H buildings

Article

Study on the Mechanical Properties and Pore Structure
Evolution Characteristics of Molybdenum Tailings Concrete
Under Carbonization

Xiaoyi Quan 1'2*, Xiaodong Wen 12, Jing Wu 3, Kangning Liu 4, Jin Xu 3, Nan Zhao ¢, Sheliang Wang 3

and Weiwei Song 2

W) Check for updates

Academic Editor: Oldrich Sucharda

Received: 22 September 2026
Revised: 17 October 2026
Accepted: 19 October 2026
Published: 22 October 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Zhejiang Key Laboratory of Intelligent Construction and Operation & Maintenance for Deep-Sea Foundations,
Ningbo University of Technology, Ningbo 315016, China

School of Civil and Transportation Engineering, Ningbo University of Technology, Ningbo 315016, China
School of Civil Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China
Department of Structural Engineering, College of Civil Engineering, Tongji University,

Shanghai 200092, China

School of Civil Engineering, Xijing University, Xi’an 710123, China

School of Science, Xi'an University of Architecture and Technology, Xi’an 710055, China

*  Correspondence: quanxiaoyi@nbut.edu.cn

Abstract

To investigate the feasibility of using molybdenum tailings (MTs) as fine aggregate in
concrete production and the impact of carbonation on the performance of molybdenum
tailings concrete (MTC), this study employed mechanical property testing, strain field
analysis based on digital image correlation (DIC), industrial CT, and scanning electron mi-
croscopy (SEM) to systematically analyze the evolution of carbonation depth, compressive
strength (f.), splitting tensile strength (fsts), strain field distribution, pore structure, and
microstructure of MTC at different carbonation ages. The relationship between porosity
and fy and the two-parameter strength model of porosity and average pore volume were
established. The results show that the carbonation depth gradually increases with the
increase in carbonation age and also increases with an increase in the substitution rate of
MTs. The carbonation depth of MTs completely replaced is up to 13.72 mm after 56 days of
carbonation. Carbonation significantly improves the f, of concrete, but as the carbonation
age increases, the rate of strength growth generally slows down. The 2D slice visualization
of the pore structure shows that the pores of the concrete are gradually filled by carbona-
tion products from outside to inside, the edge macropores gradually disappear, and the
proportion of mesopores gradually increases. The total porosity is reduced (up to 37.3%).
Microscopic observations confirmed that the carbonation-generated CaCOsj filled the con-
crete pores and optimized the structure of the interfacial transition zone (ITZ), but the DIC
strain field distribution showed that the filled part increased the brittleness of the concrete.
Therefore, it is inferred that excessive carbonization may cause microcrack propagation
(which will be discussed in subsequent carbonization time extension studies). The study
revealed the dual effects of carbonation on the mechanical properties and pore structure of
MTC, providing an experimental basis for the application of tailings in the laboratory.

Keywords: molybdenum tailings concrete; carbonization; compressive strength; pore
structure; microstructure
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1. Introduction

Driven by the global carbon neutrality strategy, the building materials industry is
facing the dual constraints of resource consumption and carbon emissions. According
to statistics from the International Energy Agency (IEA) [1], cement production accounts
for approximately 8% of global CO, emissions, while aggregate mining consumes more
than 40 billion tons of natural resources annually [2]. Cement production accounts for
approximately 8% of global CO, emissions, while aggregate extraction consumes more
than 4 billion tons of natural resources annually [3]. At the same time, as the world’s largest
molybdenum producer, China emits more than 36 million tons of molybdenum tailings
(MTs) annually [4,5]. Its storage not only wastes land resources but also poses a risk of
migration of heavy metal ions such as Mo®* [6]. Using MT as fine aggregate in concrete not
only alleviates the shortage of natural river sand (the price of sand and gravel in China has
risen by 240% in the past five years) but also reduces the risk of tailings dam failures (there
have been 17 major tailings accidents worldwide in the past decade) [7,8]. It has significant
ecological and economic benefits.

In recent years, research on the application of tailings in concrete has shown a rapid
growth trend. In terms of copper tailings [9], Cui et al. [10] found that copper tailings with a
replacement rate of no more than 40% could achieve a 14% increase in compressive strength
(fcu)- Ghazi et al. [11] used copper tailings to replace cement in concrete production and
found that the addition of copper tailings was conducive to the growth of C-S-H crystals.
Concrete made with 70% copper tailings replacement had better durability. Iron tailings
(ITs) are most widely used in concrete [12,13]. Zhao et al. [14] replaced natural sand
with IT sand in concrete. The study showed that when 100% replacement was used, the
workability and mechanical properties of the concrete were significantly reduced. When
the replacement rate was less than 40%, the compressive strength of the tailings concrete
decreased by less than 11%. Shi et al. [15] applied IT powder and IT sand together to
ultra-high performance concrete to study their effects on mechanical properties, hydration
products, microstructure, and durability. They found that UHPC with 20% IT powder and
50% IT sand had the highest compressive strength. Liu et al. [16] found that adding 10%
to 30% graphite tailings could refine the pore structure of concrete and improve its freeze
resistance but adding more than 40% increased defects in the concrete. However, research
on MTs lags significantly behind, with existing findings mainly focused on the short-term
mechanical properties of MT concrete [17,18]. For example, Gao et al. [19] conducted a
detailed experimental study on the mechanical properties of circular thin-tube MT concrete
short tubes. Quan et al. [20] studied the effect of MTs on the mechanical properties of
autoclaved aerated concrete. However, existing research has three obvious limitations:
most studies focus on short-term mechanical properties (<28 days) and lack long-term
data under carbonation coupling; there is little research on the micropore structure; and
no quantitative relationship has been established between pore structure parameters,
mechanical properties, and durability.

Carbonation is a key factor in the deterioration of concrete durability, especially in the
context of rising CO, concentrations (current atmospheric CO, concentrations have reached
417 ppm, a 48% increase since the Industrial Revolution) [21]. The effect of carbonation on
concrete performance is twofold: on the one hand, the reaction between CO, and Ca(OH),
to form CaCOj3 reduces porosity and increases density; on the other hand, the decalcification
of C-S5-H gel leads to strength deterioration. The particularity of molybdenum tailings as
fine aggregates is that its multi-angular particle characteristics (roundness coefficient of
0.35~0.55) significantly affect the structure of the interfacial transition zone (ITZ) [22]; it
has a finer particle size and higher specific surface area and may absorb a large amount
of water during the mixing process. In particular, the long-term performance evolution of
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molybdenum tailings concrete (MTC) in coastal areas (where CO; concentrations can reach
0.1~0.15%) and industrial environments (0.2~0.5%) remains unclear.

