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A B S T R A C T   

This investigation was conducted to examine the effect of the designed composite agent (DCA) on 
the shrinkage performance of the concrete high-volume natural pozzolans (PHVNC). Based on an 
economic-cost analysis, it was determined that natural pozzolans (NP) were a suitable replace-
ment for fly ash (FA) in the production of sustainable concrete for high-speed railway concrete 
slab track design. The results confirmed that the inclusion of DCA effectively improved the early- 
age shrinkage performance of PHVNC with 30% or 50% NP content. As a result, the concrete 
containing high-volume NP and DCA (PHVNDC) exhibited a smaller crack density compared to 
PHVNC, and even outperformed concrete with a high volume of FA (PHVFC). In terms of the 
effect of DCA on the drying shrinkage performance of mixes containing NP, a similar trend was 
observed, where the mixes that included both NP and DCA exhibited lower levels of dry shrinkage 
and mass loss at 28 days compared to mixes with either NP or FA. The results from phase 
transformation and microstructure analysis further indicated that adding DCA can enhance the 
mechanical and shrinkage performance of the mixes containing high-volume NP. This enhance-
ment is attributed to the optimization of the hydration reaction rate, increased production of 
hydration products, and an overall improvement in the microstructure performance of the mixes 
with NP. Hence, DCA can serve as a valuable support in preserving the characteristics of NP-based 
mixtures, making it a valuable discovery for implementing high-volume NP in practical engi-
neering projects with abundant NP resources.   

1. Introduction 

Currently, Supplementary cementitious materials (SCMs), including fly ash (FA), metakaolin (MK), ground granulated blast- 
furnace slag (GGBFS), red mud, and others, have emerged as vital substitutes for ordinary Portland cement (OPC) in mortar and 
concrete production [1–3]. SCMs, rich in amorphous silica, alumina, and calcium oxide (CaO), enhance concrete’s mechanical strength 
and durability through their combined pozzolanic reactivity [4–6]. Furthermore, replacing cement with SCMs significantly reduces 
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carbon dioxide emissions, directly addressing the environmental issues associated with OPC production, which is notorious for its 1:1 
ratio of CO2 emissions per ton of cement, exacerbating global warming, climate change, and ozone depletion [7,8]. Given its ad-
vantages in enhancing overall performance and mitigating global warming potential, the extensive use of high-volume SCMs as a 
substitute for OPC in concrete production is indispensable for promoting environmentally friendly and sustainable construction 
practices in infrastructure and high-speed railway engineering projects around the world. 

Despite their benefits, the availability of SCMs such as fly ash, a by-product of thermal power plants, is becoming increasingly 
constrained at some construction sites due to the closure of coal plants as part of green energy transformations, leading to higher costs 
and environmental impacts from transportation [9–11]. This challenge highlights the importance of identifying alternative, locally 
accessible materials with pozzolanic reactivity [12–14]. For example, in the Dali-Ruili high-speed railway project in Yunnan Province, 
the lack of thermal power production limits FA availability. Conversely, the region is rich in natural pozzolans (NP) (in Fig. 1.), offering 
a more cost-effective and locally sourced alternative at RMB 200 per ton compared to the higher costs associated with transporting FA. 
However, the activity index of NP is generally lower than that of FA, necessitating further research to optimize the use of NP in concrete 
production. To ensure the widespread use of NP in practical engineering projects, further research is essential to explore methods for 
enhancing the performance of concrete with high NP content [14–16]. 

Recent decades have seen efforts to enhance the performance of concrete using high-volume natural pozzolans (PHVNC) [17–20]. 
Celik et al. [21,22] incorporated 15 wt% limestone powder to enhance the performance of concrete with 35 wt% NP, resulting in 
excellent one-year strength and high chloride penetration resistance in the designed concrete. Sharbaf et al. [23] utilized various 
dosages of FA to improve the abrasion resistance of PHVNC. Their research revealed that the concrete with the addition of 22.5 wt% FA 
and 15 wt% NP displayed the best abrasion resistance performance. Ahmad et al. [24] employed microsilica to optimize the perfor-
mance of ultra-high-performance concrete (UHPC) with high-volume NP content. They reported that all designed mixtures containing 
natural pozzolan met the requirements for UHPC in terms of modulus of elasticity, splitting tensile strength, and fracture toughness. 
However, it is important to highlight that the research mentioned above [17–24] primarily focused on the mechanical and durability 
aspects of PHVNC. There has been limited exploration of the shrinkage performance of PHVNC in the existing literature. The shrinkage 
behavior is an inherent characteristic of cement-based materials, occurring in both the plastic and hardened stages [25–28]. As a result 
of shrinkage, tensile stresses caused by non-uniform deformation within the material can easily lead to detrimental cracking. These 
cracks, in turn, provide pathways for aggressive agents like chlorides and sulphates to penetrate the material, ultimately compromising 
the long-term durability and serviceability of the structure [29,30]. Therefore, addressing shrinkage behavior is crucial for ensuring 
the longevity and safety of concrete structures. 

