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Highlights 9 

• NaCl on iced concrete cooled the surface by 9 °C in 1 min, inducing up to 3.3 MPa 10 

• CaCl 2 and potassium acetate removed about 5% of sample mass in 30 cycles 11 

• A nitrite-phosphate inhibitor cuts CaCl 2 mass loss by one third 12 

• Dense silica-fume mortar in 5% NaCl deformed twice as much as sealed prisms 13 

• Clogged joints and 250-700 m expansion-joint spacing explain summer blow-ups 14 

Abstract 15 

Concrete highways built in southern Kazakhstan over the past decade show scaling, spalling 16 

and joint failures after a few winters of deicer use. This study combines four data sets to explain 17 

that distress. First, temperatures were recorded inside 100 mm concrete cubes held at -5 °C after 18 

NaCl was applied to the iced surface: the surface fell to -14 °C within 1 min, and the 8.9 °C 19 

difference between the surface and 50 mm depth corresponds to an elastic thermal stress of 2.7-20 

3.3 MPa, close to the direct tensile strength of pavement concrete. Second, concrete specimens 21 

were subjected to 30 wetting-drying cycles in water and four deicer solutions. Water and NaCl 22 

produced mass gains of 2.2% and 1.5%, whereas CaCl2 , CaCl2 with a nitrite-phosphate 23 

corrosion inhibitor and potassium acetate produced mass losses of 5.2%, 3.5% and 5.0%. Third, 24 

prisms of a dense silica-fume mortar (water/binder ratio 0.24) immersed in 5% NaCl reached a 25 

length change of 0.66 mm/m after 300 h, about twice that of sealed or air-cured companions. 26 

Fourth, a condition survey of six concrete highways found scaling, through-cracks, spalling and 27 

blow-ups; expansion joints were spaced 250-700 m apart against a design value of 50 m, and 28 

contraction joints were packed with deicing grit. Thirty joints monitored at km 181 of the 29 

Almaty-Shelek-Khorgos highway closed by 0.81 ± 0.94 mm on average, and two of them took 30 
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29% of the total closure. The results support restricting calcium-based and acetate deicers on 31 

these pavements, resealing joints before each summer, and restoring the designed expansion-32 

joint spacing. 33 

Keywords: Deicing salt; Salt scaling; Concrete pavement; Thermal shock; Calcium chloride; 34 

Joint deterioration; Kazakhstan 35 
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1. Introduction 36 

Kazakhstan has built several hundred kilometers of jointed plain concrete pavement since the 37 

early 2010s, much of it on the Western Europe-Western China transit corridor between 38 

Khorgos, Almaty, Taraz and Shymkent. These roads cross a climate that is hard on concrete 39 

from both ends of the thermometer. Southern Kazakhstan falls mainly in the cold semi-arid 40 

(BSk) and hot-summer continental (Dsa/Dfa) Köppen classes [1]; pavement surfaces reach 60-41 

70 °C in July and air temperatures fall below -25 °C in January. In winter, road operators spread 42 

sodium chloride and sand-salt mixtures to keep traffic moving. Within a few seasons, many 43 

sections showed surface scaling of the kind shown in Fig. 1. 44 

 45 
Fig. 1. Deicer scaling on a concrete highway in Kazakhstan: (a) loss of mortar and exposure of coarse 46 

aggregate over most of the slab surface; (b) scaling concentrated along a transverse joint. 47 

Salt scaling is the progressive loss of small flakes of mortar from a concrete surface exposed to 48 

freezing in the presence of a dilute salt solution. Laboratory work since the 1950s has 49 

established its main features: damage peaks at solute concentrations of about 3% by mass and 50 

falls at higher concentrations, the effect is largely independent of the solute used, and scaling 51 

in salt solution far exceeds scaling in pure water [2,3]. Several mechanisms have been proposed, 52 

including hydraulic and osmotic pressure [4], ice-lens growth [5], salt crystallization [6] and 53 

the glue-spall mechanism, in which a brine ice layer bonded to the surface cracks on cooling 54 

and carries fragments of mortar with it [7-9]. A recent review summarized these physical 55 

processes together with the chemical interactions and protective measures reported for concrete 56 

pavements [10]. 57 

Chemistry matters as much as physics once deicers other than NaCl are used. Calcium chloride 58 

reacts with portlandite to form calcium oxychloride, an expansive phase that can form above 0 59 

°C when the CaCl 2 concentration in the pore solution is high [11,12]. Chloride binding by 60 

aluminate phases produces Friedel's salt, and exposure to concentrated NaCl lowers the flexural 61 
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strength of cement paste through crystallization pressure [13]. Acetate and formate deicers, 62 

often promoted as chloride-free alternatives, increase portlandite solubility and supply alkalis 63 

that can drive alkali-silica reaction [14]. Comparative studies have ranked common deicers by 64 

the damage they cause [15-19]; Wang et al. found that CaCl 2 solutions were the most damaging 65 

of five products tested and that potassium acetate caused only minor scaling [15]. 66 