The physical and chemical changes triggered by the carbonization process signifi-
cantly alter the pore structure characteristics, but existing studies have mostly focused
on the short-term mechanical properties of tailings concrete and lack long-term evolu-
tion patterns [23,24]. There is insufficient research on the correlation between mechanical
properties and pore structure, making it difficult to establish a multi-scale performance
prediction model. Therefore, this paper systematically studies the performance evolution
mechanism of MTC under a carbonation environment, which mainly includes the following
contents: (1) Macroscopic level: The variation in carbonation depth, compressive strength,
and splitting tensile strength of MTC with different substitution rates under different curing
ages and different carbonation erosion ages; and the distribution of the strain cloud based
on digital image correlation (DIC). (2) Meso level: Using industrial CT scanning technology,
visual two-dimensional (2D) slices and three-dimensional (3D) pore space distribution
models were extracted to quantitatively characterize the evolution of the 2D and 3D pore
structure, and a multi-scale performance prediction model of macro compressive strength,
porosity, and pore volume was proposed. (3) Microscopic level: Finally, the microstructure
and morphology of MTC after carbonization were explored from the microscopic level by
scanning electron microscope (SEM). The long-term carbonization performance evolution
of MTC was confirmed, which provided a multi-level theoretical basis for the long-term
performance of MT in concrete.

2. Experimental Programs

2.1. Materials
2.1.1. Cementitious Material

In this study, the cementitious materials used were a ternary cementitious system
consisting of cement, fly ash (FA), and silica fume (SF). The cement selected is Shaanxi
Qinling brand ordinary Portland cement with a strength grade of 42.5, which has good
volume stability. FA is selected from Class F Grade I FA produced by Weihe Power Plant.
SF is sourced from Shaanxi Xi’an Linyuan Microsilica Powder Factory. The chemical
composition of the cementitious material is shown in Table 1. The physical properties of
cement and FA are shown in Tables 2 and 3. The mineral composition and appearance of
the ternary cementitious material are shown in Figure 1. It can be seen that the cement
particles are irregular and have sharp edges. The various indicators of the cement were
tested in accordance with the national standard GB/T 1346-2011 [25]; most of the FA and SF
particles were regular spherical bodies. The particle size distribution curve of the ternary
cementitious material is shown in Figure 2. The particle size of FA and SF fine powder
is mostly 10~100 um. Compared with the two, most of the particles of SF are between
1~10 pm (72.18%). The content of fine powder less than 1 um accounts for 4.14%, and
the content of fine powder greater than 10 um is 23.68%. The chemical composition of SF
shows that the SiO, content reaches 92.25%, which is much higher than that of cement and
FA. This is also fully confirmed by its mineral composition chart.

Table 1. Chemical composition of cementitious materials (%).

Material CaO SiO, Al,O3 Fe, O3 MgO SO;3 Na,O K,O TiO, Other

Cement 61.72 21.56 6.50 3.57 3.09 0.76 0.26 0.58 0.32 1.64
FA 4.88 54.50 29.31 5.12 0.62 0.95 0.45 1.15 1.86 1.16
SF 3.64 92.25 0.62 0.78 0.31 0.89 0.20 0.99 0 0.32
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Table 2. Physical and mechanical properties of cement.

SSA Ignition Setting Time (min) feu (MPa) fts (MPa)
(m?/kg) Loss Initial Set  Final Set 3d 28d 3d 28d
344 2.51 155 319 27.50 50.45 53 8.7

Remarks: SSA stands for specific surface area; f, stands for compressive strength; and f ¢ stands for
flexural strength.

Table 3. Physical properties of fly ash (%).

Moisture 28 d Activity Index Ignition Loss Fineness (0.0045 mm) Water Demand Ratio
0.3 89.55 3.45 14.5 92
1/2/4 1 - Dicalcium silicate
2 - Tricalcium silicate 1 1 - Quartz Ouart
1 11/2 3 - Tricalcium aluminate 2 - Mullite uartz
4 - Tetracalcium ferrate 3 - Hematite A/

510 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 30 35 40 45 50 55 60 65 70
20 () 20 (°) 20 (°)
(a) Cement (b) FA (c) SF

(f) SF

(d) Cement

Figure 1. Mineral composition and appearance of ternary composite cementitious system.
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Figure 2. Particle size distribution of ternary composite cementitious material.

https://doi.org/10.3390 /buildings16214197


https://doi.org/10.3390/buildings16214197

Buildings 2026, 16, 4197

50f28

2.1.2. Aggregate

The river sand (RS) used in this study was sourced from the middle reaches of the
Bahe River in Shaanxi Province. Molybdenum tailings sand comes from the mining field
in Shimen Town, Luonan County, Shangluo City, Shaanxi Province. The coarse aggregate
comes from crushed stone from the Wei River in Shaanxi Province, with a particle size
range of 5~20 mm and good gradation. MTs have a wide particle size distribution range,
from cement to fine sand. They also have a high micro-powder content of up to 35%. The
main physical performance indicators of the three are shown in Table 4. The chemical
composition of RS and molybdenum tailings sand is similar, with slight differences in
content, as shown in Table 5.

Table 4. Physical properties of aggregates.

Asoregat Apparent Density =~ Bulk Density =~ Crushing Index = Water Absorption Silt Content Water
ggregates (kg/m®) (kg/m®) (%) (%) (%) Content(%)
RS 2664 1520 20.51 0.93 091 4.34
MT 2736 1824 20.34 2.70 0.52 1.45
Gravel 2852 1813 7.23 1.70 0.70 0.75
Table 5. Chemical composition of RS and MT (%).
Component SiO, AlL,Os3 Fe, O3 MgO CaO SO3 Na,O K,O Other
RS 73.23 11.82 4.64 1.14 6.32 0.12 1.16 1.21 0.36
MT 74.26 5.22 11.89 2.88 4.20 0.24 0.22 1.01 0.08

(d) MT

Figure 3 shows the appearance of RS and MTs. It can be seen that MTs are rougher
than RS. When magnified a thousand times, RS particles are smooth and rounded, with
a higher degree of fullness than MTs. MT particles have sharp edges and rough, uneven
surfaces. The roundness coefficient is 0.38. Similarly, Liu et al. [26] observed under an
optical microscope that MT particles had irregular shapes, with many uneven surfaces
and good mechanical interlocking forces, which were conducive to enhancing the bond
strength with cement slurry.

10 Ry SigealA+ 561 Dl # i 3022
{ Wo 25200 wage 150N Tive 9042

(c) RS (1500 times)

oows SgearA- 551 oot # i2022
wage 200%x Tine. 9,009

(f) MT (2000 times)

Figure 3. Particle morphology of RS and MT.
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Figure 4 shows the X-ray diffraction patterns of RS and MTs. The main mineral
components of MTs are similar to those of RS, with quartz as the main component and
small amounts of pyrite, muscovite, and orthoclase. Most mineral components exist in
the form of stable oxides, so their chemical activity is relatively stable. The particle size
distribution curves of the two materials are shown in Figure 5. It can be seen that the MTs
are finer than RS, with most of the particles in both falling within the 10~1000 um range,
accounting for 97.48% and 65.19%, respectively. The content of particles smaller than 10 um
is 2.52% and 0.33% respectively, while the content of particles larger than 1000 um is 0%
and 34.48%, respectively.

