure the sealing of the
water absorption system. After 10 min of applying load to the concrete in order to reach
a predetermined value, two L-shaped (6 mm inner diameter) glass tubes were inserted
into the rubber tubes. Then, water was injected from the inlet pipe, and after 24 h of water
absorption, the blower was used to dry naturally for 24 h. After 24 h of the water absorption
process, the concrete surface showed obvious water stains, and the initial water absorption
rate of concrete was approximated after 24 h and 48 h of air drying time, respectively.
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Therefore, it is considered that the concrete reached the natural drying state after 24 h of
air drying

The degradation coupling conditions of this test are shown in Table 2, and at the end
of the degradation process, four standard cylindrical specimens with a diameter of 50 mm
and a height of 100 mm were removed from each hollow concrete specimen. One of them
was soaked in water until saturation for NMR testing, and the remaining three were dried
in an oven at 106 °C for 48 h for uniaxial compressive strength testing, while the average
moisture content was 2% in the natural drying state and 6% in the saturated state.

Table 2. Coupling conditions to which the concrete was subjected.

Number 0-1 0-3 0-7 1-1 1-3 1-7 2-1 2-3 2-7 3-1 3-3 3-7
Loading/MPa 0 0 0 1.77 1.77 177 3.54 3.54 3.54 6.20 6.20 6.20
Number of wet-dry cycles/N 1 3 7 1 3 7 1 3 7 1 3 7

As shown in Figures 3 and 4, Figure. 3 shows the concrete undergoing the process of
coupled action of continuous loading and wet-dry cycles. Figure 4 shows the location of
each concrete specimen coring ($50 mm x 100 mm), and the overall coring.

Load
Inlet pipe
' o

aqn BONEAIISG()

MO[] IajEM JO TN

Graduated scale

“Rubber tube
Concrete

Figure 3. Concrete loading and water absorption processes.

Coring holes Small hole

Figure 4. Concrete coring.

2.3. Nuclear Magnetic Resonance Test

One specimen was taken from each of the 12 groups with different coupling conditions
and one control group, and then immersed in water for 48 h (the difference between the
masses after 24 h and 48 h was less than 0.1 g; the specimens after 48 h of immersion
in water were considered as saturated specimens). To prevent moisture dissipation, the
specimens were removed from the water, immediately wrapped tightly with plastic wrap,
and then put into the NMR analyzer one by one for the T spectrum testing.
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2.4. Uniaxial Compression and Acoustic Emission Tests

A uniaxial compression test with a loading rate of 0.01 mm/s was performed on the
remaining three specimens of 12 groups with different coupling condition degradation
groups and one control group. The AE system was also used for real-time monitoring
during the loading process, with the acquisition threshold set to 40 dB and the acquisition
frequency set to 3.5 MHz

3. Deterioration Law and Analysis of Concrete Strength Parameters
3.1. Strength Law after Concrete Deterioration

The uniaxial compressive strength and modulus of elasticity of the concrete under the
influence of different deterioration conditions are shown in Table 3.

Table 3. Uniaxial compressive strength and modulus of elasticity of concrete after deterioration.

Coupling Conditions

Actual Experimental o./MPa E./GPa

Number _
Stress Levels/A, Numlz:e;ccl):s\;\ﬁt Dry Value ¢./MPa

18.14
0 0% 0 17.30 17.30 4.33
16.40
14.53
0-1 0% 1 14.30 14.30 3.28
13.54
14.33
0-3 0% 3 13.70 13.70 2.58
12.86
12.53
0-7 0% 7 11.57 11.57 2.25
10.86
13.89
1-1 10% 1 13.50 13.50 3.61
12.94
12.89
1-3 10% 3 12.20 12.20 3.42
11.46
11.16
1-7 10% 7 10.39 10.39 227
10.12
16.03
2-1 20% 1 15.18 15.18 3.82
14.89
15.47
2-3 20% 3 14.88 14.88 3.02
14.36
10.38
2-7 20% 7 9.73 9.73 1.44
9.55
14.67
3-1 35% 1 13.50 13.50 3.35
13.43
13.34
3-3 35% 3 13.06 13.06 2.31
12.57
9.36
3-7 35% 7 8.45 8.45 1.18
8.33
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To determine whether the effect of stress level and the number of wet—dry cycles on
the uniaxial compressive strength of concrete is significant, based on Table 3, a two-factor
ANOVA was performed using origin software, as shown in Table 4. It was found that the
p-values of the stress level, the number of wet-dry cycles, and the interaction between the
two factors were all less than 0.05. It can be concluded that both the stress level and number
of wet-dry cycles had a significant effect on the uniaxial compressive strength of concrete.