Two gaps motivate the present work. The first is geographical. Almost all published deicer 67 

studies come from humid cold regions of North America, northern Europe and China, where 68 

pavements rarely exceed 50 °C in summer. In southern Kazakhstan, the annual range of slab 69 

temperature approaches 100 °C, so joints that are clogged with deicing grit in winter must 70 

accommodate large thermal expansion a few months later. Joint deterioration linked to fluid 71 

absorption and deicer phase changes is well documented in the United States [20], and 72 

pavement growth after joint closure has been analyzed from long-term joint movement data 73 

[21], but we have found no study that links the laboratory behavior of deicers to field distress 74 

on concrete highways in Central Asia. The second gap is practical: Kazakh road agencies need 75 

evidence to choose between NaCl, CaCl2 , inhibited CaCl2 and acetate products, and to decide 76 

whether joint maintenance or pavement design is the more urgent problem. 77 

This paper addresses both gaps with four linked data sets: (i) the temperature field and thermal 78 

stress in concrete when NaCl is applied to an iced surface; (ii) the mass change of concrete 79 

specimens in water and four deicer solutions under wetting-drying cycles; (iii) the deformation 80 

of a dense silica-fume mortar immersed in 5% NaCl; and (iv) a condition survey of six concrete 81 

highways in southern Kazakhstan, including 30 monitored joints. Section 2 describes the 82 

methods, Section 3 the results, and Section 4 interprets them and draws out recommendations 83 

for practice. 84 

2. Materials and methods 85 

2.1. Thermal response to NaCl application 86 

Concrete cubes with 100 mm sides were cast from a pavement mix and cured for 28 days. The 87 

cubes were then conditioned at -5 °C for 48 h in a climatic chamber so that the whole section 88 

reached a uniform temperature. Sodium chloride was applied to the iced top surface, and 89 

temperatures were recorded at the surface and at depths of 1, 5, 10 and 50 mm at 0.5, 1, 2, 3, 4, 90 

5 and 6 min after application. 91 
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Melting ice draws latent heat from the concrete, so the surface cools faster than the interior. A 92 

thin surface layer that contracts relative to a thick, cooler-changing substrate is restrained in 93 

two directions, and its tensile stress can be estimated from linear elasticity: 94 

 σ b = E α ΔT / (1 - ν) (1) 95 

where ΔT is the temperature difference between the surface and 50 mm depth (°C), E the elastic 96 

modulus, α the coefficient of thermal expansion and ν Poisson's ratio. The uniaxial estimate, σ 97 

u = E α ΔT, is reported as a lower bound. Typical values for pavement concrete were used, E = 98 

30 GPa, α = 10 × 10 -6 °C -1 and ν = 0.2 [22,23], so that σ u ≈ 0.30ΔT MPa. Both estimates ignore 99 

creep and are therefore upper bounds on the stress actually carried by the material during the 100 

first minutes after application. 101 

2.2. Mass change in deicer solutions 102 

Concrete specimens were exposed to five solutions: distilled water as the reference, sodium 103 

chloride (NaCl), calcium chloride (CaCl 2 ), calcium chloride with a nitrite-phosphate corrosion 104 

inhibitor (CaCl 2 + inhibitor) and potassium acetate (CH 3 COOK) Fig. 2a shows the specimens 105 

during exposure. Each cycle consisted of wetting followed by drying. Specimens were weighed 106 

to 0.1 g every 5 cycles up to 30 cycles, following the weighing procedure of GOST 12730.1 107 

[24]. The mass change after N cycles was calculated as 108 

 Δm N = (m N - m 0 ) / m 0 × 100% (2) 109 

where m 0 is the mass before the first cycle. The rate of mass change was taken as the slope of 110 

a least-squares line through the data from 5 to 30 cycles. 111 

 112 
Fig. 2. Laboratory work: (a) concrete specimens exposed to deicer solutions; (b) casting the silica-fume 113 

mortar prisms at Riga Technical University; (c) length measurement of a 40 × 40 × 160 mm prism with a 114 

digital dial gauge. 115 
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2.3. Deformation of dense mortar prisms in NaCl 116 

A dense mortar based on an ultra-high-performance concrete (UHPC) matrix, without fibers, 117 

was mixed at the laboratory of Riga Technical University (Table 1). The binder contained 15% 118 

silica fume by mass, the water/binder ratio was 0.24 and the sand/binder ratio was 1.10. Dry 119 

constituents were mixed until uniform, water containing the dissolved superplasticizer was 120 

added, and mixing continued until a homogeneous, highly flowable mortar was obtained. 121 