1 1
RS 1-Quartz MT 1 - Quartz
2 2-Haematite 2 - Hematite
3-Anorthite 3 - Mica
4-White Mica 4 - Orthoclase
1 3 !
29 4 3 4 1 1
NUTIVRU I 2 | L S ST 3 1 22 L 3L
Mo \ [ Jl l i At " 1

5 1001520025 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 50 55 60 65 70
29(0) 20 (o)

Figure 4. Mineral composition of RS and MTs.
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Figure 5. Particle size distribution of RS and MTs.

Radionuclides in MTs should be evaluated before they are used as building materials.
According to the limit standard of radionuclides in building materials [27], the specific
activity of Ra??®, Th?*2, and K% in the material shall not exceed the limits according to
different usage conditions. The internal exposure index Ir, and external exposure index I,
should meet the following requirements:

IRa = Cra/200 < 1.0 1)

I, = Cgra/370 + Crp,/260 + Cy /4200 < 1.0 )
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In the formula, Cgr,, Cr, and Cx are the specific activities of Ra%?®, Th®32, and K% in
MTs, respectively.

Table 6 shows the evaluation of radioactive nuclides in MTs in Zhejiang Province and
Shaanxi Province. It can be seen that the internal exposure index Ir, and external exposure
index I, of MTs both meet the requirements for use as structural materials. Due to the
differences in the above chemical compositions, the radioactive nuclide indicators of MTs
also vary depending on the mineral resources.

Table 6. Assessment of radioactive nuclides in MTs.

Unit: Bq/kg I I
ial
Materials Cra Crn Cu Ra r
Zhejiang MT [28] 21.6 0.11 1025.9 0.11 0.56
Shaanxi MT [29] 74.8 0.37 1395 0.37 0.68

2.2. Test Procedure
Mix Proportion Design of MTC

According to the design method of the “Technical Specification for Application of
High Performance Concrete” (CECS 207: 2006) [30], the design grade of concrete strength is
C50. In this study, FA and SF were added to enhance the performance of MTC. According
to technical specifications, the FA content should not exceed 30% and the SF content
should not exceed 10%. On this basis, referring to the relevant literature research [31],
the proportion of the ternary composite cementitious system is cement:FA:SF = 7:2:1. The
effects of different substitution rates of MTs (0%, 20%, 40%, 60%, 80% and 100%) on the
properties of concrete were studied. Before mixing, river sand and MTs were dried to a
constant weight to control the initial moisture content of the aggregate. The content of
each admixture is calculated according to different substitution rates, and the proportion
is adjusted appropriately through an on-site trial. Finally, the water-cement ratio is set to
0.30, and the sand ratio is 0.33. The mix ratio of MTC is shown in Table 7.

Table 7. MTC mix proportion (kg/m3).

Cementitious Material Coarse Fine Aggregate Water-Reducing
No. Mix Water
Cement  FA SF Aggregate RS MT Agent
1 MTC1 367.29 104.94 52.47 1185.50 583.90 0.00 161.22 2.69
2 MTC2  367.29 104.94 52.47 1185.50 467.12 116.78 161.22 2.69
3 MTC3  367.29 104.94 52.47 1185.50 350.34 233.56 161.22 2.69
4 MTC4  367.29 104.94 52.47 1185.50 233.56 350.34 161.22 2.69
5 MTC5  367.29 104.94 52.47 1185.50 116.78 467.12 161.22 2.69
6 MTC6  367.29 104.94 52.47 1185.50 0.00 583.90 161.22 2.69

2.3. Test Method
2.3.1. Carbonation Test

(1) Carbonation test method

Concrete carbonation testing is based on “the relevant provisions of the Standard
Test Methods for Long-Term Performance and Durability of Ordinary Concrete” (GB/T
50082-2009) [32]. Before the test begins, concrete specimens are first placed in a drying
oven at 60 = 2 °C and dried for 48 h. Afterward, the specimens are placed on the specimen
rack of the concrete carbonation chamber at intervals of 50 mm. The carbonation chamber
should comply with the current industry standard “Concrete Carbonation Test Chamber”
(JG/T 247-2009) [33], as shown in Figure 6. The temperature inside the control chamber
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test specimen
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should be maintained at 20 £ 3 °C, the relative humidity at 70 &= 5%, and the carbon dioxide
concentration at 20 + 3% [34,35].

!‘l."'l' -

Carbonization carbonization
__test chamber erosion

e
10mm

10mm
- e e mm m mm Ew e Em Em mm

Figure 6. Carbonation test and carbonation depth test of MTS.

(2) Carbonation depth test procedure

After carbonation for 7 days, 14 days, 28 days, and 56 days, the concrete specimens
were removed for mechanical property testing and carbonation depth measurement. When
the carbonation depth is measured, the residual powder of the concrete section is cleaned,
1% phenolphthalein solution is sprayed on the surface of the split surface, and the chemical
principle of phenolphthalein solution turning red in alkali is used for measurement. A
pink color on the split surface indicates that the part has not been carbonized, while a part
that has not changed color indicates that it has been carbonized. After air drying for 60 s,
the cross-section was marked at intervals of 10 mm to indicate measurement points. The
carbonization depth at each measurement point was measured using a vernier caliper, with
results accurate to 0.01 mm, as shown in Figure 6. When the selected measurement point
is located exactly at the position of coarse aggregate, the average carbonization depth on
both sides of the measurement point is taken as the carbonation depth of that measurement
point. The average carbonization depth of all test points is the carbonization depth of
the sample. The average carbonization depth of the three specimens is calculated as the
carbonization depth of the mix ratio. Equation (3) is shown below:

3 /1 n

)3 ( ) di)

D— j=1\"i=1 3
3

where D is the average carbonation depth, mm; N is the total number of measuring points;

i is the i-th measuring point; and d; is the carbonization depth of the i-th measuring
point, mm.

2.3.2. Macro Mechanical Properties Test

The mechanical properties of MTS were tested using an MTS-2000kN microcomputer-
controlled electro-hydraulic servo universal pressure testing machine (MTS Systems (China)
Co., Ltd., Shanghai, China). To study the effect of carbonation on the mechanical properties
of MTC, this study combined the digital image correlation (DIC) method with the real-time
non-contact measurement of full-field displacement and strain. The DIC system includes a
low-speed CCD camera (Basler AG, Ahrensburg, Germany), light source, and Match ID
non-contact strain operating system. The test system is shown in Figure 7.

https://doi.org/10.3390 /buildings16214197


https://doi.org/10.3390/buildings16214197

Buildings 2026, 16, 4197

9 of 28

- e = = e = = e =

— Ik nEi k

= | . MTS compression machine

=il
HLE |
Light-source ‘ I I

| & @ |

L N USSR R U A U R U p———

Figure 7. DIC system.

A CCD camera is used to collect digital information of the whole process of surface
crack change in MTC. Based on the Match ID system, the digital information collected
by the CCD is combined with DIC technology and the virtual field method to extract
the deformation information of the speckle field randomly distributed on the surface of
the test block. The displacement field u and strain field Ex in the horizontal direction
of molybdenum tailings concrete and the displacement field v and strain field Eyy in the
vertical direction are obtained. The variation law of the displacement field and strain field
of MTC and the change in surface crack during compression are further analyzed. Three
parallel samples were set up for the characterization of strain field distribution. In order to
control the length, representative strain cloud images were selected for qualitative analysis.

