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INTRODUCTION 

Cold Mix Asphalt (CMA) represents a lightweight pavement, environmentally-friendly material as it can be made, 

mixed, and applied without heating and limits energy consumption and emissions versus Hot Mix Asphalt (HMA) [1, 2]. 

CMA uses either a emulsified or cutback, as opposed to HMA which is produced with heat. CMA can be produced, and 

used in challenging or remote regions, and has the potential for use during adverse weather (Mohammadian et al., 2020). 

In addition, CMA can offer advantages over HMA regarding their ability to be dissolved, if an accidental cracking occurs. 

Furthermore, Rigidity (stiffness modulus) is lower in emulsion-only CMA (No-CEMA) than in cement-modified CMA 

because cement hydration forms a composite network that raises stiffness; even so, both cold mixes generally trail HMA 

in stiffness, especially at early ages , "traditional" CMA still presents challenges including long curing time, lower initial 

strength, and unstable to moisture damage, which affects acceptance rates for high-volume traffic pavements [3, 4]. Some 

of these properties can easily be modified through several research initiatives, such as; introducing cement to speed up 

curing, using crumb rubber to incorporate flexibility from waste tires, and polymers to improve viscoelastic properties, 

nano-materials to further improve durability and environmental impact [5-9]. Cold paving asphalt mixtures are largely 

used as cold patching materials in the field of pavement maintenance engineering and are typically made up of aggregates 

bound by emulsified or solvent-based binders [10, 11]. For improved workability and storage capacity at ambient 

temperatures, diluents like diesel or kerosene are often added [11]. A wide range of modifiers has been highlighted for 

solving the shortcomings of poor early strength and sensitivity to moisture with cold mix asphalt (CMA). Geopolymer 

additives form rigid networks that improve Marshall stability when used in an ideal asphalt to geopolymer proportion of 

4:3 [12], while waste-derived fillers like paper sludge ash and cement kiln dust make the mix stiffer and with lower curing 

times [13]. Blends of cement, fly ash, and GGBS enhance indirect tensile workability by about 20% [14]. Basalt fiber 

reinforcement improves initial, molding, and immersion strengths along with residual stability and freeze-thaw resistance 

[15]. Polyurethane binders produce cold recycled mixtures with outstanding adhesion and enhanced freeze-thaw 

characteristics when reclaimed asphalt pavement accounts for up to 40% of the mix [16]. Styrene-ethylene-butadiene-

styrene (SEBS) polymer in conjunction with diesel increases residual stability and freeze-thaw ratios while maintaining 

two months of storage stability as the minimum [10]. Water-based epoxy asphalt mix emulsions exhibit more than 98 

times higher dynamic stability and reduced rut depths by more than 11 times compared to traditional emulsified mixes 

[17]. A waste Ca(OH)₂ solution-based geopolymer cold asphalt emulsion mixture mixed with GGBFS and calcium 

carbide residue achieves about 13 times the indirect tensile stiffness modulus of a control mixture after three days of 
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systematic review aggregates recent experimental work related to additives targeting 

these disadvantages. Geopolymer additives develop hardened structures improving 

Marshall stability and, when used at optimal asphalt-geopolymer ratio, allow short curing 
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curing and significantly reduces rutting [18]. These different modifications indicate the wide range of the research 

dedicated to the development of the performance and life of CMA. 

METHODOLOGY 

The review adhered to a systematic methodical approach. Open-access databases (MDPI, Frontiers, De Gruyter and 

PMC) were searched in September 2025 using the search parameters (cold mix asphalt, nanoparticles, geopolymer, 

titanium dioxide, waste filler and modification). Articles were included only if they (a) examined CMA or emulsified 

asphalt mixtures made at low temperature, (b) used modifiers like nanoparticles, geopolymer additives or industrial by-

product fillers, and (c) provided experimental or field information. Eleven articles met the inclusion criteria. Information 

regarding types of materials, dosage, mechanical properties and performance tests, and microstructural characterisation 

was extracted, and quality of evidence was assessed. In-text citations are inserted throughout, and a numbered reference 

list is included in the end. We used PRISMA-2020 reporting of information sources and study selection guidance. To aim 

the pavement and asphalt literature directly, TRID (Transportation Research International Documentation), the key 

transport index combining TRIS and ITRD and spanning journals, Transportation Research Board proceedings, and 

technical reports was given top priority, followed by ScienceDirect for publisher-hosted full‑text from core civil/transport 

journals. Backward and forward citation chasing (snowballing) was also utilized for the minimum probable number of 

studies lost. PRISMA selection table (Table 1) records counts at each stage. 