In this context, with the focus on the application of PHVNC designed for the high-speed railway concrete slab track (as illustrated in  
Fig. 2), two distinct concrete classes, namely C20 and C40, were developed for this study. The C20 class concrete was tailored for use in 
the hydraulically stabilized base (HSB), while the C40 class concrete was formulated for manufacturing the track concrete layer (TCL). 
Moreover, in light of the consideration of implementing NP as a replacement for FA in practical projects and assessing its feasibility, a 
specially designed composite agent (DCA) was also employed to enhance the shrinkage performance of PHVNC. Herein, considering 
the application of PHVNC designed for the high-speed railway concrete slab track (as shown in Fig. 2), two different concrete classs 
(C20 and C40) were also designed in this study. Employing NP as a substitute for FA and using a designed composite agent (DCA) aims 
to enhance the shrinkage performance of PHVNC. Primary research methods include the Kraai modified test for early-age shrinkage 
performance, along with evaluations of mechanical and drying shrinkage properties of mortar mixes with high-volume SCMs [31,32]. 

Fig. 1. The distribution of NP resources along the Dali-Ruili railway in Yunnan Province, China: (a) The railway line distribution in Yunnan 
Province, (b) Resources of NP, and (c) NP used in this study. 
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Additionally, the study examines the phase transformations and microstructure of mixes with high NP content through resistivity, 
differential thermal analysis (DTA), and scanning electron microscopy (SEM). The findings are expected to provide comprehensive 
support for using high-volume NP in high-speed railway design, contributing to sustainable construction practices. 

2. Experimental program 

2.1. Raw materials 

In this study, the following materials were employed: 42.5 R Ordinary Portland cement (OPC), provided by Yunnan Conch Cement 
Co., Ltd, China; Class F fly ash (FA) sourced from Sichuan Suining Materials Co., Ltd, China; and natural pozzolan (NP) supplied by 
Yunnan Jiangteng Co., Ltd, China. The FA had a fineness of 45 µm, a square sieve residue of 18.4%, a water demand ratio of 104%, a 
burn loss of 6.73%, and an activity index of 70.2%. Additionally, the NP had a fineness of 45 µm, a square sieve residue of 20%, a loss 
on ignition of 1.18%, an activity index of 75.3%, and a mobility of 1.04. The particle size distribution of OPC, FA, and NP is presented 
in Fig. 3, with FA and NP being finer than OPC. 

The chemical composition of OPC, FA, and NP, as determined by XRF, is also detailed in Table 1. Furthermore, river sand with a 
fineness modulus of 3.36 was used as fine aggregate, and continuously graded crushed stone ranging from 5 to 31.5 mm served as 
coarse aggregate in this study. A solid DCA, comprising silica fume, polyvinyl alcohol, polycarboxylic acid powder, rubber powder, and 
other components, was employed to enhance the shrinkage performance of PHVNC. The specific details of the DCA can be found in  
Table 2. It should be noted that the DCA discussed in this article utilizes exclusively solid powder materials and is formulated from all 
solids to facilitate construction convenience, drawing on the extensive construction experience of our research team. In addition, both 
tap water and deionized water (utilized for the resistivity test) were employed as part of the experimental setup. 

2.2. Mix proportion 

For the assessment of cracking performance, two distinct classes of concrete mixes with varying water-to-binder (W/B) ratios were 
prepared in this study. Each concrete mix comprised four different types, as detailed below: concrete with OPC (PC group), concrete 

Fig. 2. Slab track systems for high-speed railways.  

Fig. 3. Particle size distribution of OPC, FA and NP.  
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with high-volume FA (PHVFC group), concrete with high-volume NP (PHVNC group), and concrete with NP and DCA (PHVNDC 
group). Within each type of concrete mix with a W/B ratio of 0.49, four variations were manufactured, as follows: Ordinary Portland 
Cement concrete with a W/B ratio of 0.49 (PC1), concrete with 50.0 wt% of FA (PHVFC1), concrete with 50.0 wt% NP (PHVNC1), and 
concrete with 50.0 wt% NA and 3.0 wt% DCA (PHVNAC1). In addition, another type of concrete with a W/B ratio of 0.38 included four 
variations: Ordinary Portland Cement concrete (PC2), concrete with 30.0 wt% of FA (PHVFC2), concrete with 30.0 wt% NA 
(PHVNC2), and concrete with 30.0 wt% NA and 3.0 wt% DCA (PHVNAC2). It is worth noting that FA and NA were utilized as binder 
materials to replace OPC. In contrast, an additional 3% by mass of binder materials in the form of DCA was incorporated into the 
PHVNAC group, such as PHVNAC1 and PHVNC2. The mix proportions for 1 m3 of concrete were calculated based on the Chinese 
standard GB/T50476–2008 (Specification for durability design of concrete structures) and are presented in Table 3. Furthermore, 
mortar and paste specimens were also prepared by adjusting the mix proportions outlined in Table 3. 

