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Abstract 
This study investigates the freeze-thaw resistance of 

pervious concrete incorporating fly ash (FA), 

metakaolin (MK) and nano-silica (NS), with 

emphasis on the coupling between pore structure, 

matrix densification and durability. A three-factor, 

three-level Box-Behnken design was adopted, in 

which FA, MK and NS replacement levels were 

varied within 10-20%, 5-15% and 0.5-1.5% of the 

binder, respectively. All mixtures used a constant 

binder content of 380 kg/m3, water-to-binder ratio 

of 0.26 and single-sized crushed limestone 

aggregate. Freeze-thaw durability was evaluated 

using mass loss and compressive strength retention 

up to 100 rapid cycles. The results show that mass 

loss at 50 cycles ranged from 0.98% to 4.89%, while 

strength retention ranged from 73.5% to 92.8%, 

indicating that internal strength degradation 

occurred earlier than visible surface deterioration. 

Run 12 (15% FA, 15% MK and 1.5% NS) achieved 

the best durability, with only 2.86% mass loss and 

81.2% strength retention after 100 cycles. In 

contrast, Run 7 (20% FA, 10% MK and 0.5% NS) 

showed the poorest resistance, with 7.91% mass loss 

after 75 cycles and only 73.5% strength retention 

after 50 cycles. SEM observations confirmed that 

superior frost resistance was associated with a dense 

cementitious matrix, refined hydration products and 

a continuous interfacial transition zone. Response 

surface analysis further identified NS as the 

dominant factor controlling freeze-thaw resistance, 

followed by FA and MK. Multi-objective 

optimisation suggested an optimal mixture of 

approximately 13.02% FA, 12.15% MK and 1.50% 

NS, achieving 27.20 MPa compressive strength, 

3.18 mm/s permeability and 88.90% strength 

retention at 50 cycles in validation. The findings 

provide a practical mix-design basis for durable 

pervious concrete in cold-region permeable 

pavement applications. 
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I. Introduction 
Pervious concrete is increasingly used in 

permeable pavements because its connected 

macropore system enables rapid stormwater 

infiltration and reduces surface runoff [1,2]. 

However, the same open pore structure that provides 

hydraulic functionality can also increase 

vulnerability to freeze-thaw damage when pores 

become saturated and cyclic ice formation generates 

internal tensile stress [3-5]. In cold regions, the 

design problem is therefore not simply to maximise 

permeability, but to maintain drainage while 

improving matrix integrity, interfacial bonding and 

resistance to progressive raveling. 

Supplementary cementitious materials 

provide a feasible route for improving this balance 

in pervious concrete [6]. FA can improve 

workability and support pore connectivity, but 

excessive replacement may reduce early-age 

strength because of its relatively slow pozzolanic 

reaction [6,15,16]. MK is more reactive and can 

refine the paste and ITZ [13,14]. NS, because of its 

very high surface area and nucleation effect, can 

accelerate hydration and fill microvoids [12,13,16]. 

The combined use of FA, MK and NS is therefore 

promising, but their effects are coupled: 

densification improves strength and frost resistance 

while potentially reducing permeability. 

This paper aims to clarify the freeze-thaw 

resistance and deterioration mechanism of FA-MK-

NS modified pervious concrete. The study focuses 

on: (i) the evolution of mass loss and residual 

compressive strength under rapid freeze-thaw 

cycling; (ii) the coupled relationship among 

porosity, permeability, strength and frost durability; 

(iii) microstructural evidence explaining the 

observed deterioration; and (iv) response surface 

optimisation of a balanced mixture for cold-region 

permeable pavement applications [1-6]. 
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II. Materials and Methods 
2.1 Materials and mixture design 

Ordinary Portland cement was used as the 

primary binder. FA, MK and NS were incorporated 

as partial replacements of the total binder mass. 

Crushed limestone aggregate with a nominal size of 

5-10 mm was used to form the open aggregate 

skeleton. The total binder content, water-to-binder 

ratio and aggregate content were fixed at 380 kg/m3, 

0.26 and 1520 kg/m3, respectively. A 

polycarboxylate-based high-range water reducer 

was adjusted as a workability control parameter and 

was not treated as an experimental factor. The 

mixture design followed the strength-permeability 

balance commonly required for pervious concrete 

[1,2,7-10]. 

A Box-Behnken design was used with three 

factors: FA replacement level (10, 15 and 20%), 

MK replacement level (5, 10 and 15%) and NS 

replacement level (0.5, 1.0 and 1.5%) [17,18]. The 

15-run matrix included three replicated centre points 

to estimate pure error and support lack-of-fit 

assessment. The corresponding actual-level design 

matrix is presented in Table 1. 

 

Table 1. Box-Behnken design matrix expressed as 

actual replacement levels. 