 

Table 1. Study selection (PRISMA-2020) 

 

Stage Count (n) Primary reasons for 
exclusion (if applicable) 

Records identified via 
databases: TRID 
  

4 — 

Records identified via 
databases: 
ScienceDirect 
  

12 — 

Additional records via 
other sources 
(snowballing/publishers) 
  

0 — 

Duplicates removed 2 TRID↔ScienceDirect [8, 9] 
Records after 
deduplication 

14 — 

Titles/abstracts screened 14 — 
Titles/abstracts excluded 3 Review (n=1); Binder-only 

(n=1); Not CMA (n=1) 
Full-text articles 
assessed for eligibility 

11 — 

 

GEOPOLYMER AND MINERAL ADDITIVES 

Geopolymers develop when aluminosilicate precursors (fly ash or slag) react with alkaline activators to form a three-

dimensional network that cures at room temperature. In a cold mix study, [19] prepared a cold mix asphalt (CMA) with 

a geopolymer additive and assessed the macro strength of the CMA with Marshall stability tests. As shown in figure 1, It 

was shown that stability increased with increasing geopolymer content with an optimum mass ratio of base asphalt and 

geopolymer at 4:3. Beyond this mass ratio, stability started to decline [20]. While strength develops rapidly in the first 

three days of curing, it then levels off. From fluorescence microscopy, it was found that the geopolymer formed a bond 

between the asphalt and the aggregate surfaces forming a continuous rigid network to confine the aggregates under 

vertical loads [20]. These results show that geopolymer additives can mitigate CMA's low early strength by improving 

adherence and introducing a rigid binder matrix. 
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Figure 1. Stability and Mass rastio of asphalt [1] 

 

In attempts to avoid the high costs and greenhouse gas emissions of Portland cement, researchers have explored the 

use of waste products as potential substitute fillers. Dulai et al. carried out replacements of 0–6% paper sludge ash and 

0–4% cement kiln dust for the mineral filler of CMA, which resulted in significant improvements in the stiffness and 

strength of the mixtures [21]. The pozzolanic characteristics of paper sludge ash enabled the development of internal 

bonds, while the cement kiln dust acted as an activator to shorten curing times. Further research used a blend consisting 

of 2% cement and 1% fly ash and 1% GGBS, which yielded a boost in indirect tensile strength by around 20% compared 

to the use of cement in isolation, thus proving that blended mineral fillers can improve early strength and water resistance 

[21]. 

Nano‑material modifications 

Nanomaterials, defined as particles with at least one dimension between 1 and 100 nanometers, have a high specific 

surface area and increased reactivity. The interaction of nanomaterials with bitumen molecules can contribute to increased 

viscosity, micro void fill, and the addition of photocatalytic behavior. [20] offered a thorough classification of 

nanomaterials into zero-dimensional, one-dimensional, and two-dimensional particles and mentioned that their interaction 

with asphalt binders causes increased viscosity and stiffness, which can improve resistance to high-temperature rutting 

as well as low-temperature cracking [20]. This classification is with respect to asphalt binder and hot mix asphalt research, 

not cold mix asphalt (CMA), and is included here only to situate the category of nanomaterials in question that may be 

relevant to CMA. To date, most of the literature with respect to nano TiO₂, nano silica, or nano alumina has been focused 

on hot mix asphalt or binder rheology; however, no peer-reviewed work has been uncovered that utilizes nanoparticles in 

cold mix asphalt mixtures. Therefore, it is not possible to offer a summary of dosage-dependent performance results for 

nanomaterial-modified CMA. Encouraging results gained in hot mix tests suggest the potential for nanomaterials to 

improve the characteristics of CMA; however, more research is needed to confirm their effectiveness in cold mix 

applications and address issues of compatibility, dispersion, and cot [21]. 

Morphological characterisation  

Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX), X-ray Diffraction (XRD), and 

Fourier Transform Infrared Spectroscopy (FTIR) are common analytical tools used to examine the influence of modifiers 

on the microstructural properties of cold mix asphalt. [19] used SEM to analyze and compare the characteristics of paper 

sludge ash (PSA), cement kiln dust (CKD), and traditional limestone mineral filler (CLMF) in a cold bituminous emulsion 

mix. The PSA particles had a porous and irregular surface, whereas those of CKD were flocculent agglomerates, and 

CLMF were more solid and angular grains. Figure 2 shows these SEM micrographs representing the relatively more open 

structures of PSA and CKD compared to CLMF. Such resulting morphological differences suggest that PSA and CKD 

have a higher tendency to interact with the asphalt emulsion compared to CLMF, which acts mostly as an inert filler. 