2.3. Test procedures 

Fig. 4 illustrates the comprehensive range of test procedures. As depicted in Fig. 4, concrete specimens were utilized for conducting 
the crack test to evaluate the early-age shrinkage performance of concrete with NP. Mortar specimens were employed to assess drying 
shrinkage, mass loss, and mechanical performance, providing further insights into the shrinkage performance of mortar with NP. Paste 

Table 1 
Chemical compositions of raw materials (wt%).  

Types SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 LOI 

OPC  21.45  5.75  2.89  61.123  1.54  0.77  0.81  2.66  3.08 
FA  55.65  32.92  5.18  2.48  0.43  0.28  0.05  0.04  3.51 
NP  59.51  17.27  5.34  7.25  3.49  3.98  2.18  0.05  3.37  

Table 2 
The details of composite agent (%).  

Silica fume Water retaining agent Polyvinyl alcohol Polycarboxylic acid powder Rubber powder  

90.5 %  1.0 %  3.5 %  1.5 %  3.5 %  

Table 3 
Mixing proportions of concrete, mortar, and paste (Kg/m3).  

Concrete mix proportion 
Mix ID OPC FA NP Water Sand Gravel DCA 
PC1 333 — — 163 829 1055 — 
PHVFC1 166.5 166.5 — 163 829 1055 — 
PHVNC1 166.5 — 166.5 163 829 1055 — 
PHVNAC1 166.5 — 166.5 163 829 1055 9.99 
PC2 429 — — 163 809 1029 — 
PHVFC2 300 129 — 163 809 1029 — 
PHVNC2 300 — 129 163 809 1029 — 
PHVNAC2 300 — 129 163 809 1029 12.87 
Mortar mix proportion 
Mix ID OPC FA NP Water Sand DCA 
PM1 333 — — 163 829 — 
PHVFM1 166.5 166.5 — 163 829 — 
PHVNM1 166.5 — 166.5 163 829 — 
PHVNAM1 166.5 — 166.5 163 829 9.99 
PM2 429 — — 163 809 — 
PHVFM2 300 129 — 163 809 — 
PHVNM2 300 — 129 163 809 — 
PHVNAM2 300 — 129 163 809 12.87 
Paste mix proportion 
Mix ID OPC FA NP Water DCA 
PP1 333 — — 163 — 
PHVFP1 166.5 166.5 — 163 — 
PHVNP1 166.5 — 166.5 163 — 
PHVNAP1 166.5 — 166.5 163 9.99 
PP2 429 — — 163 — 
PHVFP2 300 129 — 163 — 
PHVNP2 300 — 129 163 — 
PHVNAP2 300 — 129 163 12.87 

Note: ‘C’ in PC1 stands for concrete; ‘M’ in PM1 stands for mortar; The second ‘P’ in PP1 stands for paste; PM stands for the Portland cement mortar; PP 
stands for the Portland cement paste; Other mortars or pastes are named in the same way as concrete. 
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mixes were utilized to conduct microstructural performance evaluations, including non-contact resistibility tests, DTA, and SEM 
analysis, to provide additional explanations regarding the influence of NP on the shrinkage performance of concrete with NP. 

2.3.1. Crack observation 
The testing for early shrinkage cracking in concrete was conducted using a double-restrained steel slab mould, known as the Kraai 

modified test. The mould had dimensions of 800 mm × 600 mm × 100 mm, as depicted in Fig. 5. Further details regarding the steel 
mould are provided below [31,32]: The mould consists of four sides, including the long side plate and the short side plate, which were 
welded with angle steel having a thickness of 5 mm; Bolts were used to securely fasten the four sides of the mould to the bottom plate; 
The mould was equipped with seven crack inducers, each made of 50 × 50 mm and 40 × 40 mm angles welded together with 5 × 5 mm 
steel plates, where these inducers were oriented parallel to the short side of the mould; The base plate of the mould was constructed 
using a 5 mm thick steel plate, and a polyethylene film sheet was placed on the surface of the base plate to serve as an isolation layer; 
To increase the risk of cracking, a 5 m/s air flow supplied by a calibrated fan was directed onto the slab, as illustrated in Fig. 5(b). 

Where preparing the concrete specimens, the steel moulds were first moved to a constant temperature and humidity room with a 
temperature of 20 ± 2 ℃ and a relative humidity of 60 ± 5%; And then, the concrete mixtures were prepared based on the Chinese 
standard GB/T 50082–2009 (Standard for test methods for long-term performance and durability of ordinary concrete); Following 
that, the mixed concrete was poured into the mould, vibrated for 3 times with about 30 s for each time, and its surface was smoothed 
with a trowel; After the specimen is formed for 30 min, two calibrated fans with a 5 m/s air flow were vertically placed at 100 mm 
above the center of the specimen surface to ensuring the wind direction being parallel to the surface, as shown in Fig. 5(b); Finally, 
after the 24 h (calculated from adding the water), the length of the crack was measured with a steel straightedge and the maximum 
width of each crack was measured using a reading microscope with a magnification of 40 times, as shown in Fig. 5(c) and (d). Based on 
the record of crack data (e.g., number of cracks, length of crack and maximum width of crack), the average cracking area, the number 
of cracks per unit area, and crack density (the total cracking area per total cross-section area) were calculated according to the 
Equations 1, 2 and 3, as shown in the following: 

a =
1

2N
∑N

i=l
(Wi × Li) (1)  

b =
N
A

(2)  

c = a × b (3) 