Run 
FA 

(%) 

MK 

(%) 
NS (%) 

1 10 5 1.0 

2 10 15 1.0 

3 20 5 1.0 

4 20 15 1.0 

5 10 10 0.5 

6 10 10 1.5 

7 20 10 0.5 

8 20 10 1.5 

9 15 5 0.5 

10 15 5 1.5 

11 15 15 0.5 

12 15 15 1.5 

13 15 10 1.0 

14 15 10 1.0 

15 15 10 1.0 

 

2.2 Specimen preparation and testing 

Dry aggregate and binder components were 

first blended to obtain uniform distribution. NS 

dispersion was premixed with part of the mixing 

liquid before wet mixing. Water and admixture were 

then added gradually until the aggregate particles 

were uniformly coated by paste without paste 

drainage or pore blockage. Specimens were cast 

under a consistent compaction procedure, 

demoulded after 24 h and cured under standard 

conditions for 28 days before testing. 

Compressive strength, porosity and 

permeability were measured on companion 

specimens. Permeability was determined using a 

constant-head method and reported in mm/s. Freeze-

thaw durability was evaluated using 100 mm cube 

specimens following a rapid freeze-thaw procedure 

based on GB/T 50082-2009 and common rapid 

freeze-thaw durability protocols [21,22]. Specimens 

were submerged during cycling, with the 

temperature varying between approximately +5 deg 

C and -18 deg C. Mass was recorded after surface 

drying, and residual compressive strength was 

measured after selected cycle numbers. 

Mass loss, ML, was calculated as (M0 - 

Mn)/M0 x 100%, where M0 is the initial mass and 

Mn is the mass after n cycles. Compressive strength 

retention, SR, was calculated as fcn/fc0 x 100%, 

where fc0 is the compressive strength of unexposed 

reference specimens and fcn is the residual 

compressive strength after n cycles. Freeze-thaw 

testing was terminated when mass loss exceeded 5% 

or when strength retention dropped to 75% or 

below. SEM was used to observe representative 

mixtures with poor, moderate and optimal 

durability. 

 

III. Results and Discussion 
3.1 Mechanical and hydraulic background 

The 28-day compressive strength of the 

mixtures ranged from 16.8 to 28.2 MPa. The highest 

value was recorded for Run 12, while the lowest 

values occurred in mixtures with high FA and low 

MK or NS. Porosity ranged from approximately 

17.85% to 24.50%, and permeability ranged from 

2.20 to 7.29 mm/s. These results confirm the 

expected strength-permeability trade-off: mixtures 

with denser matrices exhibited higher strength and 

lower permeability, whereas highly connected pore 

structures improved drainage but reduced 

mechanical and frost resistance [7-11]. This 

background relationship provides the basis for 

interpreting the freeze-thaw results discussed in 

Sections 3.2 and 3.3. 

Run 12 provides the most favourable 

balance within the tested design space, with high 

compressive strength (28.2 MPa), relatively low 

porosity (about 17.85%) and sufficient permeability 

(2.20 mm/s). Run 7, by contrast, had the highest 

porosity (24.50%) and high permeability (7.16 

mm/s), but low compressive strength and poor 

freeze-thaw durability. This contrast demonstrates 

that permeability alone cannot be used as the design 
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objective for pervious concrete exposed to freezing 

environments. 

 

3.2 Mass loss under freeze-thaw cycling 

Mass loss increased nonlinearly with the 

number of freeze-thaw cycles, as shown in Figure 1 

and listed in Table 2. At 25 cycles, all mixtures 

exhibited limited surface deterioration, with mass 

loss between 0.46% and 1.30%. At 50 cycles, the 

range widened to 0.98-4.89%, and Run 7 

approached the 5% termination criterion. By 75 

cycles, Runs 3, 7, 8 and 9 exceeded the 5% 

threshold, indicating that high porosity and 

insufficient matrix densification accelerate surface 

scaling and aggregate detachment. 

The best-performing mixture was Run 12, 

which maintained mass losses of 0.46%, 0.98%, 

1.72% and 2.86% after 25, 50, 75 and 100 cycles, 

respectively (Figure 1 and Table 2). Runs 6 and 10 

also showed relatively good mass stability, but their 

100-cycle losses were higher than Run 12. The 

centre-point mixtures reached approximately 4.78-

4.92% mass loss at 100 cycles, suggesting that the 

standard middle-level mixture was near the practical 

durability limit under the adopted test conditions. 

 

 
Figure 1. Mass loss evolution of representative mixtures under freeze-thaw cycling. 

 

Table 2. Mass loss (%) of pervious concrete mixtures under freeze-thaw cycling. 