Twelve 40 × 40 × 160 mm prisms were cast (Fig. 2b), with steel studs embedded in the end 122 

faces to seat a dial gauge.  123 

Table 1. Composition of the silica-fume mortar. Per-cubic-meter quantities are calculated from the batch 124 

masses assuming particle densities of 3150 (cement), 2650 (sand), 2200 (silica fume) and 1070 kg/m 3 125 

(superplasticizer). 126 

Constituent 
Batch weight 

(kg) Per m 3 (kg) Ratio to binder 

Portland cement  4.950 835 0.85 

Silica fume 0.874 147 0.15 

Sand, 0-2 mm 6.406 1081 1.10 

Water 1.399 236 0.24 

Superplasticizer  0.153 26 0.026 

 127 

The prisms were demoulded after 24 h and assigned to five storage conditions at 20 ± 2 °C: 128 

sealed in plastic film (3 prisms), air-dry (3 prisms), and immersion in NaCl solutions of 5%, 129 

10% and 15% by mass (2 prisms each), prepared from distilled water and technical-grade NaCl. 130 

This paper reports the 5% NaCl group together with the sealed and air-dried references; the 131 

10% and 15% groups are still under test. Length was read with a digital dial gauge of 0.01 mm 132 

resolution mounted on a rigid stand (Fig. 2c), immediately after demoulding and then at 27, 34, 133 

46, 60, 84, 108, 132, 156, 180, 228 and 300 h. Length change was expressed in mm/m over the 134 

155 mm gauge length, with positive values denoting shortening. Initial prism masses ranged 135 

from 580.5 to 599.8 g (mean 591.3 g, standard deviation 7.0 g), which corresponds to a bulk 136 

density of about 2310 kg/m 3 . Surfaces were inspected under optical magnification for cracking 137 

at each reading. 138 

2.4. Field survey and joint monitoring 139 

Visual and instrumental condition surveys were carried out on six concrete-paved highway 140 

sections in southern Kazakhstan: Shymkent-Taraz, Shymkent-Saryagash (towards Tashkent), 141 

Shymkent-Turkestan, Taraz-Almaty, Almaty-Khorgos and Almaty-Kapshagay. Each distress 142 

was photographed, classified and measured: crack and joint widths with a vernier caliper, 143 
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lengths with a tape, and vertical displacements with a straightedge and rule. Pavement surface 144 

temperatures were measured at selected locations. Cores were taken at selected locations. All 145 

work was done under lane closure with warning signs and portable barriers. 146 

To quantify joint movement, tell-tale gauges were fixed across 30 consecutive transverse joints 147 

at km 181 of the Almaty-Shelek-Khorgos highway. The joint width and the tell-tale width were 148 

recorded at installation and again at removal in June 2025, both with a caliper to 0.1 mm. 149 

Assuming a slab length of 5 m, the 30 joints span about 150 m of pavement. 150 

Free thermal elongation of a pavement segment between working expansion joints was 151 

estimated as 152 

 ΔL = α L ΔT (3) 153 

where L is the distance between expansion joints and ΔT the change in mean slab temperature, 154 

to compare the thermal movement demand with the width of the expansion joints found in the 155 

field [26]. 156 

3. Results 157 

3.1. Temperature field and thermal stress after NaCl application 158 

Table 2 and Fig. 3a show how fast the surface responded. The surface temperature dropped 159 

from -5.0 °C to -12.0 °C in the first 30 s, a cooling rate of about 14 °C/min, and reached a 160 

minimum of -14.0 °C after 1 min. Below the surface the response was damped and delayed: at 161 

1 mm the minimum was -9.0 °C at 2 min, at 10 mm -7.2 °C at 3-4 min, and at 50 mm the 162 

temperature changed by only 0.6 °C over 6 min. The steepest gradient therefore sat in the outer 163 

millimeter, where the temperature difference reached 5.5 °C at 1 min. 164 

Table 2. Concrete temperature after NaCl application to the iced surface of a cube pre-conditioned at -5 °C, 165 

and the corresponding thermal stress estimates. 166 

Time 

(min) 
Surface 

(°C) 
1 mm 

(°C) 
5 mm 

(°C) 
10 mm 

(°C) 
50 mm 

(°C) 
ΔT 
(°C) 

σ u 

(MPa) 
σ b 

(MPa) 

0 -5.0 -5.2 -5.1 -5.0 -5.0 0.0 0.00 0.00 

0.5 -12.0 -7.5 -6.5 -5.5 -5.0 7.0 2.10 2.63 

1 -14.0 -8.5 -7.8 -6.2 -5.1 8.9 2.67 3.34 

2 -12.5 -9.0 -8.5 -7.0 -5.2 7.3 2.19 2.74 

3 -11.0 -8.9 -8.5 -7.2 -5.3 5.7 1.71 2.14 

4 -10.0 -8.7 -8.3 -7.2 -5.4 4.6 1.38 1.73 

5 -9.2 -8.5 -8.0 -7.1 -5.5 3.7 1.11 1.39 

6 -9.0 -8.3 -7.8 -7.0 -5.6 3.4 1.02 1.28 

ΔT = difference between 50 mm depth and surface. σ u = EαΔT; σ b = EαΔT/(1 - ν), with E = 30 GPa, α = 10 × 10 -6 °C 167 
-1 , ν = 0.2. 168 
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The largest surface-to-50 mm difference, 8.9 °C at 1 min, gives σ u = 2.67 MPa and σ b = 3.34 169 