Table 4. Results of two-way ANOVA.

DF SST SD F P
Stress level 3 15.68 5.22 14.42 1.40 x 1075
Number of wet-dry cycle 2 107.88 53.94 148.82 298 x 10714
Interaction 6 15.97 2.66 7.34 153 x 1074
Model 11 139.53 12.68 34.99 4.44 x 10712

Errors 24 8.70 0.36 - -

— — —_— — —
o \S] BN )} co

[o2e]

Uniaxial compression strength ¢ /MPa

Based on the data in Table 3, the effects of the coupled condition on the deterioration
of concrete are discussed in terms of the number of wet-dry cycles and stress levels,
respectively, as shown in Figure 5

& 18
N=1 N=3 N=7| 2 Ae=0% =4 =he=10%
Y Ac=20% he=35%
L b - = 16}
L 5
_ =
/ I = 14
{ o il = {L\
.E N
-I I 2 12 - 1
h ~—
= T
I S 10} -
=
-I 1 1 1 1 1 1 I 'E 8 - I
: 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 =) 1 B 3 4 5 6 7
Stress level 1./% Number of wet-dry cycles/NV
(A) (B)

Figure 5. Variation of specimen o, under different deterioration conditions, including (A) different
stress levels and (B) different number of wet—dry cycles.

As shown in Figure 5A, the effect of different stress levels on concrete uniaxial com-
pressive strength deterioration also differed when the number of wet-dry cycles was the
same. There were two thresholds of a and b for the effect of the stress level on the uniaxial
strength deterioration of concrete in both the first and third wet-dry cycles, where the stress
level was 0% for interval a and 35% for interval b, and the uniaxial compressive strength of
the concrete was negatively correlated with the stress level. However, in the interval from
a to b, the uniaxial compressive strength of concrete increased with the increase in stress
level, and at the same time, the length of the interval in the range from a to b gradually
decreased with the increase in the number of wet-dry cycles.

The analysis showed that, as the stress level increased, the pores inside the concrete
first closed and then ruptured to develop cracks. When the stress level was in the interval
of 0% to a, the pores started to close and the pore size kept shrinking. According to the
literature [23,24], the height of capillary water absorption inside the concrete is inversely
proportional to the capillary pore size. Therefore, as the stress level increases, the water
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invades deeper into the concrete, increasing the contact area between the particles and the
water. Then, the bond between the particles is weakened, making the uniaxial compressive
strength of concrete decreasing. In the stress level in the interval a to b, the pore closure,
to a certain extent, made the pore diameter smaller than the capillary pore diameter, thus
gradually blocking the water to the internal erosion. Therefore, in this interval, the uniaxial
compressive strength of concrete was positively related to the stress level. When the stress
level was at b to 35%, the pores inside the concrete gradually expanded and converged
into cracks under the stress. This led to an increase in the contact area between the internal
particles of the concrete and water, making its uniaxial compressive strength decrease
with the increasing stress level. In addition, this analysis could be verified at different
numbers of wet—dry cycles affecting the length of interval from a to b. After different times
of wet—dry cycle deterioration, the uniaxial compressive strength of concrete decreased,
resulting in a corresponding decrease in the initiating crack stress and a corresponding
decrease in threshold b.