Run 25 cycles 50 cycles 75 cycles 100 cycles 

1 0.92 2.35 3.88 - 

2 0.78 1.98 3.10 4.52 

3 1.12 3.25 6.02 - 

4 0.96 2.72 4.63 - 

5 0.98 2.84 4.91 - 

6 0.62 1.32 2.15 3.28 

7 1.30 4.89 7.91 - 

8 1.02 2.95 5.12 - 

9 1.08 3.35 6.28 - 

10 0.72 1.62 2.60 3.82 

11 0.94 2.75 4.76 - 

12 0.46 0.98 1.72 2.86 

13 0.88 2.18 3.52 4.86 

14 0.90 2.22 3.58 4.92 

15 0.86 2.15 3.45 4.78 
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3.3 Strength retention and damage sensitivity 

Strength retention was more sensitive than 

mass loss in identifying freeze-thaw damage, which 

is consistent with recent findings that internal 

damage may develop before severe visible 

deterioration in pervious concrete [3-5]. The 

corresponding retention curves and numerical values 

are presented in Figure 2 and Table 3. Several 

mixtures had relatively low visible mass loss at 50 

cycles but already showed substantial strength 

degradation. For example, Run 7 retained only 

73.5% of its initial compressive strength at 50 

cycles, although its mass loss was still 4.89%. This 

indicates that internal microcracking and ITZ 

weakening preceded obvious surface scaling. 

Run 12 again showed the best resistance, 

with strength retention of 98.6%, 92.8%, 87.5% and 

81.2% after 25, 50, 75 and 100 cycles, respectively 

(Figure 2 and Table 3). Run 6 and Run 10 retained 

75.6% and 74.8% after 100 cycles, respectively, 

indicating that high NS content improved durability 

but was most effective when combined with high 

MK and moderate FA. Centre-point mixtures 

retained only about 70.8-72.1% strength at 100 

cycles, further showing that a middle-level binder 

composition was not sufficient for severe freeze-

thaw exposure. 

 

 
Figure 2. Compressive strength retention of representative mixtures under freeze-thaw cycling. 

 

Table 3. Compressive strength retention (%) after freeze-thaw cycling. 

Run 25 cycles 
50 

cycles 
75 cycles 100 cycles 

1 96.8 84.6 74.2 - 

2 97.5 87.2 78.6 69.8 

3 94.2 76.8 - - 

4 95.6 81.5 72.4 - 

5 95.2 80.2 71.6 - 

6 98.2 90.5 83.8 75.6 

7 92.6 73.5 - - 

8 94.8 79.2 70.8 - 

9 93.5 75.6 - - 

10 97.8 89.6 82.5 74.8 

11 95.9 82.1 73.2 - 

12 98.6 92.8 87.5 81.2 

13 97.2 86.5 78.9 71.6 

14 97.0 86.1 78.4 70.8 

15 97.4 86.8 79.2 72.1 
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Note: '-' indicates that the specimen was not further tested because the freeze-thaw termination criterion was 

reached or the residual strength had dropped below the durability threshold. 

3.4 Freeze-thaw deterioration mechanism 

As illustrated in Figure 3, the combined mass-loss 

and strength-retention results support a three-stage 

deterioration mechanism [3-5,11]. In the early stage, 

water ingress and cyclic ice pressure generate 

microcracks in the cementitious matrix and ITZ. 

These internal defects reduce load-bearing capacity 

while causing little visible material loss. In the 

middle stage, microcracks propagate and coalesce, 

leading to accelerated strength loss and partial 

aggregate-paste debonding. In the late stage, 

connected cracks reach the surface, causing mortar 

loss, aggregate detachment and rapid mass loss. 

 

 
Figure 3. Schematic freeze-thaw deterioration mechanism for FA-MK-NS modified pervious concrete. 

 

To further link the two deterioration indicators, Figure 4 plots the 50-cycle mass loss against compressive 

strength retention for all mixtures. The negative trend confirms that mixtures with greater early mass loss 

generally experienced lower residual load-bearing capacity. 

 

 
Figure 4. Coupled mass loss and compressive strength retention of all mixtures after 50 freeze-thaw cycles. 

 

3.5 Microstructural interpretation 

SEM observations provided direct evidence 

for the macroscopic trends and the mechanism 

shown in Figure 3. Run 7 showed a loose and 

heterogeneous matrix with abundant pores, visible 

microcracks and a discontinuous ITZ. Many 

spherical unhydrated FA particles were observed 

near the aggregate surface, indicating incomplete 

reaction and weak interfacial bonding. Such a 

structure allows water to enter and freeze 

repeatedly, causing rapid internal damage. 