Artificial random distribution speckle treatment was performed on concrete samples
before the compression test (Figure 7a). Then, the position of the CCD camera on the rigid
support was adjusted so that it was aligned with the loaded sample. Then, the aperture,
light source and focus were adjusted so that the computer could clearly display the sample
photos. A CCD camera and Match ID system are used to collect information from calibration
plates at different positions to ensure that all speckles during the sample loading process
can be collected (Figure 7b—d). The Match ID non-contact strain measurement system
synchronizes with the pressure testing machine to collect data, with a loading speed of
0.01 mm/min and images collected every 200 ms. The data collection process is shown in
Figure 7.

2.3.3. CT Scanning and Image Reconstruction

The pore structure of MTC was determined by industrial CT (MS-Voxe1450) scanning.
The scanning parameters are: voltage, 380 kV; current, 1.3 mA; exposure time, 0.5 s; number
of image merges, 2; number of pixel merges, 1. The isotropic voxel size was 52 um, and the
nominal spatial resolution was equal to the voxel size. The FDK cone-beam filtered back-
projection algorithm was used for reconstruction, and the Shepp-Logan filter was used
for reconstruction filtering. The beam hardening correction and ring artifact suppression
were uniformly turned on, and all samples maintained the same reconstruction parameters.
Image processing and pore quantitative analysis were completed in Avizo. The region
of interest (ROI) was selected to cover the entire 100 mm cube sample, that is, the whole
volume of the sample was used to analyze the pore structure, and the sample was not cut,
only the central area was intercepted. The ROI size and relative position of all samples
remained uniform. The segmentation threshold strategy was as follows: based on the gray
histogram inflection point method, the solid phase and pore segmentation threshold were
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preliminarily determined and several representative two-dimensional slices were selected
to visually check the pore boundary; all samples were segmented by the same global fixed
threshold, and the threshold was not adjusted separately for a single sample to reduce the
artificially introduced inter-group differences. The processing rules of connected pores and
closed pores were as follows: before the analysis of pore connectivity, all pores intersecting
with the ROI boundary were excluded, and the pore volume classification statistics were
not included; only the pores completely contained in the ROI were identified, which were
further divided into isolated closed pores inside the ROI and connected pores inside the
ROL. The edge effect control method was as follows: the buffer distance was reserved by
inward contraction of the ROI, which weakened the partial volume effect and hardening
artifacts of the sample surface.

After the sample is fixed, it is rotated at a constant speed from 0 to 360° along the
horizontal direction of the sample stage to generate X-ray attenuation projection images.
This process is repeated until a full scan is completed, allowing the collection of data from
360°. All scanned data were first pre-reconstructed using the Voxel Studio Recon software
(Version 2020) to obtain tomographic projection images, which were then further processed
using the AVIZO software (Version 2021), as shown in Figure 8. Three parallel samples
were set for CT scanning and post-processing characterization. In order to control the
length, representative images were selected for qualitative analysis. First, two-dimensional
reconstruction was performed: the porosity was calculated and the slices were analyzed,
with the pore structure distribution directly observable through the slices. Then, 3D
reconstruction was carried out, and boundary frames were added to generate 3D models.
3D pore analysis was then carried out. The pores were marked with different colors and

3 3

divided into macropores > 10 mm , small pores 0.1~1 mm?, and

3

, mesopores 1~10 mm
micropores < 0.1 mm

according to volume.

cture

Figure 8. Industrial CT scanning and data processing.

2.3.4. Microstructural Testing

The microstructures of the samples were analyzed using an 54800 field emission SEM
to study the effect of the carbonation environment on the microstructure of MTC. Three

https://doi.org/10.3390 /buildings16214197


https://doi.org/10.3390/buildings16214197

Buildings 2026, 16, 4197

11 of 28

parallel samples were set up for microscopic morphology characterization. In order to
control the length, representative images were selected for qualitative analysis. The sample
with coarse aggregates removed was adhered to the sample stage with conductive adhesive,
sprayed with gold, and vacuum-treated before microscopic morphology observation. The
electron energy was 15 kV, and the current was 0.8 mA.

For SEM observation, three viewing fields were randomly selected in the mortar
matrix and interfacial transition zone of each specimen after avoiding obvious surface
damage. The representative micrographs were selected from these viewing fields for
qualitative morphological analysis. It should be noted that phase identification based
on SEM micrographs is only a qualitative auxiliary judgment combined with typical
morphologies reported in the literature and the carbonation/hydration conditions of this
test. Without supporting EDS, XRD, or TGA results, SEM alone cannot provide the accurate
and independent differentiation of CH, C-S-H, C-A-H, and CaCOs.

3. Results and Discussion
3.1. Workability

The slump is an important index to evaluate the working performance of concrete.
Table 8 shows the slump values of concrete with different substitution rates of MTs. It
can be seen that with the increase in MT substitution rate, the slump decreases. Because
the water absorption rate of MTs (2.70%) is significantly higher than that of river sand
(0.93%), and the fine particle content of tailings is higher, under the condition of fixed total
mixing water consumption and the constant dosage of water reducer in this experiment,
with the increase in the proportion of tailings replacing river sand, the amount of water
adsorbed on the surface and inside of the aggregate increases, the free water participating
in cement hydration in the system decreases, and the actual effective water-binder ratio
shows a downward trend. Therefore, the slump decreases with the decrease in the effective
water-binder ratio.

Table 8. The slump of MTC.

Mix Code MC1 MC2 MC3 MC4 MC5 MCé6
Slump (mm) 130.50 126.30 120.70 114.50 108.20 102.80

On the one hand, higher MT water absorption will consume free water in the slurry,
reduce the fluidity of the slurry, and cause the slump of the concrete to decrease with the
increase in the tailings replacement rate. The large specific surface area of fine particles will
further increase the water demand and aggravate the deterioration of working performance.
On the other hand, the decrease in the effective water-binder ratio is not conducive to the
occurrence of the cement hydration reactions and reduces the mechanical strength.