MPa (Fig. 3b). The biaxial value falls within the 3-4 MPa range of direct tensile strength typical 170 

of pavement concrete [22]. The biaxial estimate stayed above 2 MPa for about 3 min and 171 

decayed to 1.0-1.3 MPa after 6 min as the interior cooled and the surface warmed back towards 172 

the brine temperature. These values are larger than the 1.3 MPa for a 4.3 °C drop reported in 173 

earlier work reviewed by Zhang et al. [10], mainly because the surface drop measured here was 174 

twice as large. 175 

 176 
Fig. 3. Response of concrete pre-conditioned at -5 °C to NaCl applied on the iced surface: (a) temperature at 177 

the surface and at four depths; (b) uniaxial and biaxial elastic thermal stress from the surface-to-50 mm 178 

temperature difference. 179 

3.2. Mass change in water and deicer solutions 180 

The five solutions split into two groups (Table 3, Fig. 4). Specimens in water and NaCl gained 181 

mass throughout the 30 cycles, by 2.2% and 1.5%, with gains that slowed down as the pores 182 

filled. Specimens in CaCl 2 , inhibited CaCl 2 and potassium acetate lost mass at nearly constant 183 

or increasing rates. After 30 cycles the losses were 5.2% for CaCl 2 , 5.0% for potassium acetate 184 

and 3.5% for inhibited CaCl 2 . The least-squares rates between 5 and 30 cycles were -0.188, -185 

0.170 and -0.130% per cycle for these three solutions, against +0.055 and +0.035% per cycle 186 

for water and NaCl. 187 

Table 3. Specimen mass (g) and mass change (%, in brackets) during wetting-drying cycles. 188 

Cycles Water NaCl CaCl 2 CaCl 2 + inhibitor Potassium acetate 

0 2448.9 2450.9 2457.9 2452.6 2450.8 

5 2468.5 (+0.8) 2465.6 (+0.6) 2445.6 (-0.5) 2445.2 (-0.3) 2431.2 (-0.8) 

10 2478.0 (+1.2) 2473.0 (+0.9) 2428.5 (-1.2) 2432.9 (-0.8) 2414.0 (-1.5) 

15 2485.7 (+1.5) 2477.9 (+1.1) 2408.8 (-2.0) 2420.7 (-1.3) 2394.4 (-2.3) 

20 2493.0 (+1.8) 2482.8 (+1.3) 2384.0 (-3.0) 2403.5 (-2.0) 2372.3 (-3.2) 

25 2497.9 (+2.0) 2485.4 (+1.4) 2359.6 (-4.0) 2383.9 (-2.8) 2350.3 (-4.1) 
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Cycles Water NaCl CaCl 2 CaCl 2 + inhibitor Potassium acetate 

30 2502.8 (+2.2) 2487.7 (+1.5) 2330.0 (-5.2) 2366.7 (-3.5) 2328.0 (-5.0) 

Initial masses (cycle 0) are back-calculated from the recorded masses and percentage changes at 10-30 cycles, which 189 
agree to within 0.3 g; masses at 5 cycles are calculated from the recorded percentages.  190 

 191 
Fig. 4. Mass change of concrete specimens during wetting-drying cycles in water and four deicer solutions. 192 

The time profiles differ within the losing group. Potassium acetate removed the most mass in 193 

the first 5 cycles (0.8%) and then continued at a steady 0.7-0.9% per 5 cycles. CaCl 2 started 194 

more slowly (0.5% in the first 5 cycles) but accelerated, losing 1.2% between cycles 25 and 30, 195 

and overtook the acetate after 25 cycles. The inhibitor delayed the loss rather than stopping it: 196 

inhibited CaCl 2 lost 0.3% in the first 5 cycles and 0.7-0.8% per 5 cycles from cycle 20 onwards, 197 

so the gap to plain CaCl 2 widened only slowly. At 30 cycles the inhibitor had reduced the total 198 

loss by 33%. 199 

3.3. Deformation of silica-fume mortar in 5% NaCl 200 

All three groups of prisms moved in the same direction, but at different rates (Fig. 5). During 201 

the first 27 h after demoulding the readings were within ±0.02 mm/m of zero. Between 27 and 202 