Where Wi stands for the maximum width of the crack of number i (mm); Li stands for the length of the crack of number i; N stands for 

Fig. 4. Full scope of the test procedures.  
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the number of cracks; A stands for the area of the slab (m2); a stands for the average cracking area of each crack; b stands for the 
number of cracks per unit area; and c stands for the crack density (the total cracking area per total cross-section area) (mm2/m2). In this 
section, the total cracking area per unit area was the average result of three concrete specimens. 

2.3.2. Drying shrinkage and mass loss measurement 
According to the Chinese standard JC/T 603–2004 (standard test method for drying shrinkage of mortar), the mortar for drying 

shrinkage and mass loss test were manufactured using a mould with a dimension of 25×25×280 mm. After being cured at the standard 
conditions at a temperature of 20 ± 1◦C and relative humidity of 95% for 24 h, the original length (Lo) and weight (Wo) of the mortar 
specimens were measured by a micrometre with an accuracy of 0.001 mm and a scale with an accuracy of 0.001 g, respectively. After 
that, the specimens were kept in a drying curing condition at a temperature of and % relative humidity of 50% until the different test 
ages, including 3, 5, 7, 14, 21 and 28 days. The length and weight of each mortar specimen under different test ages were also 
measured. The drying shrinkage (Si) and mass loss (Wi) were calculated based on the following Equations 4 and 5. In this section, the 
values of drying shrinkage and weight recorded were the average results of three specimens. 

Si =
Lo − Li

Lo
(4)  

Wi =
Wo − Wi

Wo
(5)  

where Lo was the original length of the different mortar specimens (mm); Li was the length of the corresponding mortar specimens 
recorded at different test ages (mm); Wo was the original weight of the different mortar specimens (g), and Wi was the weight of the 
corresponding mortar specimens recorded at the test days (g). 

2.3.3. Mechanical performance measurement 
Based on the Chinese standard JGJ/T 70–2009 (Standard for test methods for mechanical properties of cement mortars), the mortar 

specimens for strength measurement, including compressive and flexural strength tests, were cast using a mould with a dimension of 
40×40×160 mm. After being demoulded, the mortar specimens were cured at the standard conditions with a temperature of 20 ± 1◦C 
and relative humidity of 95% until the test ages (3 or 28 days). 

2.3.4. Resistivity measurements using the electrodeless instrument 
The electrical resistivity of the studied paste specimens was measured by an electrodeless resistivity apparatus (CCR-III, Hong Kong 

Brilliant Concept Technologies, China), as shown in Fig. 6. Each paste for resistivity test was mixed via the means in a Chinese Standard 
GB/T 17671–1999 (Method of testing cements-Determination of strength) and was immediately cast in a ring-shaped plastic mould in 

Fig. 5. Set-up for early-age shrinkage cracking test (a) test mould, (b) test with calibrated fans, (c) image acquisition, (d) microscope with a 
magnification of 40 times. 
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2 min from being mixed with water. Then, the electricity of all paste samples was tested at a testing temperature of 22 ± 2 ◦C and the 
resulting data was recorded in a computer for up to 24 h, and the sampling period was two minutes. The principle of the electrical 
resistivity measurement in question was given in the references [33–35]. 

2.3.5. DTA measurement 
After the electricity test, the paste specimens were kept at the standard condition with a temperature of 20 ± 1◦C and relative 

humidity of 95% for another 27 d. The paste specimen was grounded into powder with a particle size lower than 45 μm. After that, the 
powder sample was immersed in the anhydrous ethanol and dried in a vacuumed oven for 48 h. Around 30 mg of the powder sample 
was weighed in an alumina crucible and heated using ZCA-A supplied by Beijing Jingyi Hi-Tech Instrument Co., Ltd. The heating 
temperature was elevated from 40 ◦C to 1000 ◦C at a rate of 10 ◦C/min in a nitrogen environment [36,37]. 

2.3.6. SEM analysis 
SEM was employed for microstructural analysis using an SEM testing system with a working distance ranging from 5 to 10 mm and 

a voltage of 30 kV [38,39]. The samples utilized for the SEM test were blocks measuring approximately 2–5 mm in diameter and were 
taken from the paste samples (aged for 1 day and 28 days). These samples were initially soaked in anhydrous ethanol and then dried in 
a vacuum oven for 48 h. Prior to the SEM analysis, the samples were coated with a layer of Au/Pd. 