3.2. Carbonation Depth

Carbonation depth can directly reflect changes in the alkaline environment within
concrete, facilitating predictions about the service life of concrete structures. It is one of
the key indicators for assessing the durability of concrete structures [36]. Under different
carbonation ages, phenolphthalein alcohol solution is used as an indicator to measure
the carbonation depth (uncarbonated areas turn pink, while carbonated areas remain
unchanged). Based on the changes in carbonation depth under different carbonation
ages, the study investigates the influence of the MT replacement rate on the carbonation
performance of concrete. The carbonation depth of MTC is shown in Figure 9. Combined
with Figure 10, it can be seen that as the carbonation age increases, the area of the red region
decreases, indicating an increase in carbonation depth. At the same time, the carbonation
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depth also gradually increases with the increase in the MT replacement rate. At 56 days
of carbonation, compared to ordinary concrete (MTC1), the carbonation depth of MTC2,
MTC3, MTC4, MTC5, and MTC6 increased by 6.56%, 12.83%, 19.58%, 24.62%, and 30.42%,
respectively. When the MT replacement rate reached 100%, the carbonation depth reached
a maximum of 13.72 mm. The increase in the carbonation depth due to higher MTC may be
attributed to the finer particle size and larger specific surface area of MTs, which allowed
them to bind with more cementitious materials during concrete hardening, resulting in a
relatively loose matrix with more pore defects. CO, could more easily penetrate into the
interior of the concrete, accelerating the carbonation rate and increasing the carbonation
depth. The impact of these physical properties of MTs on concrete performance has also
been thoroughly demonstrated in the research by Gao et al. [27].
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Figure 9. Changes in carbonation depth of MTC at different carbonation ages.

Carbonization for 7 d Carbonization for 28d Carbonization for 56 d

MCl1

MC4

Figure 10. Changes in carbonation depth of MTC1 and MTC4 samples.

3.3. Mechanical Properties After Carbonation
3.3.1. Compressive Strength

The carbonation depth of concrete increases with the increase in carbonation age, and
the increase in carbonation depth will inevitably affect the mechanical properties of concrete.
Compressive strength (f,) is the most basic mechanical property of concrete. Therefore,
this paper further investigates the effect of carbonation on the f, of MTC. Figure 11 shows
the fy values of concrete at various ages after curing, including non-carbonated (control
group) and carbonated (carbonation group) concrete. The f, of the carbonation group at
all ages was higher than that of the control group.
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Figure 11. Changes in f, of MTC before and after carbonation.

Referring to the research by Li et al. [37], the o, growth rate k of MTC was introduced,
which was the ratio of the strength growth value of concrete of the same age to the f, of
natural curing, as shown in Equation (4):

!/
koS, 1009, )
cu

In the formula, fo, and f,’ represent the compressive strength of the control group
and carbonized group MTC, respectively, and k represents the f., growth rate.

Figure 11 shows that as the proportion of MTs increases, the f, of concrete at various
ages gradually decreases. The carbonization group showed similar results to the control
group, with f, decreasing as the proportion of MTs increased. For example, after 28 days
of normal curing, the f., of concrete with 20%, 40%, 60%, 80%, and 100% MT replacement
decreased by 2.9%, 5.3%, 9.0%, 11.7%, and 15.5%, respectively, compared to concrete
without replacement. It can be seen that the replacement rate of MTs is 60% and the fc,
decreases by less than 10%. As can be seen from Figure 11c, carbonation increases the
compressive strength of concrete, but the overall growth rate does not exceed 6%, and the
feu growth rate generally decreases with increasing carbonation age. The reason for this
phenomenon may be that CO, enters the interior of the concrete and reacts with Ca(OH);
to form CaCOs, which is insoluble in water. The CaCOs fills the pores and cracks in the
concrete. As the carbonation age increases, the carbonation depth increases, and the pores
and defects in the carbonation layer are filled, resulting in a decrease in porosity and
an increase in density. In the later stages, CO; entering the concrete interior creates an
inhibitory effect. Therefore, the impact of carbonation on f, decreases in the later stages
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and the phenomenon of reduced f, growth rate in the later stages is also demonstrated in
the carbonation performance of desert sand concrete [38].

It can be seen from Table 9 that the standard deviation of f, of MTC after carbonation
is generally higher than that before carbonation. Within the carbonation ages of 7 d, 14 d,
28 d, and 56 d, the strength standard deviation roughly increases gradually with the
extension of carbonation age. This is mainly attributed to the heterogeneous development
of the carbonation reaction in the inhomogeneous concrete matrix: the diffusion path of
CO; and the local precipitation of calcium carbonate are random. As carbonation proceeds,
the difference in the carbonation degree among specimens accumulates, increasing the
strength scatter among parallel samples. In addition, the standard deviation of MTC rises
with the increase in the MT replacement ratio, indicating that the initial pore structure
heterogeneity induced by tailings further aggravates this effect.

Table 9. Standard deviation of MTC f at different ages before and after carbonation.

Standard Deviation of Uncarbonated f, Standard Deviation of f, After Carbonation

7d 14d 28 d 56 d 7d 14d 28 d 56 d
MC1 1.41 1.66 1.45 1.80 1.6 2.1 2.0 2.4
MC2 1.66 1.45 1.55 1.70 1.6 1.8 2.1 2.3
MC3 2.44 1.78 3.05 2.22 2.0 2.5 2.9 2.8
MC4 2.35 1.77 2.44 2.36 1.8 2.6 3.3 2.8
MC5 2.45 2.05 3.05 3.05 2.8 3.0 34 3.1
MCe6 3.26 2.55 1.89 2.88 3.7 34 3.3 3.6

3.3.2. Splitting Tensile Strength

Splitting tensile strength (fsts) is one of the basic mechanical properties of concrete. In
this study, we introduced the fs growth rate k" of MTC, which was the ratio of the strength
growth value of concrete of the same age to the fs of naturally cured concrete, as follows:

K :fs/ts _fsts x 100% (5)
f sts

In the formula, f¢s and £ are the splitting tensile strengths of the control group and
carbonized group MTC, respectively, and k' is the fgs growth rate.

Figure 12 shows the fgs values and strength growth rates of MTC in the control
group and carbonization group at different ages. As shown in Figure 12a,b, f¢s gradually
decreases with increasing MT replacement rate at different curing ages. Taking the 28-day
curing age as an example, the fs of MTC with replacement rates of 20%, 40%, 60%, 80%,
and 100% decreased by 4.1%, 6.1%, 8.3%, 10.2%, and 12.9%, respectively, compared to
ordinary concrete. It can be seen that when the MT replacement rate exceeds 60%, the
decrease in fss exceeds 10%. After carbonation, it exhibits a similar trend of change. As
shown in Figure 12¢, the fss of concrete exhibits varying degrees of increase at different
carbonation ages after carbonation, with an overall growth rate not exceeding 7%. It is also
evident that as the carbonation age increases, the growth rate of fs gradually decreases.
This trend is similar to that observed in the previous section for f, growth rates, but
the pattern is more pronounced. The reason for this is that CO, enters the interior of the
concrete and consumes Ca(OH),, forming CaCOj that is insoluble in water. This CaCOs3
fills the internal pores, thereby obstructing the entry of CO, into the concrete channels. As
a result, the later stages of carbonation have a smaller impact on the fs.
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Figure 12. Changes in fs of MTC before and after carbonation.

The standard deviation of fg of carbonated specimens is larger than that of non-
carbonated ones (Table 10). For non-carbonated samples, the standard deviation of fs
shows no obvious monotonic trend from 7 d to 56 d, while the standard deviation of
carbonated samples increases with the extension of carbonation age.

fsts is highly sensitive to internal defects and weak zones at the aggregate—paste in-
terfacial transition zone (ITZ). Once the hydration of non-carbonated specimens becomes
relatively stable, the dominant defects controlling splitting failure do not evolve systemati-
cally, resulting in insignificant variations in the data scatter. Carbonation exhibits strong
spatial heterogeneity in terms of CO, diffusion and calcium carbonate precipitation. The
local filling effect of precipitated CaCO3 within pores and the ITZ varies greatly among
replicates. As carbonation proceeds, such heterogeneity accumulates and amplifies the
random differences in weak interfacial regions, which increases the scatter of fts.