84 h, the prisms immersed in 5% NaCl reached 0.35 mm/m, against 0.23 mm/m for the air-dry 203 

and 0.12 mm/m for the sealed prisms. After about 130 h the air-dry prisms leveled off at 0.28-204 

0.32 mm/m, while the sealed prisms continued steadily to 0.34 mm/m at 300 h. The immersed 205 

prisms kept deforming throughout, adding 0.14 mm/m between 180 and 300 h, and reached 206 

0.66 mm/m at 300 h, 1.9 times the sealed value and 2.1 times the air-dry value.  207 
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 208 
Fig. 5. Length change of 40 × 40 × 160 mm silica-fume mortar prisms stored sealed, in air at 20 ± 2 °C, and 209 

immersed in 5% NaCl solution (mean of each group). 210 

3.4. Distress on the surveyed highways 211 

Table 4 lists the distress types found on each section, and Fig. 6 shows representative examples. 212 

Three families of distress appeared on every route. Surface scaling ranged from shallow mortar 213 

loss to depths of 5 mm (Almaty-Kapshagay) and 10 mm (Almaty-Khorgos), and was worst 214 

where water ponded, on acceleration lanes and next to joints. Joint defects included sealant 215 

extruded from or missing in the joints, joints packed with sand and deicing grit, spalled joint 216 

edges up to 20 mm deep, and horizontal offsets of up to 5 mm. Cracks included longitudinal 217 

through-cracks up to 8 mm wide and 15 m long, diagonal through-cracks 5 mm wide crossing 218 

several slabs, and transverse cracks from 0.4 mm to 5 mm wide. 219 

Table 4. Distress recorded on the surveyed concrete highways. 220 

Section Distress Measured dimensions and observations 

Shymkent-Taraz Slab buckling (blow-

up) 
Vertical rise 50-70 mm, most visible at slab edges 

 Diagonal crack 5 mm wide, through-depth, crossing several slabs; a second 

crack on the ramp 

 Longitudinal cracks 
Through-depth; 8 mm wide over 15 m; 2 mm wide over two 

slabs 

 Spalling at joints Up to 20 mm deep at joint intersections; surface temperature 45 

°C 

Shymkent-

Saryagash 
Clogged expansion 

joint 15 mm joint filled with loose granular material 

 
Sealant extrusion, 

scaling 
12 mm joint; spalls where sealant was extruded 

 Transverse cracks 1 mm wide, attributed to compression 

Shymkent-

Turkestan Scaling 
Surface temperature 48 °C on concrete and 54 °C on adjacent 

microsurfacing 
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Section Distress Measured dimensions and observations 

 Blow-up at joint 
Slabs pushed up and crushed at the joint; 59.5 °C on concrete, 

70 °C on asphalt 

Taraz-Almaty Scaling of repair 

concrete 
Expansion joints every 250 m; dowel bars not detected at the 

joint  

 Joint offset Joints up to 10 mm wide; sealed-over cracks; horizontal offset 

5 mm 

 
Longitudinal and 

transverse cracks 1 mm wide; joint width 4 mm 

Almaty-Khorgos Scaling and edge 

breakage 
Scaling up to 10 mm deep over the entire acceleration-lane 

slab; 4 mm joints without sealant; cracks up to 1 mm 

Almaty-Kapshagay Scaling 
Up to 5 mm deep where drainage is poor; cracks 0.4 mm; 10 

mm joints with sealant extruded or missing and filled with 

incompressibles 

 Spalling Broken slab edges and corners 

 Transverse crack Through-depth, 5 mm wide, 7 m long 

 221 

 222 
Fig. 6. Representative distress: (a) diagonal through-crack, (b) longitudinal through-cracks and (c) spalling 223 

at a joint intersection, Shymkent-Taraz; (d) expansion joint packed with granular material and (e) extruded 224 

sealant with surface scaling, Shymkent-Saryagash; (f) scaling and (g) blow-up at a joint, Shymkent-225 

Turkestan; (h) scaling of repair concrete and (i) joint offset, Taraz-Almaty; (j) scaling and joint damage, 226 

Almaty-Khorgos; (k) scaling and (l) transverse through-crack, Almaty-Kapshagay. 227 

The joint layout departed from the design. On the sections in the Turkestan region, working 228 

expansion joints were found 300-700 m apart, and on Taraz-Almaty every 250 m, whereas the 229 

design for Almaty-Khorgos specifies 50 m. The contraction joints had not been maintained and 230 

were filled with deicing material at the time of the survey. Blow-ups were recorded on 231 

Shymkent-Turkestan, Shymkent-Saryagash and Shymkent-Taraz in the Turkestan region, 232 

where the highest pavement temperatures were measured. No blow-ups have been recorded 233 
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over the service life of the sections in the Zhambyl region, where mean summer air temperatures 234 

are about 5 °C lower. 235 

3.5. Joint movement at km 181 236 

Of the 30 monitored joints, 26 narrowed, 2 did not change and 2 widened between installation 237 

and June 2025 (Fig. 7a, Appendix A). The mean change in joint width was -0.81 mm (standard 238 

deviation 0.94 mm, median -0.80 mm), and the total closure over the 30 joints was 24.4 mm. 239 

