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Abstract: Corrosion of traditional cement mortar is a critical issue in karst areas. Composite
salt, i.e., sulfate–chloride salt, represents a typical corrosion agent due to the abundance
of Cl− and SO4

2− ions in such geological environments. In this study, we used nano-
metakaolin to enhance the physical and mechanical properties of cement mortar in the
early aging stages, simulating groundwater corrosion by a compound salt solution in
the karst region. The appearance and the change in the flexural/compressive strength of
cement mortar upon the nano-metakaolin addition in the early aging stages under dry and
wet cycling conditions were analyzed and combined with the results of scanning electron
microscopy, thermogravimetric analysis, and other methods, revealing the underpinning
mechanism behind the function changes of nano-metakaolin-modified cement mortar. The
results show that nano-metakaolin effectively promotes cement hydration in the early aging
stages. The flexural/compressive strength after 7 days of aging with 1% of added nano-
metakaolin increased by 10.38% and 4.41%, respectively, compared to ordinary cement
mortar. Furthermore, adding 1–5% of nano-metakaolin under dry and wet cycling and the
coupling effect of chloride and sulfate erosion effectively reduce the damage of harmful
ions on the cement mortar, leading to evident corrosion inhibition. The generation of
hydration products increased after adding the Ghanaian metakaolin, filling the microcracks
and micropores, and increasing the overall microstructural compactness.

Keywords: karst erosion; nano-metakaolin; cement mortar; chloride; sulfate

1. Introduction
Karst exhibits unique geological characteristics, and it is widely distributed in south-

west and south China. Such geological localities are prone to exceptional degradation
stress and possess a complex underground water system, which, altogether, challenge
engineering construction. Recent technological and machinery-related advancements have
fostered the construction of high-speed railways and tunnels through karst formations.
However, the well-developed water system and high salt concentration (such as chlorides
and sulfates) in karst regions inevitably influence the corrosion resistance and durability of
high-speed railways and tunnel concrete constructions, gradually affecting the long-term
stability [1–4]. The groundwater corrosion of concrete structures mainly originates from
Cl− and SO4

2− salts, and traditional cementitious materials with poor mechanical proper-
ties and durability cannot meet the engineering requirements in the harsh environment of
karst areas [3–6].

Nanotechnology has found a great application milieu in the construction industry as
an essential part of the frontier field [7,8]. Various nanomaterials are commonly used for
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modifying cement-based materials, such as nano-SiO2 (NS) [9], nano-CaCO3 (NC) [10],
carbon nanotubes (CNTs) [11], graphene, and nano-clay. Among them, nano-clay contains
nano-kaolin, which is easily obtained, inexpensive, and environmentally friendly compared
to other nanomaterials. Moreover, it possesses excellent physical and chemical properties,
such as a nucleation-induced hydration reaction and volcanic ash effect, and can enhance
and improve the performance of cement-based materials [12–14]. Therefore, applying
nano-metakaolin as a replacement for some cement components has become a research
hotspot in construction materials.

Chen et al. [15] reported that nano-metakaolin micro-aggregates successfully filled the
pores between cement particles and promoted hydration. It reacts with Ca(OH)2 (CH) to
produce calcium silicate (C-S-H) gel via a volcanic ash reaction, which can fill the pores
and cracks inside the cementitious material, thus forming a dense microstructure and
hindering chloride ion in-diffusion and sulfate erosion. Althoey et al. [1] investigated
the hydration of a cement paste with nano-metakaolin, finding that nano-metakaolin can
promote the formation of the internal structure of the cement paste in the early hydration
period. Similarly, Maohua et al. [16] found that nano-metakaolin can regulate the cement
hydration process and promote the early hydration reaction due to its nucleation effect
while improving the compactness of the internal structure. Mokhtar et al. [17] and Raza
et al. [18] investigated the effect of nano-metakaolin on the mechanical properties, chloride
ion penetration resistance, and sulfate erosion of concrete and cement mortar in an erosive
environment. Metakaolin significantly increased the compressive and flexural strength of
concrete and cement mortar, and, at the same time, strongly enhanced their resistance to
chloride penetration and sulfate erosion. Nevertheless, most studies on concrete erosion in
the tidal zone focus on the later stage of concrete damage, while only a few studies have
assessed the early stage of a concrete degradation process [18–21], although it is irreversible
and affects the entire concrete life cycle.