3. Results and discussions 

3.1. Cracking observation 

Fig. 7 presents a typical cracking pattern observed in the concrete specimens. As depicted in Fig. 7, a noticeable difference is evident 
among the various concrete specimens, attributable to the incorporation of FA, NP, and DCA. Based on the number of cracks, length of 
crack and maximum width of crack recorded from the concrete surface, crack density calculated based on the above equations was 
regarded as an essential parameter describing cracking behaviour, as presented in Table 4. Table 4 shows that for concrete mixes with 
the same W/B ratio, the concrete mixes with NP (e.g., PHVNC1 or PHVNC2) has the highest cracking density, followed by the concrete 
mix with FA, the concrete mix with NP and DCA, and finally, the reference concrete mix. This suggests that the addition of both FA and 
NP has a detrimental impact on the early-stage cracking performance of concrete, leading to concrete with FA or NP exhibiting a higher 
cracking density compared to the reference concrete. Furthermore, the adverse impact of NP is more significant when compared to that 
of FA, resulting in PHVNC1/PHVNC2 having a higher crack density than PHVFC1/PHVFC2. It is important to note that the incor-
poration of DCA effectively optimizes the early-age cracking performance of PHVNC. For instance, the PHVNAC1 mix exhibits a crack 
density of 193 mm2/m2, lower than PHVNC1 at 628 mm2/m2 and even lower than PHVFC1 at 197 mm2/m2. 

These phenomena may be attributed to the following reasons: The replacement of OPC by FA or NP reduces the relative content of 
OPC available for participating in the hydration reaction and optimizing the microstructural performance at an early age; The high- 
volume inclusion of FA and NP can negatively affect the microstructural properties, resulting in increased moisture evaporation and, 
consequently, an increase in shrinkage for PHVFC and PHVNC groups; In comparison to spherical FA particles, NP particles have a flat 
or honeycomb-shaped morphology with numerous edges and corners, which could increase water surface adsorption and reduce the 
likelihood of hydration reactions, further intensifying the adverse effects on microstructural properties; The addition of DCA serves to 
optimize the surface of NP and enhances the hydration reaction of OPC, owing to the various components within the DCA, in turn, 
further optimizes the shrinkage of concrete with high-volume NP. 

Moreover, it is evident from Table 4 that within the same concrete group, a higher W/B ratio (or lower concrete class) results in a 
greater cracking density. This observation can be attributed to the C20 class concrete having a higher content of FA or NP compared to 

Fig. 6. Electrodeless resistivity instrument: (a) Actual non-contact resistivity instrument and (b) Measurement model.  
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the C40 class concrete. This decrease in the relative content of OPC available to participate in the hydration reaction leads to the C20 
concrete having a less dense microstructural property in comparison to the C40 concrete. Furthermore, the higher W/B ratio in C20 
concrete could also have a more pronounced adverse effect on the microstructural properties. Consequently, the early-age shrinkage 
performance of C20 concrete is inferior to that of C40 concrete. In summary, while the PHVNAC group still exhibits a higher cracking 
density than the PC group, the inclusion of DCA allows for the replacement of NP for FA in concrete with relatively higher resistance to 
early-age cracking. The incorporation of DCA facilitates the promotion and utilization of substantial quantities of NP in sustainable 
concrete. 

3.2. Mass loss and drying shrinkage 

Fig. 8 illustrates the mass loss and drying shrinkage of various mortar mixes with different W/B ratios. It is evident from Fig. 8 that, 
within each group with the same W/B ratio, the inclusion of high-volume FA and NP results in higher mass loss and drying shrinkage in 
the mortar specimens compared to the reference mortar specimens. This observation could be attributed to changes in the relative 
cement content. In comparison to the mortar mix with FA, the addition of NP appears to have a more adverse impact on the shrinkage 
performance, resulting in the mortar mix with NP having the highest mass loss and drying shrinkage. 

Additionally, the inclusion of DCA serves to optimize the drying shrinkage in the mortar mix with NP, leading to the mortar mix 
with NP and DCA (PHVNAM1 or PHVNAM2) exhibiting lower mass loss and drying shrinkage than the mortar mix with NP, and even 
lower than the mortar mix with FA. Additionally, Fig. 8 also reveals that the mortar with a lower W/B ratio exhibits less mass loss and 
drying shrinkage than the mortar mix with a higher W/B ratio. This observation may be attributed to the denser microstructure found 
in the mortar mix with the lower W/B ratio. 

Fig. 7. Cracking pattern of the concrete specimens: (a) PC1, (b) PHVFC1, (c) PHVNC1, (d) PHVNAC1, (e) PC2, (f) PHVFC2, (g) PHVNC2, and 
(h) PHVNAC2. 

Table 4 
The crack density of each concrete mix（mm2/m2）.  