Run 5 displayed a more uniform matrix and 

fewer visible cracks, but residual microvoids and 

unreacted FA particles were still evident. Run 12 
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exhibited the densest microstructure, with refined 

hydration products, limited large pores and a 

continuous ITZ. The improvement can be attributed 

to the combined action of MK and NS: MK 

consumes calcium hydroxide through secondary 

pozzolanic reaction, while NS provides nucleation 

sites and a nano-filling effect that promotes finer 

and more uniform C-S-H gel [12-16]. The resulting 

dense ITZ improves stress transfer and delays 

aggregate detachment during freeze-thaw cycling. 

 

3.6 Response surface modelling and optimisation 

Quadratic response surface models were 

fitted for compressive strength, permeability and 

strength retention after 50 freeze-thaw cycles. 

Response surface methodology and Box-Behnken 

design have been widely used for concrete mixture 

optimisation because they can evaluate linear, 

interaction and quadratic effects with a reduced 

number of experimental runs [17-20]. Table 4 

summarizes the statistical significance and dominant 

terms of each response model. The models for 

compressive strength, permeability and strength 

retention were statistically significant, with model p-

values of 0.0002, 0.0004 and 0.0023, respectively. 

For strength retention, NS was the most significant 

factor (p = 0.0003), followed by FA (p = 0.0010) 

and MK (p = 0.0135). The significant lack of fit for 

the strength-retention model indicates that freeze-

thaw damage involves complex mechanisms that are 

only partially represented by a quadratic 

polynomial; however, the model remains useful for 

screening and optimisation within the tested factor 

space. 

The regression coefficients show that 

increasing NS strongly increases both compressive 

strength and 50-cycle strength retention while 

reducing permeability. MK also improves strength 

and durability, although with a weaker effect than 

NS. FA shows a dual role: it can help maintain pore 

connectivity and hydraulic function, but excessive 

FA reduces strength retention because of lower early 

matrix cohesion and a greater probability of 

unreacted particles in the ITZ. 

 

Table 4. Summary of response surface model significance. 

Response 
Model p-

value 

Key significant 

terms 
Interpretation 

Compressive strength 0.0002 A, B, C, A2, B2 

Dominated by NS and MK 

densification with nonlinear FA and 

MK effects 

Permeability 0.0004 A, B, C, AB 

Controlled mainly by pore 

connectivity; NS and MK reduce flow 

while FA helps maintain drainage 

Strength retention at 50 

cycles 
0.0023 A, B, C, A2 

NS is the strongest positive factor; 

excessive FA reduces durability 

 

A desirability-based multi-objective 

optimisation was performed to maximise 

compressive strength and strength retention while 

targeting a permeability coefficient near 3 mm/s 

within the feasible range of 2-6 mm/s [20]. The 

selected optimum was 13.02% FA, 12.15% MK and 

1.50% NS. The predicted responses were 28.00 MPa 

compressive strength, 3.00 mm/s permeability and 

91.87% strength retention after 50 cycles. 

Validation testing gave 27.20 MPa, 3.18 mm/s and 

88.90%, with relative errors of 2.86%, 6.00% and 

3.23%, respectively. These prediction and validation 

results are summarized in Figure 5, confirming that 

the proposed mixture region provides a practical 

balance between frost resistance and hydraulic 

functionality. 

In addition, Figure 5 shows that all 

validation errors remained within 6%, indicating 

acceptable reliability for mix screening within the 

tested factor space. 
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Figure 5. Relative validation error of the optimized FA-MK-NS mixture. 

 

IV. Conclusions 
1. Freeze-thaw deterioration of FA-MK-NS 

modified pervious concrete is governed by the 

coupled effects of pore connectivity, matrix 

compactness and ITZ quality. Strength retention is a 

more sensitive damage indicator than mass loss 

because internal microcracking occurs before visible 

surface scaling. 

2. Run 12, containing 15% FA, 15% MK and 1.5% 

NS, showed the best frost resistance, with 2.86% 

mass loss and 81.2% strength retention after 100 

cycles. Run 7, containing 20% FA and only 0.5% 

NS, showed the poorest performance, reaching 

7.91% mass loss at 75 cycles and 73.5% strength 

retention at 50 cycles. 

3. NS was the dominant factor improving freeze-

thaw resistance because of its nucleation and nano-

filling effects. MK further enhanced the matrix and 

ITZ through pozzolanic reaction, while excessive 

FA increased the risk of weak zones and reduced 

early-age cohesion. 

4. The freeze-thaw damage process can be described 

as early internal microcracking, middle-stage crack 

coalescence and late-stage surface scaling with 

aggregate detachment. This mechanism explains the 

delay between strength loss and measurable mass 

loss. 

5. Multi-objective optimisation identified an optimal 

mixture of approximately 13.02% FA, 12.15% MK 

and 1.50% NS, which achieved 27.20 MPa 

compressive strength, 3.18 mm/s permeability and 

88.90% 50-cycle strength retention in validation. 

This mixture is recommended as a practical starting 

point for cold-region pervious concrete pavement 

applications. 
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