In this paper, cement mortar is used as the object of study. The dry and wet cycling
system simulates the corrosion process of salt solution in the karst area. It investigates the
erosion behaviour of the chloride–sulfate mixed solution by dry and wet cycling on the
cement mortar with nano-metakaolin at an early age. The effects of nano-metakaolin on the
properties of cement mortar were investigated in terms of changes in appearance, morphol-
ogy, and quality, as well as changes in mechanical properties. According to the scanning
electron microscope (SEM) and thermogravimetric (TG) analysis of its microstructural
characteristics and changes in the content of the physical phase components, the influence
of nano-metakaolin on the hydration rate and corrosion resistance of cement mortar was
analyzed. Theoretical support is provided for the application of nano-metakaolin in the
modified cementitious material.

2. Materials and Methods
2.1. Materials

The following materials were used in the study: P-O42.5 ordinary silicate cement
produced by Shanshui Dongyue as test cement, class I fly ash, and nano-metakaolin
supplied by Wuhan (China) Huashen Intelligent Energy Science and Technology Company
Limited, the compositions of which are shown in Table 1. The particle size distribution of
nano-metakaolin is shown in Figure 1.
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Table 1. Chemical composition.

Chemical Composition CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O

Cement content/% 59.31 21.90 6.26 3.79 1.63 2.41 - -

Fly ash content/% 3.16 53.80 24.60 9.32 1.52 - 0.82 0.28

Nano-metakaolin content/% 0.10 46.28 50.46 0.44 0.13 0.11 0.26
Note: The “%” in the article refers to the ratio to the total weight.
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2.2. Test Specimen Mixing Ratio and Production

Test specimen ratios and test groups are shown in Tables 2 and 3, respectively.

Table 2. Specimen mixing ratios.

Specimen
Number Cement/g Fly Ash/g Nano-Metakaolin

Clay/g Sand/g Water/g

7A 315 135 (30%) 0 1350 225
7B 310.5 135 (30%) 4.5 (1%) 1350 225
7C 292.5 135 (30%) 22.5 (5%) 1350 225
7D 270 135 (30%) 45 (10%) 1350 225

Table 3. Experimental groupings.

Specimen Number No Wet/Dry Cycle Dry and Wet Cycle
for 30 Days

Dry and Wet Cycle
for 60 Days

7A 7A00 7A30 7A60
7B 7B00 7B30 7B60
7C 7C00 7C30 7C60
7D 7D00 7D30 7D60

Note: 7A, 7B, 7C, and 7D are different-mix-proportion groups for 7 days of maintenance, and the details are
shown in Table 2.

A prismatic cement mortar specimen with a size of 40 mm × 40 mm × 160 mm was
used in this test. When making the specimens, the weighed nano-metakaolin and water
were mixed and put into an ultrasonic disperser for efficient dispersing. After that, cement,
fly ash, mixing solution, and standard sand were poured into a cement mortar mixer for
thorough mixing. The mixed cement mortar is poured into the mold for full vibration. The
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mold was removed after 24 h of resting after pouring and then put into a standard curing
room with (20 ± 2 ◦C) and a relative humidity of more than 95% for curing. Details on the
preparation procedure are shown in Figure 2.
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Figure 2. Preparation process of specimen.

2.3. Test Methods and Procedures
2.3.1. Corrosion Methods

The change in the groundwater level in the karst area was simulated based on the time
law of groundwater rise and fall. Corrosion tests were carried out using a dry and wet cycle
immersion system following a sequence of 6 h of immersion and 6 h of ventilated drying at
room temperature, with two sets of cycles per day. The corrosion solution comprised 10%
Na2SO4 and 5% NaCl [22].

The corrosion test steps are as follows:

(1) Before starting the experiment, all specimens must be pre-treated (e.g., surface clean-
ing, dimensional measurement, etc.) according to the experimental requirements, and
then we record the initial state.

(2) The specimens are fully immersed in the pre-configured corrosion solution for 6 h.
It must be ensured that the solution fully covers the specimen; the setup must be in-
spected periodically to prevent concentration changes due to the solution evaporation.