As shown in Figure 5B, the overall concrete uniaxial compressive strength decreased
with the increase in the number of wet-dry cycles. However, the decreasing trend of
uniaxial compressive strength varied under different stress levels. At a stress level A,
of 0%, the uniaxial compressive strength of concrete decreased approximately linearly.
Nevertheless, at a stress level A; of 10%, the uniaxial compressive strength of the concrete
decreased in a concave curve. This is because the bond between the particles inside the
concrete was weakened by the external load when a continuous load with a stress level A,
of 10% was applied to the concrete. At this time s, the first few wet-dry cycles of concrete
deterioration increased. However, with the increase in the number of wet-dry cycles, the
bond between the internal particles of concrete was reduced. Thus, the concrete uniaxial
compressive strength tended to stabilize. At stress levels A; of 20% and 35%, the uniaxial
compressive strength of concrete showed a convex non-linear decreasing trend. This was
because for the stress level at this stage, the concrete internal cracks started to develop,
while water intrusion at the cracks dissolved the cement between the particles. At the same
time, with the increase in the number of wet—dry cycles, the repeated dissolution of water
on the particles at the concrete fissured. This led to the development of more cracks, which
in turn accelerated the rate of concrete strength decline.

3.2. Regression Analysis of Uniaxial Compressive Strength of Concrete

To analyze the variation of the uniaxial compressive strength of concrete under the
action of different coupling conditions we used non-linear surface fitting of the uniaxial
compressive strength of concrete, with the stress level and number of wet-dry cycles as
independent variables in the software origin. After several fitting comparisons, the uniaxial
compressive strength RationalTaylor nonlinear surface regression model was obtained, as
shown in Equation (3).

~15.06 —9.67x — 7.78y + 0.07y? + 2.71xy
~ 1-0.62x — 0.53y — 0.02x2 + 0.2xy

R? = 0.804 3)

where z is the uniaxial compressive strength of concrete after deterioration, x is the number
of wet-dry cycles, and y is the stress level.

As shown in Figure 6, a visualization model was constructed to analyze the varia-
tion of the uniaxial compressive strength of concrete after the action of different coupling
conditions. Overall, the relationship between the stress level and the uniaxial compres-
sive strength of concrete tended to be gradually negative from the threshold fluctuations
as the number of wet-dry cycles increased. Overall, with the increase in the number
of wet—dry cycles, the relationship between the stress level and uniaxial compressive
strength of concrete fluctuated from a threshold value then gradually tended to have a
negative correlation.



Sustainability 2022, 14, 13407

8 of 15

colour scale
17.30

16.41
15.53
14.64
13.76
12.87
11.98
11.10
10.21
9.326

S
g 8.440

>
]
S

3 2
i §
5 £

Sy

&

20 s
g
Stress Joyq Liess, 25 30 £

Figure 6. Strength deterioration pattern of the coupled concrete.

3.3. Analysis of Concrete Damage Evolution

Numerous studies have shown that the damage variable D of concrete under external
loading should satisfy the Weibull distribution, whose expression is as follows:

D =1-exp[—(¢/a)"] )

where ¢ is the strain, m is the shape parameter, and a is the material parameter. According
to the summary of Wu [25], the larger the value of m, the more elastic or brittle the material
tends to be, and the smaller the value of m, the more plastic the material tends to be.

Also according to the literature [25], parameters m and a are related to the material
properties as follows:

By = " (5)

M = T (E) — In(Ey) ©)
_ Cmax

" ym @)

where E is the initial modulus of elasticity of the concrete, Ej is the cut-line modulus of the
concrete past the peak load point after deterioration, and &y is the strain corresponding
to the maximum stress value of the concrete after deterioration.

To facilitate a comparison of the concrete damage curves under different deterioration
conditions, define §/C y4x = x and substitute into Equation (4), i.e.,

D =1-—exp[—(x/a)"] ®)

We then completed an analysis of the initial damage to the concrete after the action of
different coupling conditions and the damage during uniaxial compression. For reasons of
space, the damage curves for concrete subjected to seven wet-dry cycles and after a stress
level of 35% deterioration were compared separately in this paper. The relevant parameters
of the damaged specimens are shown in Table 5.