In a geopolymer cold asphalt emulsion mixture, [24] reported that the alkaline Ca(OH)₂ solution dissolved silica and 

alumina from ground granulated blast furnace slag (GGBFS) and calcium carbide residue (CCR), forming calcium silicate 

hydrate (C–S–H) and calcium aluminosilicate–hydrate (C–A–S–H) gels that filled voids and bonded aggregates. SEM 

images showed a dense cementitious matrix without residual CCR shells; EDX spectra revealed calcium, aluminium and 

silicon in the binder, and XRD/FTIR confirmed consumption of Ca(OH)₂ and formation of geopolymer gels. These 

microstructural observations explain the high stiffness modulus and rut resistance reported for geopolymer modified 

CMA. 
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Figure 2. SEM view of filler particles [2] 

 

Performance Testing of Modified CMA  

Lab tests are performed to examine the performance of modified Cold Mix Asphalt (CMA) mixtures under different 

loading and environmental conditions [19]. The addition of geopolymer additives increases the Marshall stability of CMA 

to a maximum at the optimal mass ratio of 4:3 for asphalt to geopolymer, followed by a reduction in stability at higher 

dosages [21]. Replacement with paper sludge ash (PSA) and cement kiln dust (CKD) in place of mineral filler improved 

the mixture's stiffness and strength, along with a decrease in curing time [21], whereas blending of cement with fly ash 

and ground granulated blast furnace slag (GGBFS) brought about the indirect tensile strength by almost 20% [17]. Basalt 

fiber reinforced-CMA showed remarkable strength improvement with initial strength, molding strength, and immersion 

strength being 2.42 kN, 4.87 kN, and 6.79 kN, respectively; residual stability reached 92.8%, the freeze-thaw splitting 

ratio was 82.05%, and the mixture showed good workability after storage for a month (Sun et al., 2020). Polyurethane 

cold recycled mixtures exhibited excellent interfacial adhesion between the reclaimed asphalt pavement (RAP) and the 

polyurethane binder; the maximum splitting strength was found at a glue to stone ratio of 9%, though excessive RAP 

content reduced high and low-temperature stability, but improved freeze-thaw resistance at RAP content levels below 

40% [17]. A geopolymer cold asphalt emulsion mixture (GCAE) using waste alkaline Ca(OH)₂ solution, GGBFS and 

calcium carbide residue (CCR) showed exceptional early age properties: the indirect tensile stiffness modulus (ITSM) 

increased by approximately 13 times relative to a traditional limestone filler mix after 3 days of curing [18]; rut depths 

were 5.5 times shallower than the reference mix [6] and the stiffness modulus ratio (SMR) improved by about 40 % [20]. 

Collectively, these tests indicate that properly chosen modifiers geopolymers, waste fillers, fibers and polyurethane 

binders—can enhance early strength, rutting resistance, moisture durability and freeze–thaw performance of CMA. 

Nonetheless, excessive stiffening may reduce cracking resistance, underscoring the need for balanced mix designs. 

Polymer-modified cold asphalt mixtures (CAMs) form a key area of research in the field of materials science [14, 15]. 

[15] analyzed the efficiency of styrene–ethylene–butadiene–styrene (SEBS) copolymer as an additive in asphalt mixtures 

used for cold patching purposes. Through the application of Brookfield viscosity and Marshall stability tests, the authors 

suggested final concentrations of 7.5% SEBS and 40% diesel oil by base asphalt weight, followed by an ascertained 

asphalt content of 4.6% against the weight of the mineral aggregate [16]. The SEBS-modified CAM reflected phenomenal 

improvements, as indicated by a 20.1% boost in Marshall residual stability and a 15.7% raise in the ratio of freeze–thaw 

splitting strength over the initial mixture; in addition, the improved mixture reflected a storability retention period of a 

minimum of two months [17]. 