Mix ID C20 (W/B=0.49) C40 (W/B=0.38) 

PC1 PHVFC1 PHVNC1 PHVNAC1 PC2 PHVFC2 PHVNC2 PHVNAC2 

Cracking  88  538  735  423  80  197  628  193  
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3.3. Compressive and flexural strength 

Fig. 9 illustrates the compressive and flexural strength of various mortar mixes at 3 and 28 days. It is evident from Fig. 9 that, within 
the mortar mixes with the same W/B ratio, the PM group exhibits the highest compressive and flexural strength at 3 days, followed by 
the PHVNAM, PHVFM, and PHVNM groups. However, at 28 days, the PHVNAM group demonstrates the highest compressive and 
flexural strength, followed by the PM, PHVFM, and PHVNM groups. This suggests that the inclusion of high-volume FA and NP has a 
detrimental impact on the mechanical performance of OPC-based mixes. This observation may be attributed to the relatively low 
content of OPC, which is the primary raw material involved in the hydration reaction. Furthermore, in comparison to the spherical FA 
particles, which have a water-reducing effect and a positive influence on the hydration reaction [40], that has a good impact on the 
hydration reaction, the irregular shape of NP particles can absorb the free water that might decrease the relative content of water 
participating in the hydration reaction [18], leading a lower mechanical strength in the PHVNM group than that the PHVFM group. 

With the increasing curing age, the highly active amorphous silica and alumina content in FA or NP may react with hydrated 
products, improving the mechanical strength of OPC-based mortar mixes. However, compared to FA, the activity of NP participating in 
the hydration reaction is relatively lower, which further results in the PHVNM group having lower mechanical strength than the 
PHVFM group, which is even lower than the PM group. Additionally, the mechanical strength of the PHVNM group is enhanced at both 
3 and 28 days due to the inclusion of DCA. High-activity silica oxide in DCA, particularly silica fume, contributes to increased hy-
dration reactions [41]. DCA also contains water-retaining composites, which optimize the microstructure of the PHVNM group. This 
ultimately results in the PHVNAM group with any W/B ratio exhibiting the highest mechanical strength at 28 days. 

3.4. Microstructural characterization 

3.4.1. Resistivity analysis 
It has been reported that the resistivity of cementitious composites undergoes changes as cement hydration progresses, providing a 

means to describe the hydration process of cementitious composites and assess the influence of mineral additives and chemical ad-
ditives on cement hydration reactions [42,43]. Fig. 10 presents the electrical resistivity of various cementitious composite pastes over a 
period of up to 24 h. It is evident from Fig. 10, based on the resistivity development curve of the PP group, that the early-age hydration 
reaction can be divided into three periods: dissolution and precipitation period (I), induction period (II), and acceleration period (III) 

Fig. 8. Mass loss and dry shrinkage of all mortar mixes.  
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[44–46]. The resistivity exhibits a declining trend during the dissolution and precipitation period, primarily influenced by the pore 
solution containing numerous dissolved ions. Furthermore, there is a gradual increase in resistivity during the induction period, which 
is mainly due to the continuous dissolution and crystallization of ions in the cementitious materials, with the formation of a protective 
crystallization layer around the cement particles, preventing further dissolution [47]. Subsequently, as the hydration reaction pro-
gresses, more hydration products are generated, leading to a denser porosity, which, in turn, increases the resistivity of the paste matrix 
[48]. During the acceleration period, a peak is observed, which could be attributed to the intense hydration reactions among various 
chemical ions, resulting in a reduction in electrical resistivity [49]. After that, as hydration reactions persist, the pores in the cement 
matrices become filled with hydration products, reducing the porosity of the paste samples and increasing electrical resistivity. 

However, it could be clearly noted from Fig. 8 that the time at which the peak occurs in the acceleration period (PIAP) can vary due 

Fig. 9. Compressive strength and flexural strength of different mortars: (a) and (c) concrete with a W/B ratio of 0.49; (b) and (d) concrete with a W/ 
B ratio of 0.38. 

Fig. 10. Electrical resistivity of cementitious composite paste with time up to 24 hrs: (a) different paste with a W/B ratio of 0.49 and (b) different 
paste with a W/B ratio of 0.35. 
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to different W/B ratios and FA/NP contents. Referring to Fig. 10, the PIAP appears earlier in the group with a low W/B ratio in 
comparison to the group with a high W/B ratio. This difference might be attributed to the lower W/B ratio, which results in less water 
interacting with the hydration reaction and a more stable microstructure, consequently leading to an earlier onset of PIAP. In addition, 
as shown in Fig. 10, for any group with the same W/B ratio, the onset of the PIAP may occur earlier in the group with NP compared to 
the group without NP (PP and PHVFP), while the onset of PIAP may be delayed in the group with FA. Simultaneously, incorporating 
DCA can also delay the onset of PIAP. These observations can be attributed to the following factors: the addition of NP leads to 
irregularly shaped particles that can absorb free water, reducing the relative water content available for the hydration reaction; 
spherical FA particles may have a water-reducing effect on the hydration reaction, providing additional water for the hydration process 
and advancing the onset of PIAP; the inclusion of DCA optimizes the shape of NP particles, reducing their ability to absorb free water, 
which in turn allows more water to participate in the hydration reaction with cement particles. These observations can be attributed to 
the following factors [18,40,41]: the addition of NP leads to irregularly shaped particles that can absorb free water, reducing the 
relative water content available for the hydration reaction; spherical FA particles may have a water-reducing effect on the hydration 
reaction, providing additional water for the hydration process and advancing the onset of PIAP; the inclusion of DCA optimizes the 
shape of NP particles, reducing their ability to absorb free water, which in turn allows more water to participate in the hydration 
reaction with cement particles. 