As shown in Figure 7a, the growth rate of the concrete damage variable D at the initial
stage was proportional to the stress level, until the strain was less than the peak strain. For
both, after the strain ratio was greater than 0.75, the damage variable D tended to level off.
The degree of deterioration of concrete deepened with the increase in the stress level of the
load applied after the action of multiple wet—dry cyclic processes.



Sustainability 2022, 14, 13407 9 of 15
Table 5. Selected concrete damage related parameters.
Number O max/MPa €max/10 1 Eop/GPa m a

0 17.29 0.48 3.64 5.75 1.36

0-7 11.59 0.62 1.89 1.20 0.72

1-7 10.39 0.55 1.90 1.22 0.64

2-7 9.73 0.57 1.70 1.07 0.61

3-7 8.45 0.64 1.33 0.85 0.52

3-3 13.06 0.65 2.01 1.30 0.80

3-1 13.50 0.54 2.52 1.85 0.75
1.0 1.0

—— (o (-] | -T—y— 2.7 3-7 —a—( —y—3.] —+—33—e—3.7
0.8 0.8F

_~
. "
0.6 0.6F -
) S
0.4 04F A
e
7
0.2 02t //
__‘—‘.’./ 7 _—‘l‘/
- & i 1 / " - 1
0 0.25 0.50 0.75 1.00 0 0.25 0.50 0.75 1.00
Strain ratio Strain ratio

(a) (b)

Figure 7. Evolution of some concrete damage, including (a) N =7 and (b) A. = 35%.

As shown in Figure 7b, at a stress level A; of 35%, the damage curve of the first
wet—dry cycle concrete was first below the third and then rose above the third wet-dry
cycle. The analysis showed that in the concrete curing process, there are some silicate
components without a hydration reaction. Therefore, in the process of the wet-dry cycle,
the internal joint weakness of the concrete will be destroyed by water erosion. However,
the strong joint cannot be eroded by water, and thus the hydration reaction was carried
out to strengthen the particles” association with each other. For the first and third wet—dry
cycle damage curves, the early stage of the damage curve depended on the damage at
the weak internal concrete joint [26,27], while the later stage depended on the hydration
reaction at the strong internal concrete joint. As the number of wet—dry cycles increased,
the damage variable D gradually increased from slow to rapid in the initial stage. This
indicates that the concrete was more deeply affected by the deterioration. Summarizing the
relevant literature [28,29] and as described in Figure 7, under coupled action conditions,
the number of wet-dry cycles determined the lower limit of concrete deterioration, while
the upper limit of concrete deterioration depended on the stress level of the sustained load.

4. Analysis of the Deterioration Mechanism of Concrete
4.1. Analysis of Concrete Acoustic Emission Energy Characteristics

The stress—strain curves reflect the macroscopic damage evolution of concrete. In
addition, the study of the accompanying AE test parameters further analyzed the detailed
information of the concrete specimens at different stages from a microscopic point of view.
Concrete in the uniaxial compression process went through the compression dense stage,
elastic stage, plastic stage, and post-peak stage. The corresponding acoustic emission
detection went through three periods of calm, rising, and fluctuating phases, as shown in
Figure 8a. The three periods of acoustic emission of concrete without the action of coupling
conditions could correspond well to the four stages of the uniaxial compression process.
According to the literature [30], it is known that the “cracking stress” of concrete is around
3 MPa. The corresponding stress level is between 10% and 20%. To visually compare the
degree of deterioration effect of different coupling conditions on concrete, the stresses, AE
energy release rates, and cumulative AE energy versus time for concrete under the action of
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coupled conditions with different stress levels experiencing seven wet-dry cycles, and stress
levels of 35% experiencing different numbers of wet—dry cycles, are given, respectively.
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Figure 8. Concrete AE energy release rate, AE cumulative energy and stress versus time, including
@A =0%N=0,Mb)A=35%N=1,(c) A\c =35% N=3,(d) Ac=0% N=7,(e) A\c =10% N =7,
(H)Ac=20%N=7,and (g) A\c =35% N =7.
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Comparing plots (b), (c), and (d) in Figure 8, the cumulative AE energy of the acoustic
emission during the uniaxial compression test of concrete with increasing number of wet-
dry cycles when the stress levels A, were all 35% decreased with increasing number of
wet—dry cycles. The analysis suggested that the erosive action of water weakened or
destroyed the concrete joint weaknesses. The drying process was then accompanied by
the creation of secondary pores [29] within the concrete. Therefore, as the number of
wet-dry cycles increased, secondary pore space was also created, thus increasing the extent
of water erosion. These factors led to a continuous decrease in the concrete strength, an
increasing growth rate of cumulative energy in the calm phase, an overall advance in the
fluctuating phase, and a continuous advance in the maximum point of cumulative AE
energy release rate. All of these phenomena indicate that the internal particles of concrete
are more severely exploited by the wet—dry cyclic process, and the specimens gradually
changed from brittle to plastic.