It should be noted that this evolution of dispersion differs from fy: fcu is dominated
by the overall compactness of the matrix, whereas fs is more sensitive to the random
distribution of local interfacial defects.

Table 10. Standard deviation of fss of MTC at different ages before and after carbonization.

Standard Deviation of Uncarbonized fs Standard Deviation of fss After Carbonization

7d 14d 28 d 56 d 7d 14d 28 d 56 d
MC1 0.17 0.11 0.25 0.25 0.21 0.24 0.25 0.32
MC2 0.20 0.22 0.19 0.25 0.19 0.27 0.27 0.28
MC3 0.16 0.18 0.20 0.27 0.25 0.24 0.25 0.30
MC4 0.25 0.25 0.25 0.19 0.26 0.30 0.31 0.33
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Table 10. Cont.
Standard Deviation of Uncarbonized fs Standard Deviation of fs After Carbonization
7d 14d 28d 56 d 7d 14d 28d 56 d
MC5 0.24 0.30 0.25 0.33 0.3 0.29 0.28 0.33
MCé6 0.27 0.27 0.27 0.30 0.29 0.33 0.31 0.35

3.3.3. Strain Field Distribution Based on DIC

Figure 13 shows the transverse strain field distribution of the compression and splitting
tensile tests of the cubic specimens before and after carbonization based on DIC technology.
The strain cloud diagram of the typical specimen (MTC4) is given in this paper. It can
be seen that whether it is carbonized or not at the initial stage of loading (0.05¢), the
transverse strain field ey is relatively uniform and there is no obvious stress concentration
phenomenon. The internal structure of MTC exhibits only elastic deformation caused by
the compression of aggregates and cement hydration crystals.

0.050 0.75¢ Omax

3
B

& s
AOS TS BRI O

splittensiletest time (s) : 48 67

Figure 13. Stress cloud diagram of MTC4 compressive and splitting tensile stress test.

The specimen is in the elastic stage, with no obvious macroscopic deformation charac-
teristics, and the strain cloud map shows mostly green areas. As the compressive stress
continues to increase to 0.75¢, a more obvious stress concentration zone appears in the
transverse strain field, but no macroscopic microcracks have yet been formed. At this stage,
the concrete is in a compacted state. It can be seen that the stress concentration zone of
MTC4 that has not been carbonated appears diagonally across the entire sample, while
the stress concentration zone of the MTC that has been carbonated for 56 days appears in
the corner area. The reason for this phenomenon may be that the edges of the carbonated
molybdenum tailings concrete were the first to undergo a chemical reaction between CO,
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and Ca(OH);, producing CaCOs. The CaCOs filled the pores and cracks in the concrete,
filling the pore defects in the carbonation layer, reducing the porosity, and increasing the
density. Based on this reasoning, the stress concentration zone after carbonation should
not appear in the corners of the test specimen. However, since the corners underwent
carbonization for 56 days, the alkalinity of this area decreased, and the C-S-H gel may have
also been carbonized. Although the corners are denser, they exhibit brittle characteristics,
so stress concentration zones are more likely to occur in the corners. When the peak stress
Omax is reached, the strain concentration area gradually becomes more obvious, forming a
distinct strain concentration zone. After peak stress, cracks are formed in the middle of
the specimen. During the loading process, the cracks rapidly lengthened and widened,
causing local instability within the specimen. The multiple cracks on the surface of the
uncarburized specimen gradually transformed into a single through crack.

After carbonization, the development of stress concentration zones penetrating the
diagonal of the specimen is significantly slower than before carbonization and the f,
increases. Carbonization makes MTC have a tendency to increase brittleness; it has a more
significant effect on improving the filling of the pore structure. When the tensile load
reaches its limit value for MTC, the splitting surface (vertical center section) is penetrated,
the specimen breaks along the splitting surface, and the stress cloud map undergoes a
sudden change. The failure occurs instantaneously, and the stress is released rapidly.

3.4. Pore Structure After Carbonization
3.4.1. 2D Slice

The porosity of 1000 cross-sectional sections was analyzed by industrial CT scanning.
In this study, the plane porosity distribution of each layer is the percentage of the pore area
of the slice scanned along the vertical height to the total area of the slice. Since the effects
of carbonation on concrete deepen progressively from the surface inward, investigating
changes in pore volume at different depths can help elucidate the mechanisms underlying
carbonation’s impact on concrete.

2D slices of MTC1, MTC4, and MTC6 were selected for a porosity variation analysis,
as shown in Figure 14. The average porosity and porosity variance of different slices
were calculated, as shown in Table 11. The dispersion of concrete porosity in the vertical
direction under different MT replacement rates in a carbonation environment was further
investigated. As shown in Figure 14, the porosity of concrete slices with different MT
replacement rates fluctuates along the height direction without any obvious pattern. Under
different carbonation ages, the average porosity of concrete decreases in the following
order: MTC6 > MTC4 > MTC1. This also reflects that the addition of MTs reduces the
density of concrete. Concretes with different MT replacement rates showed a decrease in
porosity as the carbonation age increased, indicating that the carbonation environment
reduced the porosity of MTC, with the reduction rate becoming more pronounced as the
carbonation time increased. The porosity of MTC1, MTC4, and MTC6 after 28 and 56 days
of carbonization decreased by 22.94% and 33.95%, 17.8% and 30.08%, and 10% and 15%,
respectively, compared to the porosity of the non-carbonized samples. It can be seen that
the rate of decrease in porosity after carbonation was reduced, indicating that the effect
of carbonation on concrete was relatively small in the later stages of carbonation. This
is consistent with the findings in Section 3.2 regarding the impact of carbonation on the
macroscopic mechanical properties of concrete.
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Figure 14. Variation in 2D porosity of MTC with slice depth at different carbonation ages.

Table 11. Average porosity and porosity variance of MTC under a carbonation environment.

Specimen Age Porosity (%) Porosity Variance
0d 2.18 121
MTC1 28d 1.68 0.85
56d 1.44 0.87
0d 2.36 1.58
MTC4 28d 1.94 1.12
56 d 1.65 1.10
0d 3.00 1.87
MTC6 28d 2.70 1.22
56d 2.55 1.23

The obvious change rule in MTC1, MTC4, and MTC6 is that the porosity of the upper
and lower parts along the height direction changes greatly at different carbonation ages,
while the porosity near the middle is close to each other and is not greatly affected by
carbonation. This also reflects the influence of carbonization on concrete from the outside to
the inside [39]. As can be seen from the porosity variance in Table 11, carbonation reduced
the degree of dispersion in the concrete along the height direction, while the concrete with
different MT replacement rates showed that the larger the average porosity, the greater the
degree of porosity dispersion.