Movement was uneven: joints 1 and 10 closed by 4.0 and 3.0 mm and together accounted for 240 

29% of the total, whereas 11 joints moved by 0.5 mm or less. The two joints that widened, by 241 

0.5 and 0.9 mm, were joints 4 and 12. Tell-tale widths increased by 0 to 5.5 mm (total 30.3 242 

mm). 243 

 244 
Fig. 7. (a) Change in width of 30 consecutive transverse joints at km 181 of the Almaty-Shelek-Khorgos 245 

highway between installation and June 2025 (blue: closure; orange: opening). (b) Free thermal elongation of 246 

a pavement segment as a function of expansion-joint spacing for mean slab temperature changes of 20, 40 247 

and 60 °C (Eq. (3), α = 10 × 10 -6 °C -1 ), compared with the design spacing, the spacings found in the survey 248 

and a 15 mm expansion joint. 249 

4. Discussion 250 

4.1. Thermal shock as a scaling driver 251 

Laboratory freeze-thaw protocols cool specimens at rates of a few degrees per hour [27,28]. 252 

The surface in our test cooled at about 14 °C per minute, two orders of magnitude faster, 253 

because melting ice drew heat from the concrete faster than it could be conducted from below. 254 

Earlier analyzes of cooling rate concluded that hydraulic pressure and bulk thermal stress in 255 

standard tests stay well below the fatigue limit of concrete [10]; those conclusions apply to 256 

slow, uniform cooling. The stress we estimate is concentrated in the outer few millimeters, 257 

where the temperature difference reached 5.5 °C across 1 mm, and it approaches the tensile 258 
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strength at the depth range where scaling flakes originate [3]. The surface mortar layer is also 259 

the weakest part of the section, being richer in paste and more porous than the bulk [29]. 260 

One application does not scale a sound surface; the estimated peak of 3.3 MPa is an elastic 261 

upper bound and lasts less than 2 min. The concern is repetition. In southern Kazakhstan, 262 

pavements pass through 0 °C on many winter days, and each deicer application during a cold 263 

spell imposes a new thermal shock on a surface already weakened by the previous one. This 264 

fatigue-type loading adds to the glue-spall mechanism [7,9] and supports treating the frequency 265 

of deicer application, and not only the quantity, as a variable in winter maintenance planning. 266 

4.2. Why calcium and acetate deicers removed mass and NaCl did not 267 

Within 30 wetting-drying cycles, NaCl behaved like water: both solutions filled pores and 268 

added mass, NaCl slightly less, probably because crystallizing salt reduced the pore volume 269 

available to the solution. Damage by NaCl is known to depend on concentration and on 270 

freezing, both of which were outside the scope of this test [2,13], so the result should not be 271 

read as evidence that NaCl is harmless to pavements. 272 

The CaCl 2 result agrees with previous comparative studies that ranked CaCl 2 as the most 273 

damaging common deicer [15,16]. Two processes explain the accelerating loss. Chloride 274 

deicers leach calcium hydroxide from the paste [15], and drying concentrates the pore solution 275 

until calcium oxychloride can precipitate at room temperature [11,12]. Each drying stage 276 

therefore adds expansive product near the surface, and the loss grows as the surface weakens. 277 

The corrosion inhibitor slowed the process by a third over 30 cycles, but the rate between cycles 278 

20 and 30 was still about 0.15% per cycle. Wang et al. likewise found that an inhibitor delayed 279 

the onset of damage without reducing the final damage [15]. We therefore see inhibited CaCl 2 280 

as a way to extend the life of structures with embedded steel, not as a concrete-friendly deicer. 281 

The potassium acetate result conflicts with Wang et al., who observed only minor scaling with 282 

this product [15]. Acetate anions complex calcium and raise portlandite solubility, which 283 

releases hydroxide and supplies potassium for alkali-silica reaction [14]; under wetting-drying, 284 

where fresh solution is repeatedly drawn into the surface, leaching can outpace carbonation. 285 

The difference may also reflect solution concentration, cycle regime or aggregate reactivity. 286 

Thermogravimetric analysis of the altered surface layer for portlandite content, and X-ray 287 

diffraction for oxychloride and Friedel's salt, would allow the two mechanisms to be separated. 288 

Until then, the data do not support the common assumption that acetate deicers are safe for 289 

concrete pavements. 290 
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4.3. Dense matrices are not immune 291 