Water-based epoxy emulsified asphalt mixtures (WEEAM) are the integration of water-based epoxy resin and 

emulsified asphalt with increased cohesion. Experimental tests based on Bi et al.'s research noted that WEEAM has better 

thermal stability: the dynamic stability improved by more than 98 times, and rutting depth reduced by over 11 times 

compared to the commonly used emulsified asphalt mixture [12]. WEEAM also had improved durability for freeze-thaw 

cycles and moisture; raveling-induced mass losses were lowered by over 66% compared to the emulsified mixture, and 

freeze-thaw split tests displayed remarkable moisture durability [12]. Nonetheless, the investigators noted the low 

temperature flexibility limitation compared to hot mix asphalt [13]. The findings highlight the future of polymer and 

epoxy modifiers in making sustainable advances in the development of cold mix solutions. 

To highlight trends in performance, Figure 3 provides charts of Marshall stability and residual stability versus asphalt-

to-geopolymer mass ratio, as reported by [20]. The results reveal the maximum stability occurred for a 4:3 asphalt-to-

geopolymer ratio, then decreased with the geopolymer increase, while residual stability reduced with the increase of 

geopolymer dosage. These findings highlight the importance of the optimal dosage for providing a balance of durability 

and strength in geopolymer-modified cold mix asphalt (CMA). 

 



Al-Attab et al. │ Construction  │ Vol. XX, Issue X (202X) 

5   journal.ump.edu.my/construction ◄ 

 

 
 

Figure 3. Marshall stability and residual stability of geopolymer‑modified cold‑mix asphalt at various asphalt–

geopolymer mass ratios [20] 

Table 2 summarizes the comparison of test types versus performance gain. 

Table 2. test type vs performance gain 

Test type 

(standard) 

Performance gain 

vs control CMA 

Mixture & dosage 

(representative) 

Source 

Resilient modulus 

/ ITSM (EN 12697-

26) 

+≈43% at 2 days; 

reached HMA-level 

stiffness by ~7 days 

CMA with 6% PSA 

+ 2% CKD (PSA 

replaces LF; CKD 0–4% 

by agg. mass)  

[2] 

Wheel tracking rut 

depth @45°C, 10,000 

cycles (EN 12697-22) 

Reduced from 

11.8 mm (LF) to 

0.862 mm (6% PSA) 

and 0.497 mm (6% 

PSA + 4% CKD)  

Same gradation; slab 

compaction 

[2] 

Fatigue (4-point 

bending, ε=150 µε, 

20°C) 

~14× Nf (6% 

PSA) vs LF; ~16–

21× with 6% PSA + 

1–4% CKD; ≈2–3× 

HMA  

Failure = 50% 

stiffness reduction 

[2] 

Resilient modulus 

/ ITSM 

≈13× higher than 

LF at 3 days; 

sustained stiffness 

advantage vs 

HMA/LF 

 

Geopolymer CAEM 

(GGBFS + CCR) with 

waste Ca(OH)₂ solution 

[6] 

Moisture 

resistance (SMR / 

stiffness modulus 

ratio) 

~40% higher than 

LF and >5% over 

HMA 

Same mixture family 

as above (geopolymer 

CAEM) 

[6] 

Wheel tracking 

(permanent 

deformation) 

≈5.5× shallower 

rut depth vs LF 

Same mixture family 

as above (geopolymer 

CAEM) 

 

[6] 

Indirect Tensile 

Strength (ITS) 

≈+20% vs control 

CMA 

Emulsified cold mix 

+ 2% cement + 1% FA 

+ 1% GGBFS 

 

[3] 

Marshall stability Increases to an 

optimum at 4:3 base 

asphalt:geopolymer; 

declines at higher 

additive contents 

Cold-mix asphalt + 

geopolymer (optimum 

ratio 4:3) 

[1] 
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Comparative analysis of previous studies 

Table 3 summarises key parameters and findings from previous studies on CMA modification. 

Table 3. Comparison of previous studies 

Modification & 

mixture 
Dosage   or ratio 

Observed effects 
Source 

Cold‑mix 

asphalt + 

geopolymer 

Asphalt : geopolymer 

ratio 4 : 3 optimum 

↑ Marshall stability, 

rigid binder network, 

rapid early strength 

 

[1] 

CMA + 

paper‑sludge ash 

(PSA) & 

cement‑kiln dust 

(CKD) 

0–6 % PSA; 0–4 % 

CKD 

↑ stiffness & 

strength, ↓ curing time, 

internal bonding from 

PSA 

[2] 

 

 

Emulsified cold 

mix + cement/fly 

ash/GGBS 

 

 

2 % cement, 1 % fly 

ash, 1 % GGBS 

↑ indirect tensile 

strength (~20 %), 

↑ early strength, dense 

matrix 

 