The above analysis results indicate that the porosity of each layer of concrete changes
to varying degrees under different carbonation ages. To visually study the evolution of pore
structure under carbonation conditions, representative CT scan images of the mid-section
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cross-sectional pore structure of MTC1 and MTC4 concrete at different carbonation ages
are presented, as shown in Figure 15.
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Figure 15. Evolution of pore structure of MTC1 and MTC4 at different carbonization ages.

As can be seen from Figure 15, the distribution of pores, aggregates, and mortar in
concrete at different carbonation ages is evident. Due to differences in aggregate density, the
gray values displayed in the image also vary. Therefore, image gray value characteristics
can be utilized to distinguish between different composite materials. Research shows that
high-density materials usually correspond to white phases in images [40]. The white with
higher brightness corresponds to the stone, while the gray area with relatively dark gray is
the mortar system. After the image was processed by the AVIZO software, the pores and
cracks inside the specimen were marked in blue. Consistent with the average porosity in
the previous section, the initial porosity of MTC4 is greater than that of MTC1. The porosity
of both materials decreases with increasing carbonization time, showing a general trend
of large pore defects gradually decreasing and small pore defects gradually disappearing.
The fact that carbonization causes a decrease in porosity has been widely reported [41-43].

From the perspective of different carbonization ages, the changes in pores after 7 days
of carbonization are not obvious, mainly reflected in the initial reduction in large pores at
the edges of the samples, such as the reduction in large pores at the upper left corner of
the samples. After 14 days of carbonization, the large pore defects continued to decrease,
but unlike after 7 days of carbonization, there was a significant disappearance of small
pores inside. At the age of 28 days of carbonization, the macropore defects at the edge of
the sample decreased to the lowest and the disappearance of small pores was not obvious.
After 56 days of carbonization, the pore structure did not change significantly compared
to that after 28 days, which was consistent with the macro-mechanical properties. The
strength growth rate was relatively slow after 56 days of carbonation.

The reason for the gradual disappearance of the pores at the edge of the sample was
that after carbon dioxide penetrated the concrete, it reacted with calcium hydroxide and
consumed it, thereby generating calcium carbonate that was insoluble in water [44]. This
calcium carbonate filled the pores inside the concrete, blocking the passage of carbon
dioxide into the concrete. As a result, as the carbonation process progressed, the large
pores on the outside were gradually filled and disappeared and the mechanical properties
gradually strengthened.
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3.4.2. 3D Reconstruction

The distribution of pore space is also an important factor affecting the performance
of concrete [45]. Therefore, based on industrial CT scan data, 3D reconstruction was
performed to obtain the true state of the 3D spatial distribution of pores in MTC and
to further understand the effect of carbonation on the spatial distribution of pores in
MTC. To understand the evolution process of the pore structure, the 3D pore volume
was divided into four levels [46,47] based on the industrial CT scan data—<0.1 mm?
micropores, 0.1~1 mm? micropores, 1~10 mm® mesopores, and >10 mm> macropores—and
the four-level pores were visualized as shown in Tables 12 and 13, respectively. Further
data processing was used to quantify the volume percentage of each pore size category
(pore size distribution), as shown in Figure 16.

From Tables 12 and 13, it can be seen that the pore size, distribution and geometric
shape of ordinary concrete and MTC are different under different carbonization ages. In
general, the pore size distribution under different carbonization ages is characterized by
a small number of macropores above 10 mm? and the distribution is relatively dispersed.

The number of mesopores of 1~10 mm?

is moderate, and the pore distribution is uniform.
The number of small pores of 0.1~1 mm?® and micropores of <0.1 mm? is large, and the
pore distribution is dense and uniform.

From the quantitative data information of pore size distribution in Figure 16, it can be
seen that the volume fraction of 1~10 mm?® mesopores in MTC is the largest, up to nearly
50%; although the number of micropores (<0.1 mm? ) is large, the volume fraction is the
least, generally not more than 10%.

The evolution of the pore structure of MTC is mainly reflected in the overall reduction
in porosity, the decrease in large pore volume and the disappearance of some micropores.
After 56 days of carbonization, the porosity can be reduced by at most 37.3%. As the
carbonization age increases, the proportion of macropores decreases while the proportion
of mesopores increases. However, the evolution patterns of micropores and nanopores at
different carbonization ages remain unclear. Compared with the uncarbonized material, the
proportion of macropores generally decreases by about 4~9% after 28 days of carbonation
while the proportion of micropores generally decreases by about 10~24%. The overall
proportion of mesopores and micropores increases by about 15~35%. This is because CO,
enters the pores inside the concrete and reacts chemically with alkaline substances to form
CaCO;3, which is insoluble in water. The size of the pores determines the extent of the
reaction between the CO, and alkaline substances. Generally, the larger the pore size,
the more free water there is inside, which is more conducive to acid-base neutralization
reactions [48]. Therefore, the filling effect of carbonization products on macropores is more
obvious. The pore size of macropores decreases and transforms into mesopores, and the
proportion of mesopores gradually increases. After the carbonation age reaches 56 days,
the percentage of macropores further decreases, but the decrease is not obvious. Compared
with the 28-day age, the pore size distribution changes little. This also shows that the rate
of the acid-base neutralization reaction in the later stage of carbonation becomes slower.
The main reason is that the filling effect of the early carbonation reaction on the outer pores
of the concrete hinders the passage of CO, gas into the concrete in the later stage. This fact
has been confirmed in the literature [49,50]. It is evident that carbonation has a positive
effect on the pore structure of MTC by refining the pores.
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Table 12. 3D distribution of MTC1 pores with different pore sizes at different carbonation ages.

Pore Size Distribution <0.1 mm3 0.1-1 mm3 1-10 mm3 >10 mm3
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Table 13. 3D distribution of MTC4 pores with different pore sizes at different carbonation ages.
Pore Size Distribution <0.1 mm3 0.1-1 mm3 1-10 mm? >10 mm3
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The pore volume distribution results obtained in this study depend on the current
segmentation threshold and image processing flow. Different thresholds, filtering, and
segmentation algorithms will change the proportion of pores at all levels. Therefore, this
study focuses on the comparison of the change trend between different groups, rather than
the absolute value of the proportion of pores at all levels. In our subsequent research, we
hope to carry out special calibration, threshold sensitivity analyses, and repeated scanning
to quantify the uncertainty of micro-CT pore characterization.
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Figure 16. Pore size distribution and porosity changes in MTC under different carbonation ages.

3.5. The Relationship Between Pore Structure and Mechanical Properties
3.5.1. Relationship Between Porosity and Compressive Strength

Compressive strength is an important mechanical indicator of concrete, and porosity
is an important factor affecting compressive strength [51]. Based on the theoretical analysis
and experimental data of previous scholars, the classic models describing the relationship
between concrete compressive strength and porosity primarily include the Ryshkewitch,
Hasselman, and Schiller models [52], as shown in Table 14.

Table 14. Relationship model between compressive strength and porosity.