In the uniaxial compression process, the pores inside the concrete gradually closed
with the increase in stress. When the stress reached the “cracking stress”, the closed pores
began to rupture and converge to develop cracks. Comparing (d), (e), (f) and (g) in Figure 8,
the cumulative AE energy of the concrete decayed with the increasing stress level at seven
wet—dry cycles. Plots (e) and (f) reflect the stages where the stress level was less than the
cracking stress. Plots (d) and (g) reflect the stages where the stress level was greater than
the cracking stress. A comparison of the two plots for each stress level phase shows that the
cumulative AE energy share of both the calm phase and the rising phase of the specimen
increased as the stress level increased. Although the laws are similar, the deterioration
mechanisms are different. When the stress level is less than the initiating crack stress,
the pore radius inside the concrete will keep decreasing. Because the depth of capillary
action is inversely proportional to the radius of the capillary pores, the depth of water
intrusion into the concrete specimen increases. This led to an increase in the dissolution
effect of water on the micro-particles. The deterioration of concrete by this mechanism
did not manifest itself in the first few wet—dry cycling processes, but was postponed over
several wet-dry cycling processes. This was a result of the secondary cracking caused by
each wet—dry cycling process. When the stress level approached the crack initiation stress,
the fracture gradually closed to a size smaller than the capillary pore, thus reducing the
water infiltration. Then, as the stress level as greater than the initiating crack stress [31,32],
concrete cracks gradually developed and increased the contact surface of the water and
micro particles. This deterioration mechanism on concrete often manifested itself during
the first few wet—dry cycles. After several cycles, the crack surface was not spalled with
micro particles. After this stage, the deterioration effect of wet-dry cycles on the concrete is
not obvious. The above mechanism can be verified with the conclusions of Section 3.2.

4.2. Nuclear Magnetic Resonance T Spectroscopy

Nuclear magnetic resonance (NMR) instrumentation utilizes the phenomenon of NMR
generated by hydrogen nuclei in the presence of an applied magnetic field. The porosity of
the specimen as well as the pore distribution were analyzed by measuring the transverse
relaxation time (T7) cutoff value of the saturated specimen. Among them, the size of the
total peak area of the T, spectrum was related to the porosity of the specimen, and the
position where the peak was located was related to the percentage of the pore size of the
pore. The peak areas of each specimen after the action of different degradation parts are
given in Table 6, and draw Figure 9, for example.

Combining Table 4 and Figure 9, the total peak area of the T, spectrum increased with
the number of wet—dry cycles at stress levels A; of 0 and 10%. Where the stress level A,
was 0, the peak area of the T, spectrum increased by 0.62% for the third wet-dry cycle
compared to the first one. The seventh wet-dry cycle increased by 2.78% compared with
the first one, and the overall pattern increased linearly. At a stress level A. of 10%, the T,
spectral area increased by 1.50% in the third wet—dry cycle compared with the first. The
seventh wet-dry cycle increased by 14.31% compared with the first one, with a parabolic
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progression in the overall pattern. The analysis concluded that when the stress level was
less than the “cracking stress” stage, the depth of water infiltration into the concrete became
deeper due to the capillary effect. Therefore, the dissolution effect on the micro-particles
was more obvious, which led to a greater degree of degradation for a stress level of 10%
than for a stress level of 0 in the wet—dry cycles. At stress levels A; of 20% and 35%, the
T, spectral peak area decreased first and then increased with the increase in the wet—dry
cycles. When the stress level A, was 20%, the T, spectrum area decreased by 2.25% after
three wet—dry cycles compared with once, and increased by 0.62% after seven wet—dry
cycles compared with once. At a stress level A. of 35%, the T, spectrum area decreased by
0.46% after three wet-dry cycles compared with once, and increased by 18.50% after seven
wet—dry cycles compared with once.