3.4.2. DTA analysis 
Fig. 11 presents the DTA curves of all paste mixes at 1 day and 28 days. Based on the DTA curves, it can be observed that there is a 

thermal effect, with peaks appearing either in an upward (exotherm) or downward (endotherm) direction on the curve [50]. The point 
where the curve starts to deviate indicates the onset of physical and chemical changes within the sample. The initial peak corresponds 
to the temperature at which the sample undergoes the most significant changes. The magnitude of the thermal effect is reflected in the 
height of the peak and the area under the curve [51]. Referring to Fig. 11, the curves for all paste samples indicate the dehydration of 
various compounds, including C-S-H (at around 100–120 ◦C), ettringite (AFt, at around 100–120 ◦C), monosulfate (AFm, at about 
160–200 ◦C), calcium hydroxide (CH, approximately 450–550 ◦C), and calcite (around 600–800 ◦C) [52,53]. The addition of FA and 
NP does not seem to influence the types of hydration products, but it significantly impacts the quantities of generated hydrated 
products. Notably, the content of CH can be accurately determined through quantitative analysis based on the DTA curves despite the 
presence of other complex-phase structures. 

According to the DTA curves and software analysis, the endothermic peak area (EPA) of CH around 400–500 ◦C in different paste 

Fig. 11. DTA curve of all paste mixes in different curing ages.  
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samples was calculated and is presented in Table 5. In this table, we can observe that, within groups sharing the same W/B ratio, the 
reference groups containing cement have the highest EPA at 1 day. Following them are the groups with NP and DCA, then with FA, and 
finally NP. In this stage, the generation of CH is mainly generated due to the cement hydration reaction. This might indicate that the 
addition of DCA can enhance the hydration reaction of the group with NP by optimizing the microstructure. With increasing curing 
ages, the CH content in all paste samples shows an upward trend. The reference groups have the highest CH content, followed by the 
group with NP, with FA, and with NP and DCA. The increase in CH content is likely due to the ongoing hydration reactions. However, 
the varying CH content in the groups with high-volume FA or NP may be attributed to pozzolanic reactions between CH and highly 
active silica or alumina [54]. The relatively high silica oxide content in FA, as shown in Table 1, leads to more consumption of CH in the 
group with FA due to pozzolanic reactions. Additionally, the addition of DCA, which also contains highly active silica fume, results in a 
more significant consumption of CH in the group with NP and DCA compared to the group with FA. Furthermore, the group with a low 
W/B ratio has a higher cement content, which contributes to a consistently higher CH content than in the group with a high W/B ratio. 

3.4.3. SEM analysis 
To understand the impact of NP, FA, and DCA on the microstructure of the cement matrices, SEM images of paste samples with a W/ 

B ratio of 0.38 at 1 day and 28 days are presented in Fig. 12 and Fig. 13, respectively. The SEM images in Fig. 12 and Fig. 13 reveal that 
various hydration products, such as hexagonal-like CH, needle-like AFt, and flocculent C-S-H gels, are present in all samples at 1 day 
and 28 days. However, in the paste samples with FA, hydrocalumite-like AFm is predominantly detected. This observation may be 
attributed to the higher content of highly active alumina in FA, as shown in Table 1. The elevated alumina content can trigger the 
transformation from AFt to AFm, resulting in a more significant generation of AFm [55]. Additionally, due to the high content of FA 
and NA, the relative content of cement, the primary component for hydration reactions, is decreased. This leads to a narrower range of 
hydration products and a less dense microstructure in samples with FA or NA. 

As shown in Fig. 12 and Fig. 13, compared to the mixes with cement, there are more pores in the group with FA or NA. Moreover, 
the paste mix with NP exhibits more pores and a relatively looser microstructure than the mixes with FA. However, the addition of DCA 
optimizes the microstructural properties of the group with NP, resulting in denser and fewer pores detected in the mixes with NP and 
DCA. These observations provide reasonable explanations for the optimizing effect of DCA on the microstructural properties, which 
ultimately enhances the shrinkage performance of the group with high-volume NP. Meanwhile, the comparison between Fig. 12 and 
Fig. 13 reveals that the microstructural properties of the samples at 28 days are denser than those at 1 day. This observation confirms 
that the mortar mixes experience less change in terms of dry shrinkage and mass loss as the curing age increases, as demonstrated in 
Fig. 8. 

4. Mechanism discussions 

The holistic view presented in Fig. 14 provides a comprehensive understanding of the impact of FA, NP, and DCA on the shrinkage 
performance of concrete with high-volume SCMs. This study shows that the reference group with cement has superior early-age and 
dry shrinkage performance compared to the groups with FA or NP. This is mainly attributed to the high-volume content of FA and NP, 
which decreases the relative cement content that primarily participates in the hydration reaction, thereby adversely affecting the 
shrinkage performance of the concrete. Considering the high value-added aspect of reducing carbon dioxide emissions through the 
high-volume addition of FA and NP, the effect of FA, NP, and DCA on concrete shrinkage is discussed in this section. 