Mathematical Model Expression
Ryshkewitch f =foexp(—KP)
Schiller f=K ln<%)
Hasselman f=fo+KP

Note: f is the compressive strength of concrete, MPa; f is the critical compressive strength, MPa; P is
the porosity of concrete, %; P’ is the critical porosity, %; and K is the coefficient.

Based on the above mathematical models, a regression analysis was performed on the
relationship between the compressive strength and porosity of MTC at different carbonation
ages. The results are shown in Figure 17. It can be seen that the test results of this paper
are applicable to the above three models but that the correlation coefficient R? has not yet
reached 0.75.
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Figure 17. Relationship between f, and porosity of MTC.

3.5.2. Establishment of a Dual-Parameter Strength Model for Porosity and Average
Pore Volume

Although the above three empirical models can adequately reflect the relationship
between the f, and porosity of MTC, it is evident that the f, of concrete should not only
consider the influence of porosity but also the influence of pore volume [53,54]. Even if
the total porosity of concrete is the same, the f, of concrete with different pore volume
distributions is different. Furthermore, the 3D reconstruction of the pore structure in
Section 3.3 also found that pore volume may have affected concrete performance. Therefore,
it is necessary to consider the effects of both porosity and pore volume on f,. This section
establishes a two-parameter model based on the effects of porosity and average pore
volume on f,. In accordance with the principle of dimensional consistency, based on
the Ryshkewitch model [55], the parameter of average pore volume (V) is introduced to
establish the following relationship:

V/

feu = foexp(—KP+ 7) (6)

where f, is the compressive strength; f is the critical compressive strength; P is porosity;
V is the average pore volume, mm?>; V' is the critical pore volume, mm? (the maximum
pore volume of concrete that is not affected by the microscopic pore volume); and K is
the coefficient.

Based on Equation (6), the f, and pore characteristics of MTC were fitted and the
results are shown in Figure 18. The model expression is shown in Equation (7). It can be
seen that the correlation coefficient R? of the two-parameter fit reaches above 0.85, which is
higher than the correlation coefficient of the single parameter of concrete f., and porosity,
indicating that the Ryshkewitch semi-empirical formula model can describe the quantitative
relationship between the f, of MTC and the two parameters of porosity and average
pore volume well. Independent datasets for validation are unavailable, and collinearity
among independent variables may impair the reliability of regression coefficients [56,57].
These models are only adopted to qualitatively reveal the correlation trend between pore
structure and compressive strength under the current test conditions and cannot be used

https:/ /doi.org/10.3390/buildings16214197


https://doi.org/10.3390/buildings16214197

Buildings 2026, 16, 4197

24 of 28

for extrapolation prediction. The regression results should not be directly applied to predict
the strength of other mix proportion systems.

2
fou = 80.213exp (0.166P+0V53> R? = 0.852 @)

ean) wf

Figure 18. Two-parameter relationship between f, and porosity and average pore volume of MTC.

3.6. SEM

The microstructure of cement paste before carbonation, after 28 days of carbonation,
and after 56 days of carbonation was examined for different MT replacement rates. The
degree of the carbonation reaction and carbonation mechanism were compared and an-
alyzed at different carbonation ages. Figure 19 shows the microstructures of MTC1 and
MTC4 before carbonation, after 28 days of carbonation, and after 56 days of carbonation.
Overall, both contain a large number of thin, irregularly shaped calcium hydroxide crystals
(CH) and layered, dense calcium silicate hydrate gel (C-S-H) in the slurry before carbona-
tion. After carbonization, a large amount of calcium carbonate (CaCO3) was produced [58],
which existed in the form of cubic or prismatic crystals and was tightly packed together,
effectively filling the pores left by alkaline substances. After 56 days of carbonation, no CH
crystals were observed.

In detail, the evolution process of internal pores in MTC1 was selected for discussion.
It can be seen that a large amount of CH crystals and C-S-H gel exist in the pores of the
slurry before carbonation [59]. This is because the presence of free water in the pores makes
it easier for the cement to continue to undergo hydration reactions [60]. As the carbonation
reaction continues, the pores remain the primary location for the carbonation reaction.
The pores are continuously filled with carbonation products, CaCOj3 particles. From the
MTC1 slurry sample, it can be seen that the pores are continuously filled and compacted.
It can be seen that carbonation to a certain extent helps improve the compactness and
overall stability of the concrete matrix. Before the carbonization of MTC4, there were
mainly C-S-H gel particles and CH crystals interwoven in the matrix. After 28 days of
carbonization, CaCOjs crystals were embedded in the C-S-H gel network or particles. It
can be seen that CH crystals were basically consumed after 28 days of carbonation, and the
generated CaCOj3; expanded crystals were interwoven with C-S-H to form a more stable
matrix structure. After 56 days of carbonation, CH was consumed, but C-S-H still existed
and the compressive strength did not decrease, indicating that C-S-H and C-A-H had not
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yet been consumed at this stage. Therefore, after 56 days of rapid carbonation, carbonation
still had a positive effect on the properties of MTC.

(d) MTC4-0 d

(b) MTC1-28 d
> '( 3 & ’v/'. .‘

T T
/

(e) MTC4-28 d (f)y MTC4-56 d

Figure 19. Micrographs of MTC1 and MTC4 at different carbonization ages.

4. Conclusion

)

@)

®G)

4)

Carbonation significantly improved the fo, of MTC, but as the carbonation age in-
creased, the rate of strength growth gradually slowed down, indicating that the
strengthening effect of carbonation on concrete is time-dependent. This study has
only investigated the strength enhancement stage, and the effect of increasing carbon-
ation age is still being explored.

Carbonation products (CaCOs) fill the pores inside the concrete, reducing the total
porosity. After 56 days of carbonation, the porosity can be reduced by up to 37.3%, as
evidenced by the gradual disappearance of large pores at the edges and an increase in
the proportion of medium-sized pores. If the carbonation time is further extended, it
will affect the long-term durability of the material.

SEM analysis showed that the carbonation consumed the alkaline substance of CH,
and the generated CaCO; filled the macro-porous structure, optimized the structure
of the ITZ, and improved the compactness of the matrix. However, the DIC strain
field distribution shows that the filled part increases the brittleness characteristics of
concrete (the quantitative determination of brittleness requires the post-peak curve,
fracture energy, and other indicators; this study has not yet carried out the relevant
tests). Therefore, it is inferred that excessive carbonation will cause CaCO3 expansion
and lead to microcrack propagation, which will adversely affect the mechanical
properties of concrete.

MTC shows good potential for improving mechanical properties and reducing poros-
ity under a carbonation environment. The research results provide experimental
support for the large-scale resource utilization of tailings solid waste.
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MT molybdenum tailings

MTC molybdenum tailings concrete
Industrial CT  industrial computed tomography
SEM scanning electron microscopy
feu compressive strength

fsts splitting tensile strength

ITZ interfacial transition zone

RS river sand

FA fly ash

SF silica fume

DIC digital image correlation

2D two-dimensional

3D three-dimensional
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