[3] 

Cold‑mix 

asphalt + basalt 

fiber & cold‑mix 

asphaltic liquid 

 

 

 

 

Optimum asphalt–

aggregate ratio; basalt 

fiber reinforcement 

↑ initial strength 

(2.42 kN), ↑ molding 

strength (4.87 kN), 

↑ immersion strength 

(6.79 kN), ↑ residual 

stability (92.8 %), 

↑ freeze–thaw ratio 

(82.05 %), good storage 

stability 

 

[4] 

Polyurethane 

cold‑recycled 

mixture 

 

 

 

Glue to stone ratio 

8–10 %; optimum 9 % 

binder; RAP 0–80 % 

↑ adhesion to RAP, 

↑ splitting strength at 

optimum binder ratio, 

↓ high‑ & 

low‑temperature 

stability with increasing 

RAP, ↑ freeze–thaw 

ratio when RAP < 40 % 

 

[5] 

Geopolymer 

cold asphalt 

emulsion mixture 

(GCAE) 

 

 

GGBFS + CCR + 

waste Ca(OH)₂; 12.5 % 

bitumen emulsion 

↑ ITSM (~13× 

reference after 3 days), 

↓ rut depth (5.5× 

shallower), ↑ stiffness 

modulus ratio (~40 %), 

dense cementitious 

matrix 

 

[6] 

Cold‑patching 

mixture + SEBS & 

diesel 

 

7.5 % SEBS; 40 % 

diesel; asphalt content 

4.6 % 

↑ residual stability 

(20.1 %), ↑ freeze–thaw 

ratio (15.7 %), good 

storability 

 

[8] 

Waterborne 

epoxy–emulsified 

asphalt mixture 

(WEEAM) 

 

WEEAM:mixture 

ratio 1:4; two-stage 

compaction 

↑ dynamic stability 

(>98×), ↓ rut depth 

(>11×), ↑ moisture & 

freeze–thaw resistance, 

↓ raveling loss (>66 %) 

[9] 
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RESEARCH GAPS AND FUTURE DIRECTIONS 

Despite the encouraging results, several shortcomings hold back the widespread application of adjusted CMA: 

1) Early strength controlled by curing: the results indicate early-age gains as curing-sensitive. The recommendation is to 

test climate-relevant T/RH matrices and correlate moisture loss/emulsion break with ITSM/ITS/Marshall at 1, 3, 7, 

and 28 days. 

2) CMA-specific nanoparticle evidence is sparse: Most nano studies are binder/HMA rather than mixture-level CMA. 

The recommendation is to run CMA mixed with nano materials with controlled emulsion type/charge and mixing 

sequence, and microstructure (SEM/FTIR). 

3) Stiffness–fatigue balance must be optimised: Beyond the rough order of magnitude 4:3 stability optimum, higher 

additive levels tend to over-stiffen and pay fatigue penalties. The recommendation is to take balanced mix design 

(rutting/moisture vs fatigue) and optimise curing time as a design parameter. 

4) Life-cycle assessment. Whereas certain modifiers offer functional benefits, e.g., photocatalysis, environmental 

implications and life-cycle costs must be assessed in order to justify their general use. 

5) Other environmentally friendly modifiers, including waste-derived fillers and geopolymers, have shown promise, but 

more comparative studies are needed to determine the most sustainable and efficient additives under different 

conditions. 

CONCLUSION 

Cold mix asphalt (CMA) holds the potential for energy saving and emissions reductions but is still early performance 

is responsive to curing and mixture design. Optimal base-asphalt–geopolymer balance around 4:3 invariably optimizes 

stability, and PSA/CKD-based systems enhance stiffness, resilience against rutting, and moisture durability for 

practicable curing windows, but stiffening overly penalizes fatigue. The evidence base for nanoparticles at the mixture 

level for CMA remains limited compared with binder/HMA research, highlighting the necessity of CMA-adapted, dose–

response research which holds emulsion chemistry conservative and confirms microstructure–property correspondences. 

Advanced microstructural techniques like scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 

(EDX), X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR) have confirmed that geopolymer 

reactions result in dense cementitious matrices and continuous binder networks in cold mix emulsions. Although modified 

CMA holds great potential for environmentally friendly pavement construction, future research should deal with 

optimizing additive contents, determining long-term durability and crack resistance, and conducting life cycle 

assessments to optimize its benefits in full. 
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