(3) After removing the specimen from the solution, the specimen is allowed to dry at
room temperature for 6 h under ventilation by a fan or other means to accelerate air
circulation. Direct blowing onto the specimen must be avoided to avoid unnecessary
stress.

(4) The above wet–dry cycle is performed twice a day; i.e., two complete soaking–drying
cycles are completed in one day. To ensure stable solution concentration, the corrosion
solution is replaced every 7 days.

2.3.2. Physical Appearance and Quality Changes

After removing the specimens from the corrosion solution, the surface moisture was
dried with a towel, and the macroscopic appearance was photographed and recorded
after natural air drying for 6 h. The visual changes of the cement mortar specimens were
evaluated from several aspects, such as surface smoothness, number of holes, diameter,
and integrity at the corners. At the same time, the specimen mass was weighed, and the
relative mass change rate was calculated.
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2.3.3. Mechanical Performance Test

Mechanical properties tests were conducted in accordance with the “cementitious
sand strength test method” (GB/T17671-2021 [23]) standard. Prismatic specimens with
a size of 40 mm × 40 mm × 160 mm were used. Groups consisting of 3 specimens were
removed after 7 days of curing and after completing a specific time of wet and dry cycles,
and were subjected to flexural and compressive tests.

2.3.4. SEM

An Apreo field-emission scanning electron microscope (FEI, Hillsboro, OR, USA)
was used to observe the microscopic morphology of the test samples. To obtain clearer
and more realistic SEM images, specimens were dried and cut, and the surface was gold-
sputtered before measurement to improve the conductivity. The ambient temperature
during measurement was 20 ◦C.

2.3.5. TG/DSC

The prepared powder samples were analyzed using a thermogravimetric analyzer
(TA Instruments, Shanghai, China) in the temperature range from 30 to 1000 ◦C, with a
heating rate of 10 ◦C/min. The whole heating was conducted in a protective nitrogen
environment with an airflow rate of 50 mL/min. Ca(OH)2 calculations were made referring
to the literature [19].

3. Results and Discussion
3.1. Changes in the Appearance and Quality

As shown in Figure 3, the surface of the cement mortar specimen without salt solution
corrosion is relatively smooth and grey, without flaking on the mortar surface and with
sharper surface pores. The specimen’s surface whitens as the duration of the wet and
dry cycles increases. At the same time, the mortar surface shows an apparent flaking
phenomenon, and the aggregate is exposed at the corners. The surface is very rough, and
the surface pores are more rounded after erosion by the salt solution, accompanied by
precipitation of white needles and rod crystals.

Figure 4 shows that the mass of each group roughly increases and then decreases
with the duration of dry and wet cycles. The reason for this is that, in the early stage
of aging, the cement hydration reaction of each group still proceeds; i.e., the hydration
products are continuously generated, and the overall quality of the specimens improves.
After the cement hydration reaction is completed, the erosion of the specimen by the salt
solution is gradually revealed on the macroscopic level due to the accelerating effect of
dry and wet cycling. Thus, the surface flaking phenomenon of different degrees leads to
a more obvious quality decline. However, the trend of the relative mass loss rate of each
group of specimens tends to level off with the wet–dry cycling duration, plausibly due
to the secondary hydration of chloride and sulfate ions into the internal cavities, such as
micropores or microcracks, of the specimens, compensating, to a certain degree, the mass
loss caused by the surface erosion by the corrosive solution [24].
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Figure 3. Changes in appearance and morphology of different nano-metakaolin without wet/dry
cycling and wet/dry cycling for 30 d.

Buildings 2025, 15, x FOR PEER REVIEW 6 of 18 
 

Figure 3. Changes in appearance and morphology of different nano-metakaolin without wet/dry 
cycling and wet/dry cycling for 30 d. 