The silica-fume mortar had a water/binder ratio of 0.24 and a density of about 2310 kg/m 3 , 292 

properties associated with very low permeability [30]. Even so, immersion in 5% NaCl doubled 293 

its deformation over 300 h. If positive readings denote shortening, as the behavior of the sealed 294 

prisms suggests, the extra deformation of the immersed prisms points to two effects. External 295 

brine has a lower water activity than pure water, so it cannot relieve the self-desiccation of a 296 

low water/binder matrix as fully as water would, and chloride can accelerate hydration and the 297 

associated chemical shrinkage [23]. Friedel's salt formation and crystallization pressure, which 298 

reduce the flexural strength of cement paste in NaCl [13], add internal stress on top of this. 299 

Whichever mechanism dominates, a dense matrix is not a sufficient defense on its own; it slows 300 

the ingress of salt but does not prevent volume change once salt arrives.  301 

4.4. Joints as the weak link 302 

The survey shows that the most severe distress (blow-ups, spalls, joint offsets) is concentrated 303 

at joints, and the monitoring explains why. In a jointed pavement, thermal expansion is meant 304 

to be taken up by contraction joints, which close in summer, and by expansion joints, which 305 

absorb what the contraction joints cannot. Grit and deicing sand that enter contraction joints 306 

opened by winter contraction prevent them from closing again, and the pavement grows in 307 

length each season [20,21]. The joint movement at km 181 fits this picture. Assuming 5 m slabs, 308 

the total closure of 24.4 mm over about 150 m equals a mean strain of 163 × 10 -6 , the free 309 

expansion for a mean slab temperature rise of about 16 °C, which is plausible between spring 310 

installation and June. The distribution was far from uniform: two joints took 29% of the closure, 311 

and 11 joints moved 0.5 mm or less. That pattern is what one expects when most joints are 312 

locked by incompressibles and the movement is forced into the few that still work. 313 

Fig. 7b puts the expansion-joint spacing in context. With α = 10 × 10 -6 °C -1 , a 15 mm expansion 314 

joint can absorb the free expansion of 50 m of pavement for a 30 °C rise in mean slab 315 

temperature, which is roughly the design case. At the 300-700 m spacing found in the Turkestan 316 

region, the same joint is used up by a rise of 2-5 °C, and a 40 °C seasonal rise would require 317 

120-280 mm of movement. Once the expansion joints are full and the contraction joints are 318 

locked, the compressive force has nowhere to go but up, and blow-ups occur at the weakest 319 

joint, often one already weakened by scaling or spalling. This agrees with the absence of blow-320 

ups in the cooler Zhambyl region and with their presence where surface temperatures of 59.5-321 

70 °C were measured. 322 
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Deicers therefore act on joints in two ways. Chemically, they damage the joint faces, where 323 

solution collects and saturation is highest [20]; our CaCl 2 and acetate results show how quickly 324 

that can remove material. Mechanically, the sand and grit spread with them fill the joints, and 325 

the following summer turns that fill into compressive stress. Neither effect is addressed by 326 

current winter maintenance practice in the region. 327 

4.5. Implications for practice in Kazakhstan 328 

Four measures follow from the results. First, calcium-based deicers should be restricted on 329 

concrete pavements, and potassium acetate should not be assumed to be harmless until its effect 330 

on local concretes is confirmed by longer tests. Where CaCl 2 is used for its lower effective 331 

temperature, inhibited formulations delay damage but do not prevent it. Second, contraction 332 

joints should be cleaned and resealed each spring, before the pavement warms, so that sand and 333 

grit are removed before they lock the joints. Third, expansion joints on existing pavements 334 

should be restored to the designed spacing where blow-ups have occurred, and new pavements 335 

should keep the 50 m design spacing. Fourth, new concrete for these roads should meet frost-336 

and-deicer exposure requirements, such as a water/cementitious-materials ratio not exceeding 337 

0.40 and a specified air content, as in exposure class F3 of ACI 318-19 [31]; entrained air and 338 

supplementary cementitious materials remain the most reliable means of improving scaling 339 

resistance [32-35]. Cement type, pore structure and mechanical loading also influence 340 

resistance [36-38], and surface additions such as nano-silica show promise in pavement 341 

concrete [39]. 342 

4.6. Limitations 343 

The study has five limitations. The thermal stresses are elastic estimates from assumed material 344 

properties and a single test. The deicer exposure used wetting-drying without freezing and a 345 

limited number of cycles, so it does not reproduce the combined freeze-thaw and salt exposure 346 

of the field; a scaling test to CEN/TS 12390-9 [28] is planned. Replicate statistics are not yet 347 

reported for the mass-change and deformation tests. The mortar tests cover one concentration 348 

and 300 h, and no microstructural analysis was performed. Finally, the joint monitoring covers 349 

one season at one site, and slab temperatures were not recorded during it. Continuous joint 350 

movement and slab temperature records through a full year would allow the trigger temperature 351 

for pavement growth to be estimated, as done for United States pavements by Chhay et al. [21]. 352 
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5. Conclusions 353 