Table 6. Peak areas of the T, spectra of concrete under different conditions.

Total Peak Proportion/%
Number 5
Area/10 First Peak Second Peak Third Peak
0 1.87 99.54 0.46 0
0-1 1.95 97.39 2.35 0.26
0-3 1.96 99.68 0.32 0
0-7 2.00 99.64 0.36 0
1-1 2.19 99.62 0.38 0
1-3 2.22 99.66 0.34 0
1-7 2.50 99.52 0.48 0
2-1 2.01 99.75 0.25 0
2-3 1.96 99.72 0.28 0
2-7 2.02 97.30 2.35 0.35
3-1 2.14 99.72 0.28 0
3-3 2.13 99.68 0.32 0
3-7 2.54 96.38 3.36 0.26

colour scale
2 54x10°

2. 47x10°
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Figure 9. T, spectra of the specimens under different conditions, including the (a) T, spectrum

distribution curve and (b) T, spectrum peak area.

After the analysis, the regenerative pore generation inside the concrete is shown
in Figure 10. Under the condition of continuous loading, the internal edge pores were
subjected to certain stress concentration. At this time and then after the impact of the
wet—dry cycles on the edge pores, the strength here was reduced, and then under the action
of continuous loading, the fissures were continuously expanded. There was an increase the
contact area between the wet—dry cycle and the concrete internal particles. At the same
time, the pores in the concrete developed and converge into cracks when the stress level
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Loading

was greater than the “crack initiation stress” stage. However, during the drying process, the
water left the concrete in the gas and liquid phase [33], and some of the dissolved material
was left in the cracks, which led to the phenomenon that the T, peak area of concrete at
this stress level first decreased and then increased.

Loading Loading

I e e e A

Dead-end pores 77

Tnk-bottle|
pores
Isolated pores
-
Seepage direction Seepage direction Seepage direction
pag ~ I ; pag —
(a) (b) (c)

Figure 10. Concrete pore regeneration process: (a) initial diagram, (b) saturation diagram, and
(c) naturally drying diagram.

5. Conclusions

@

@)

®)

4)

For the same number of wet—dry cycles, there are two thresholds for the effect of
stress level on the uniaxial compressive strength of concrete a and b. The uniaxial
compressive strength of concrete decreases with increasing the stress level in the
interval from 0% to a. The stress level increases with increasing the load. In the
interval from a to b, the concrete uniaxial compressive strength increases with the
increase in load. In the interval b to 35%, the concrete uniaxial compressive strength
again decreases with the increasing stress level. Meanwhile, the length of the interval
from a to b decreases until it becomes zero, as the number of wet-dry cycles increases.
The RationalTaylor regression model is used to better describe the variation of the
uniaxial compression strength of concrete under the coupling conditions of different
stress levels and the number of wet-dry cycles.

Concrete AE evolution can be divided into three phases: calm phase, rising phase,
and fluctuating phase. In the process of wet—dry cycle progression, the cumulative
AE energy release percentage in the concrete calm phase stage increases continuously,
and the fluctuation phase stage will gradually advance. Taking the crack initiation
stress as the threshold, the concrete calm phase as well as the fluctuation phase change
with an increment of the stress level in the phase greater than or less than the crack
initiation stress, and the same law as for the wet-dry cycle progression.

When the stress level is less than the cracking stress, the T, peak area of concrete
increases with the progression of wet—dry cycles. However, when the stress level is
greater than the cracking stress, the T, peak area decreases and then increases with
the progression of the wet-dry cycles.
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