Figure 4 shows that the mass of each group roughly increases and then decreases 
with the duration of dry and wet cycles. The reason for this is that, in the early stage of 
aging, the cement hydration reaction of each group still proceeds; i.e., the hydration prod-
ucts are continuously generated, and the overall quality of the specimens improves. After 
the cement hydration reaction is completed, the erosion of the specimen by the salt solu-
tion is gradually revealed on the macroscopic level due to the accelerating effect of dry 
and wet cycling. Thus, the surface flaking phenomenon of different degrees leads to a 
more obvious quality decline. However, the trend of the relative mass loss rate of each 
group of specimens tends to level off with the wet–dry cycling duration, plausibly due to 
the secondary hydration of chloride and sulfate ions into the internal cavities, such as mi-
cropores or microcracks, of the specimens, compensating, to a certain degree, the mass 
loss caused by the surface erosion by the corrosive solution [24]. 

Regarding the nano-metakaolin dosage, the hydration of cement with 1 and 5% of 
added nano-metakaolin is favorable, i.e., better than for the cement without additive. 
However, the hydration effect of cement containing 10% of nano-metakaolin is less satis-
factory, probably due to the high number of nano-metakaolin particles, which triggers the 
agglomeration effect and, thus, inhibits the rate of cement hydration [25]. 

1 6 11 16 21 26 31 36 41 46 51 56 60

Re
la

tiv
e 

m
as

s l
os

s r
at

e/
%

Days of wet/dry cycles/d

 0%NMK
 1%NMK
 5%NMK
 10%NMK

−0.3

−0.6

0.6

0.3

0.0

 

Figure 4. Relative mass loss rate of each group with increasing days of wet and dry cycling after 7 
d of curing. 

3.2. Effect of Nano-Metakaolin Dosing on Mechanical Properties 

Figure 5 shows the effect of the nano-metakaolin dosage on the flexural and compres-
sive strength of cement mortar specimens without wet and dry cycles. The initial strength-
ening and then weakening occur with the increase in nano-metakaolin dosage, being the 
highest when the dosage of nano-metakaolin is 1% and the lowest without nano-me-
takaolin. Figure 5b shows that the flexural and compressive strength values of specimens 
doped with 1% nano-metakaolin increase by 10.38 and 4.41%, respectively, compared to 
the control sample without nano-metakaolin. Remarkably, the flexural and compressive 
strength values of specimens doped with 10% of nano-metakaolin are less increased, only 
by 3.63% and 0.75% relative to the control. 

Figure 4. Relative mass loss rate of each group with increasing days of wet and dry cycling after 7 d
of curing.

Regarding the nano-metakaolin dosage, the hydration of cement with 1 and 5% of
added nano-metakaolin is favorable, i.e., better than for the cement without additive.
However, the hydration effect of cement containing 10% of nano-metakaolin is less satis-
factory, probably due to the high number of nano-metakaolin particles, which triggers the
agglomeration effect and, thus, inhibits the rate of cement hydration [25].

3.2. Effect of Nano-Metakaolin Dosing on Mechanical Properties

Figure 5 shows the effect of the nano-metakaolin dosage on the flexural and com-
pressive strength of cement mortar specimens without wet and dry cycles. The initial
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strengthening and then weakening occur with the increase in nano-metakaolin dosage,
being the highest when the dosage of nano-metakaolin is 1% and the lowest without
nano-metakaolin. Figure 5b shows that the flexural and compressive strength values of
specimens doped with 1% nano-metakaolin increase by 10.38 and 4.41%, respectively,
compared to the control sample without nano-metakaolin. Remarkably, the flexural and
compressive strength values of specimens doped with 10% of nano-metakaolin are less
increased, only by 3.63% and 0.75% relative to the control.
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Figure 5. Effect of nano-metakaolin dosing on flexural compressive strength without dry–wet cycling.

Figure 6 depicts the effect of nano-metakaolin dosing on the flexural and compressive
strengths upon 30 d of wet and dry cycling. The flexural and compressive strength values
of each group change following a similar trend as before conducting wet and dry cycling,
showing the initial strengthening and then weakening with the increase in the nano-
metakaolin content. The highest strength of the specimens appears for a nano-metakaolin
dosage of 1%, and the flexural and compressive strengths increase by 5.42 and 2.42%,
respectively, compared with the control group. When the dosage is 10%, the strength values
are the lowest, being even lower than those of the undoped nano-metakaolin group; i.e., the
flexural and compressive strengths are decreased by 4.23 and 1.03%, respectively, compared
to the control group. This can be observed by looking at Figures 5b and 6b. The increase in
the rate of change in strength at the age of 7 d is greater compared to the rate of change in



Buildings 2025, 15, 278 8 of 17

strength at the age of 7 d followed by 30 d of wet and dry cycling. This indicates that the
doping of Ghanaian rice metakaolin promotes cement hydration at an early age of cement
mortar to some extent.
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Figure 6. Effect of nano-metakaolin dosing on flexural compressive strength at 30 d of wet and dry
cycling.