Laboratory tests and a field survey of concrete highways in southern Kazakhstan lead to the 354 

following conclusions. 355 

(1) Applying NaCl to an iced concrete surface at -5 °C cooled the surface to -14 °C within 1 356 

min, a rate of about 14 °C/min. The surface-to-50 mm temperature difference of 8.9 °C 357 

corresponds to an elastic thermal stress of 2.7-3.3 MPa, close to the tensile strength of 358 

pavement concrete, which makes repeated thermal shock a plausible contributor to 359 

scaling. 360 

(2) After 30 wetting-drying cycles, specimens in water and NaCl gained 2.2% and 1.5% 361 

mass, while those in CaCl 2 , inhibited CaCl 2 and potassium acetate lost 5.2%, 3.5% and 362 

5.0%. The loss under CaCl 2 accelerated with cycling. 363 

(3) A nitrite-phosphate corrosion inhibitor reduced CaCl 2 mass loss by 33% at 30 cycles but 364 

did not stop it. Potassium acetate was nearly as damaging as CaCl 2 , contrary to the view 365 

that acetates are harmless to concrete. 366 

(4) A dense silica-fume mortar (water/binder ratio 0.24) immersed in 5% NaCl reached a 367 

length change of 0.66 mm/m in 300 h, 1.9 times that of sealed prisms, showing that low 368 

permeability alone does not prevent salt-related volume change. 369 

(5) Expansion joints on the surveyed highways were 250-700 m apart instead of the designed 370 

50 m, and contraction joints were packed with deicing grit. At 300-700 m spacing a 15 371 

mm expansion joint is used up by a 2-5 °C rise in slab temperature, which explains the 372 

blow-ups recorded where pavement surfaces reached 59.5-70 °C. 373 

(6) Thirty monitored joints closed by 0.81 ± 0.94 mm on average, and two joints took 29% 374 

of the total closure. Resealing joints each spring and restoring the design expansion-joint 375 

spacing should be priorities for the road operator, alongside restricting calcium-based and 376 

acetate deicers. 377 
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Appendix A. Joint monitoring data, km 181, Almaty-Shelek-Khorgos highway 472 

Table A.1. Joint and tell-tale widths (mm) at installation and at removal (June 2025). 473 

Joint Joint width, 

installed 

Tell-tale 

width, 

installed 

Joint width, 

removed 

Tell-tale 

width, 

removed 

Joint width 

change 
Tell-tale 

width change 

1 15.0 12.0 11.0 17.5 -4.0 +5.5 

2 10.0 10.0 10.0 10.5 0.0 +0.5 

3 12.0 12.0 11.0 12.4 -1.0 +0.4 

4 9.0 9.0 9.5 11.0 +0.5 +2.0 

5 9.0 9.0 8.5 9.5 -0.5 +0.5 

6 11.0 11.0 9.0 11.2 -2.0 +0.2 

7 8.0 8.0 7.5 9.1 -0.5 +1.1 

8 8.0 8.0 8.0 9.5 0.0 +1.5 

9 9.0 9.0 8.4 9.0 -0.6 0.0 

10 11.0 8.0 8.0 9.8 -3.0 +1.8 

11 8.0 8.0 7.9 8.5 -0.1 +0.5 

12 8.0 9.0 8.9 10.5 +0.9 +1.5 

13 10.0 10.0 9.8 10.0 -0.2 0.0 

14 9.0 9.0 8.4 9.5 -0.6 +0.5 

15 8.0 8.0 7.0 10.0 -1.0 +2.0 

16 8.0 8.0 7.5 10.0 -0.5 +2.0 

17 10.0 10.0 9.1 10.2 -0.9 +0.2 

18 8.0 8.0 7.0 9.0 -1.0 +1.0 

19 9.0 9.0 8.8 10.5 -0.2 +1.5 

20 8.0 8.0 7.2 8.5 -0.8 +0.5 

21 8.0 8.0 7.1 8.9 -0.9 +0.9 

22 9.0 9.0 8.9 10.5 -0.1 +1.5 

23 9.0 9.0 8.0 9.9 -1.0 +0.9 

24 9.0 9.0 7.5 9.8 -1.5 +0.8 

25 9.0 9.0 8.2 9.5 -0.8 +0.5 

26 11.5 11.5 10.4 11.5 -1.1 0.0 

27 9.0 9.0 7.9 9.5 -1.1 +0.5 

28 10.0 10.0 8.8 10.0 -1.2 0.0 

29 9.0 9.0 8.0 9.0 -1.0 0.0 

30 8.0 8.0 7.8 10.0 -0.2 +2.0 

Total     -24.4 +30.3 

Joint 24: the original field sheet lists a change of -0.5 mm; the recorded widths (9.0 → 7.5 mm) give -1.5 mm, which is 474 
used here. Totals are recomputed from the recorded widths.  475 