The effect of FA on the early-age shrinkage performance, as depicted in Fig. 14, can be attributed to the spherical nature of FA 
particles, which resemble a spherical ball. This characteristic has a ball-bearing-like impact, reducing the aggregation of cement 
particles and facilitating the hydration reaction between cement particles and free water [56]. Although a relatively high content of fly 
ash decreases the relative cement content, as cement is a primary raw material participating in hydration reactions, the early-age 
anti-cracking performance of concrete with FA is better than that with NP. As curing ages increase, the ball-bearing effect of FA 
may optimize microstructural performance and enhance cement hydration reactions, ultimately resulting in the concrete mix with FA 
exhibiting lower mass loss and drying shrinkage at 28 days compared to that with NP. In addition, in terms of the effect of NP on the 
early-age shrinkage performance, as shown in Fig. 14, the irregular shape of NP particles is a key factor. These irregular particles might 
induce water migration among the cement particles and increase the likelihood of aggregation, which can have an adverse effect on 
hydration reactions [57]. This results in a looser microstructure and the lowest anti-cracking performance among the various concrete 
mixes. With increasing curing ages, even though NP contains a relatively high content of amorphous silica and alumina, its 
water-migration effect can still hinder hydration acceleration compared to FA. Consequently, concrete mixes with NP continue to 
exhibit higher mass loss and drying shrinkage compared to other groups. 

As depicted in Fig. 14, regarding the effect of DCA on the early-age shrinkage performance of concrete with high-volume NP, the 

Table 5 
The Endothermic peak area in the range of 400–500℃.  

Mix ID W/B=0.49 W/B=0.38 

PP1 PHVFP1 PHVNP1 PHVNAP1 PP2 PHVFP2 PHVNP2 PHVNAP2 

1 day  0.353  0.161  0.133  0.185  0.672  0.337  0.276  0.368 
28 days  0.597  0.260  0.391  0.229  0.855  0.464  0.608  0.435  
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DCA consists of rubber powder, water-retaining agents, and water-reducing agents, such as polyvinyl alcohol and polycarboxylic acid 
powder. These components can help optimize the irregular surface of NP particles, reducing aggregation among cement particles and 
enhancing the hydration reaction [24]. This optimization improves the microstructural characteristics of the NP-containing mixes and 
results in better early-age anti-cracking performance compared to mixes with NP alone and even those with FA. With increasing curing 
ages, DCA’s comprehensive optimisation effects further enhance the NP-containing mixes’ microstructural performance. Additionally, 
the high active content of silica fume in DCA contributes to stronger hydration reactions, leading to lower mass loss and drying 
shrinkage compared to mixes with NP or FA. In summary, the addition of DCA plays a crucial role in enabling the widespread use of 
high-volume NP in real-world engineering applications. DCA’s optimization effects on the microstructure and hydration reactions of 
NP-containing concrete enhance the early-age anti-cracking performance and long-term durability of such concrete mixes, making 
them a feasible and sustainable choice for construction projects. 

Fig. 12. SEM images of the paste mixes with a W/B of 0.38 in 1 day.  
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5. Conclusions 

Considering the abundance of NP resources in the high-speed railway between Dali and Ruili in Yunnan Province, China, this study 
used the NP to replace the FA in sustainable concrete production for high-speed railway design. However, due to NP’s low pozzolan 
reactivity index, the NP’s large-scale application in sustainable concrete with high-volume NP content is limited. Therefore, a designed 
composite agent was employed to enhance the shrinkage performance of the concrete with high-volume NP. Based on the early-age 
shrinkage performance evaluation, drying shrinkage performance evaluation, phase transformations and microstructural perfor-
mance evaluation, some conclusions were drawn in the following:  

1) The addition of DCA can improve the early-age cracking performance of the mixes with high-volume NP content, resulting in a 
lower crack density found in the mixes with NP and DCA, than in other mixes with SCMs content. 

Fig. 13. SEM images of the paste mixes with a W/B of 0.38 in 28 days.  
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2) The addition of DCA can also enhance the drying shrinkage performance of the mixes with high-volume NA content, where the 
mixes with both NP and DCA have a lower dry shrinkage and mass loss than other mixes with NP or FA content.  

3) The addition of DCA can also increase the compressive and flexural strength of the mixes with high-volume NP, leading the mixes 
with both NP and DCA to have the highest 28-day compressive and flexural strength than other mixes with NP or FA, even higher 
than the reference mixes with OPC.  

4) The resistivity analysis results demonstrated that the addition of DCA can optimize the shape of the NP particles and ensure more 
free water can participate in the hydration reaction, further delaying the onset of the peak in the acceleration period of the mixes 
with NP.  

5) The DTA and SEM analysis also showed that the addition of DCA can also increase the hydration reaction due to the content of silica 
fume in DCA and generate much more hydration products, optimizing the microstructure performance of the mixes with high- 
volume NP, further improving the shrinkage and mechanical performance of the sustainable concrete with high-volume NP. 
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