3.3. Effect of Nano-Metakaolin Dosing on the Hydration Process of Cement
3.3.1. Microstructure

The microstructure of ordinary cement mortar during the cement hydration process
was examined in the early aging stages (Figure 7). The generation of CH in the sample is
relatively small, the hydration rate is slow, and there are still many unhydrated cement
particles; the number of pores and cracks is large, and the overall compactness of the
microstructure is poor. In the sample containing 1% of nano-metakaolin, the amount of
hydration products is somewhat higher than that for the control. The C-S-H gels mainly
appear in the form of amorphous irregularly clustered particles. It is also accompanied by
a small number of CH crystals, a reduced number of pores, better wrapping around fly ash
(FA) particles, and tight interfacial bonds, which effectively improve the microstructure of
the mortar matrix. In addition, a few acicular calcovanadite (AFt) crystals are formed in
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the pores, resulting in a uniform and tight distribution of hydrated particles and a denser
overall microstructure than in the control group. In the cement samples containing 5% of
nano-metakaolin, the C-S-H gel distribution is more concentrated than for the specimens
doped with 1% of nano-metakaolin. The number of plate-like CH crystals in the samples is
significantly reduced, a higher amount of C-S-H gel is formed, and spherical fly ash particles
are embedded in the C-S-H gel lattice. At the same time, the C-S-H gel parcel covers the
CH and AFt crystals, restricting the available space, which improves the microstructure
of the mortar matrix to a certain extent, although it is more porous compared to the 1%
nano-metakaolin sample. The cement sample containing 10% of nano-metakaolin exhibits
more pores and a larger pore size. The particles are loosely lapped, with loose connections
between the hydration products, and the hydration degree is lower than that of the samples
doped with 1 and 5% of nano-metakaolin.
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wet/dry cycling.

Figure 8 shows SEM images of samples with different nano-metakaolin dosages after
30 d dry and wet cycles. For the samples without nano-metakaolin, the cement mortar is
tightly bonded, but the matrix shows large cracks. During the dry and wet cycling process,
chloride and sulfate ions in the solution enter the specimen’s interior through the cracks,
thus affecting the strength of the cement mortar. The overall structure of the sample with
1% of nano-metakaolin is denser and better bonded, and the number of microcracks and
micropores is significantly reduced. Fly ash particles are tightly wrapped, and the C-S-H
gel amount is increased after secondary hydration. The number of hydration products in
the sample increases with a nano-metakaolin dosage of 5%. Friedel’s (Fs) salt is produced,
blocking the channels for the penetration of harmful ions; the overall morphology is denser,
but some pores and cracks still exist. In the sample with 10% of nano-metakaolin, the
number of internal pores and holes is significantly increased, forming penetrating cracks.
At the same time, the matrix surface is no longer flat and becomes uneven, resulting in a
significant strength reduction [26].
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3.3.2. Thermogravimetric Analysis

The TG/DSC histograms at different nano-metakaolin dosages without drying and
wetting and the Ca(OH)2 (CH) content at different nano-metakaolin dosages without drying
and wetting are shown in Figures 9 and 10, respectively. The content of CH crystals inside
the nano-metakaolin cement mortar is higher than that of the standard cement mortar
without dry and wet cycling. The nano-metakaolin cement mortar with a 1% dosage has the
highest number of internal CH crystals, i.e., 32.52% higher compared to ordinary cement
mortar. Cement mortar samples with a 5 and 10% nano-metakaolin dosage also show an
increase of 6.08 and 5.17%, respectively, compared to ordinary cement mortar. Meanwhile,
the C-S-H gel decomposition peaks of the nano-metakaolin-doped cement mortar are
more profound than those of the ordinary cement mortar, indicating that nano-metakaolin
particles can effectively promote cement hydration in the early aging stage.

The TG/DSC histograms at different nano-metakaolin dosages and the Ca(OH)2

content are shown in Figures 11 and 12, respectively, upon the exposure to wet and dry
cycles for 30 d. After 7 d of curing and 30 d of wet/dry cycling, the sample doped by
1% of nano-metakaolin has the highest number of CH crystals inside the cement mortar,
16.44% higher compared to the ordinary cement mortar. At 5 and 10% of nano-metakaolin
cement mortar dosages, 3.01 and 29.63% fewer CH crystals appear than for ordinary cement
mortar. The C-S-H gel decomposition peaks of the cement mortars with 1 and 5% of nano-
metakaolin mortars are more profound than those for ordinary cement mortars after 30 d
of wet and dry cycling at 7 d of curing. This may occur because nano-metakaolin exerts its
volcanic ash effect, which can generate an additional hydrated C-S-H gel by the secondary
reaction with CH. The decrease in the CH content of the 5% nano-metakaolin-doped cement
mortar may be due to the faster secondary reaction, which consumes more CH and, thus,
generates more C-S-H gel.
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Figure 12. Histogram of Ca(OH)2 content with different nano-metakaolin dosages at 30 d of dry and
wet cycling.

In contrast, the C-S-H gel decomposition peak of the 10% nano-metakaolin-doped
cement mortar is weaker than that of ordinary cement mortar, which may be due to the
small size of nano-metakaolin, yielding a higher surface energy. As the nano-metakaolin
dosage increases, the agglomeration effect occurs between the particles, inhibiting the later
cement hydration.

3.4. Degradation of Cement Mortar Pore Structure Under Dry–Wet Cycle–Complex Salt Action

The above analysis shows that the 5% nano-metakaolin-fly-ash-based cement mortar
specimen exhibits better mechanical properties and microstructural characteristics when
resisting the action of dry and wet cycling and composite salt. Since the size of the internal
pore structure parameter of cementitious materials is one of the main reasons relevant
for the penetration of aggressive ions, the integral and differential distribution curves of
pore sizes of the specimens of groups 7C00, 7C10, 7C30, and 7C60 with different depths
from the mortar surface are determined by MIP (Figure 13), to reveal the mechanism of the
dry and wet cycling effects on the pore structure of the nano-metakaolin-modified fly ash
cement mortar.

Buildings 2025, 15, x FOR PEER REVIEW 13 of 18 
 

sizes of the specimens of groups 7C00, 7C10, 7C30, and 7C60 with different depths from 
the mortar surface are determined by MIP (Figure 13), to reveal the mechanism of the dry 
and wet cycling effects on the pore structure of the nano-metakaolin-modified fly ash ce-
ment mortar. 

  
(a) Differential curve of aperture distribution (b) Aperture distribution integral curve 

Figure 13. Pore diameter distribution curve of cement mortar. 

According to Wu’s classification method [27], the cement’s pore structure can be cat-
egorized into four types based on the pore size range. The results obtained by comparing 
the specific pore volume of each pore size range and its percentage in the total specific 
pore volume are shown in Table 4, and the pore size distribution histogram is shown in 
Figure 14. 

Table 4. Pore size distribution of cement pastes. 

 7C00-
5mm/% 

7C10-5mm/% 7C30-5mm/% 7C60-5mm/% 7C60-0mm/% 7C60-10mm/% 

Much harmful pores 0.2 0.24 0.21 0.37 0.41 0.16 
Harmful pores 3.58 3.32 2.17 6.73 6.73 2.39 

Little harmful pores 25.39 25.12 20.42 20.74 22.31 20.45 
Harmless pores 70.81 71.3 77.18 72.14 70.53 76.98 

 

(a)  (b)  

Figure 14. Percentage of each level aperture to total specific pore volume: (a) 50 nm critical pore size 
as a percentage of total pore volume; and (b) four types of holes. 

It can be obtained from the data in Table 4 and Figure 14. With the increase in the 
duration of wet and dry cycling, the number of harmless and less harmful pores in cement 
gradually increases at the cost of polypores and harmful pores. Eventually, the percentage 
of harmful pores and polypores is decreased by 47% after 60 wet and dry cycles, and both 

96.22% 96.44% 97.62% 92.90% 92.86% 97.45%

3.78% 3.56% 2.38% 7.10% 7.14% 2.55%

7C00-5mm 7C10-5mm 7C30-5mm 7C60-5mm 7C60-0mm7C60-10mm
0

20

40

60

80

100

A
pe

rtu
re

 d
ist

rib
ut

io
n

＞50nm  ＜50nm

Test piece

70.82% 71.31% 77.20% 72.15% 70.54% 77.00%

25.40% 25.13% 20.42% 20.74% 22.31%
20.45%

3.58% 3.32% 2.17% 6.73% 6.73% 2.39%

0.20% 0.24% 0.21% 0.37% 0.41% 0.16%

7C00-5mm 7C10-5mm 7C30-5mm 7C60-5mm 7C60-0mm7C60-10mm
0

20

40

60

80

100

120

140
 Much harmful pores    Harmful pores
  Little harmful pores   Harmless pores

A
pe

rtu
re

 d
ist

rib
ut

io
n

Test piece

Figure 13. Pore diameter distribution curve of cement mortar.

According to Wu’s classification method [27], the cement’s pore structure can be
categorized into four types based on the pore size range. The results obtained by comparing
the specific pore volume of each pore size range and its percentage in the total specific
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pore volume are shown in Table 4, and the pore size distribution histogram is shown in
Figure 14.

Table 4. Pore size distribution of cement pastes.

7C00-5
mm/%

7C10-5
mm/%

7C30-5
mm/%

7C60-5
mm/%

7C60-0
mm/%

7C60-10
mm/%

Much harmful pores 0.2 0.24 0.21 0.37 0.41 0.16
Harmful pores 3.58 3.32 2.17 6.73 6.73 2.39

Little harmful pores 25.39 25.12 20.42 20.74 22.31 20.45
Harmless pores 70.81 71.3 77.18 72.14 70.53 76.98
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Figure 14. Percentage of each level aperture to total specific pore volume: (a) 50 nm critical pore size
as a percentage of total pore volume; and (b) four types of holes.

It can be obtained from the data in Table 4 and Figure 14. With the increase in
the duration of wet and dry cycling, the number of harmless and less harmful pores in
cement gradually increases at the cost of polypores and harmful pores. Eventually, the
percentage of harmful pores and polypores is decreased by 47% after 60 wet and dry
cycles, and both pore size distributions shift toward the smaller pore size range. The
hydration process of cement continues, and the hydration products fill the internal pores of
cement mortar. The reduction in the capillary pore volume and pore connectivity in cement
mortar prevents aggressive ions from entering the interior of the cement mortar, improving
the pore structure. The cement mortar is mixed with MK, whose micro-aggregate and
volcanic ash reactions refine the cementitious material’s pore structure and improve the
pore structure’s compactness. The Friedel salt generated by the chloride ions preferentially
enters the specimen’s interior and reacts with minerals such as C3A, which can fill in the
large pores, refining the pore size and limiting the generation of swelling erosion products
such as AFt after the intrusion of sulfate ions.

By comparing the pore distribution of specimens with different depths in group 7C60
(0 mm, 5 mm, and 0 mm), it can be found that the number of harmful and multi-harmful
pores gradually decreases with the increase in the depth of cement mortar. Due to the
short curing age of cement mortar, the cement mortar is practically just molded, and the
hydration reaction of cement requires the absorption of a large amount of water, and, with
that, many chloride and sulfate ions from the external environment are brought into the
cement mortar. However, the transport of the sulfate and chloride ions from the surface
layer into the depth of the cement mortar is hindered due to the slow diffusion, leading to
their accumulation in the surface layer, which exacerbates the erosion of the surface layer
and leads to the sanding of the surface layer [28]. At the same time, this also introduces a
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constraining effect on chloride and sulfate ions. With few wet and dry cycles, no erosive
damage appears in the deeper layers of cement mortar.

Figures 15 and 16 illustrate the characteristic parameters of the internal pore structure
and the porosity of nano-metakaolin mortar at different durations of dry and wet cycling,
respectively. After 60 d of wet and dry cycling, the most available pore size and the total
specific pore size at the same depth (5 mm) first decrease and then increase. Analyzing
only the change in the depth of the 7C60 group, the most prominent pore diameter and
the total specific pore volume gradually decrease. Moreover, at 0 mm, the most abundant
pore size is 26.295 nm, which falls within the range of less harmful pores. Moreover, the
internal cement mortar layers show a gradual increase in the number of harmless pores
with depth. In Figures 15 and 16, the change in porosity patterns, average pore size, and
median pore size of cement mortar are shown. In the early aging stages, these quantities
first decrease and then increase with the duration of dry and wet cycling. In the early
stage of wet and dry cycling, the porosity rapidly decreases, reaching its lowest value upon
30 wet and dry cycles, which is 13.46%. As the number of wet and dry cycles continues to
increase, the porosity rises again. After 60 wet and dry cycles, the porosity reaches 14.08%.
In the early stages of wet and dry cycling, the products of hydration and erosion reactions
fill in the pore structure of cement mortar, leading to a denser microstructure. The thermal
and microstructural analyses show that nano-metakaolin undergoes a secondary hydration
reaction with the hydration products of cement, producing a large amount of C-S-H gel,
hydrated calcium aluminate, and other substances. It improves the bond strength inside
the cement mortar and increases its compactness. At the later stages of the dry and wet
cycling, the densification of cement mortar gradually decreases, which may be related to
the fact that aggressive substances begin to damage the pores of the cementitious materials.
Therefore, the erosion process of chloride and sulfate ions can be divided into two stages:
the first stage is the process of crystallization and precipitation of hydration and erosion
products, which expand and fill the pores. The second stage is the process of cement mortar
damage caused by the crystallization pressure of expansive substances acting on the pore
walls [29]. In summary, improving the compactness of cement mortar and refining the
pore structure of cement mortar can significantly improve the salt erosion resistance of
cement mortar.
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Figure 15. Distribution of mean pore diameter, most probable pore size, and total specific pore
volume of cement mortar.
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4. Conclusions
In this paper, we studied the corrosion effect of the combined effect of chloride and

sulfate ions from the groundwater in karst areas on the performance of nano-metakaolin-
modified cement mortar, with an accent on the early aging stages. The selected experimental
parameters were corrosion time and the duration of dry and wet cycling. For addressing
long corrosion times, such as 3 or 5 years, further research is needed. The obtained results
are summarized as follows:

(1) The doping of nano-metakaolin can promote the hydration of cement at an early aging
stage and effectively improve its mechanical properties. At 7 d of aging, the flexural
and compressive strength values of cement mortar with 1% of nano-metakaolin
are increased by 10.38% and 4.41%, respectively, compared with those of ordinary
cement mortar.

(2) Under the coupled effect of dry and wet cycles and chloride and sulfate erosion,
the dosage of nano-metakaolin in the range of 1–5% can significantly improve the
corrosion resistance of cement mortar. The flexural and compressive strength values
of cement mortar with a 1% nano-metakaolin dosage are increased by 5.42 and 2.24%,
respectively, compared with those of ordinary cement mortar at 7 d of aging after 30 d
of wet and dry cycling.

(3) Nano-metakaolin can effectively promote the volcanic ash reaction. It generates
hydration products, such as C-S-H gel, fills microcracks and micropores, improves
the overall structural compactness, and enhances durability.

(4) The CH content can be used to characterize the hydration process within the cement
paste. At 7 d of aging, the CH crystal content of cement mortar with a 1% nano-
metakaolin dosage is increased by 32.52% compared with that of ordinary cement
mortar. After 30 d of dry and wet cycling, the internal CH crystal content of the
specimen with 1% of nano-metakaolin is increased by 16.44% compared with that of
ordinary cement mortar. However, at 10% of added nano-metakaolin, the CH crystal
content is decreased by 29.63%, showing that too much nano-metakaolin may trigger
the agglomeration effect and inhibit cement hydration.

(5) Under the combined effect of wet and dry cycling and compound salt, the most abun-
dant pore size, total specific pore volume, and porosity values in the pore structure
first decrease and then increase. The pore size distribution of the same specimen
narrows with the increase in depth. After 60 dry and wet cycles, the porosity of
the specimens in group 7C decreased by 2.65%, and the content of harmful pores
and much harmful pores decreased by 47% compared with specimens that did not
undergo dry and wet cycling.
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