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ABSTRACT 16 

Porous Concrete (PC) pavements have been gaining a lot of attention in recent years 17 

because of the many advantages they can provide, especially in urban areas because 18 

they are easy to lay and capable of mitigating the problems caused by conventional 19 

roads. For this reason, PC pavements have been recognized as one of the best solutions 20 

to reduce water and air environmental impacts, as well as to increase driver safety. Nev-21 

ertheless, their use is still limited, since there are not enough studies addressing them 22 

comprehensively, mainly because of the lack of awareness about all their potential ben-23 

efits. Therefore, this paper reviews the main properties that PC mixtures can provide for 24 

designing multifunctional and sustainable pavements. To this end, the investigations 25 

undertaken during the last decade (2009-2018) in this topic were analyzed in detail, 26 

identifying the regions where they are being most widely studied, analyzing and predict-27 

ing their future potential developments. Results revealed that mechanical and hydraulic 28 

capacity are the two main properties studied in PC pavements. In addition, a predicted 29 

growth for 2019-2030 of 2.51% (4.29 PC publications per year) is expected.   30 
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1 INTRODUCTION 34 

As urban areas grow in population terms, and sprawl in size, the development of paved 35 

roads tends to be a crucial issue, since it is a key factor in the progress of the economy 36 

of cities. Paved roads make the movement of people and goods between different loca-37 

tions more efficient, saving time and money, as well as increasing safety and comfort 38 

when driving. On the contrary, environmental problems are starting to arise because of 39 

the impermeable area covered by roads around the world, since about 3% of the total 40 

surface of the planet is already paved [1]. This obstructs natural processes like the hy-41 

drological cycle by causing runoff and water pollution [2], while increasing temperature 42 

in urban areas due to the solar absorption favored by pavements [1]. In addition, the use 43 

of motor vehicles is also increasing, to the extent that there are around 132 vehicles per 44 

1,000 persons in the world [3]. In the end, this massive presence of vehicles generates 45 

gas emissions into the air.  46 

Many alternatives have been developed in the last years to mitigate these environmental 47 

problems, especially in relation to water treatment. In this context, the concept of Sus-48 

tainable Urban Drainage Systems (SUDS) emerged to deal with stormwater manage-49 

ment, one of the major challenges in urban areas. Permeable pavements are the most 50 

widely used type of SUDS due to their completeness and ease of laying in urban areas, 51 

providing an alternative to mitigate the problems caused by conventional road develop-52 

ment. Different types of surface materials are commonly used in permeable pavement 53 

systems, including grass, pavers or porous materials such as asphalt and concrete. In 54 

particular, PC has been recognized as one of the best solutions to reduce both water and 55 

air environmental impacts due to its multifunctional nature [2]. PC is a special type of 56 



 

 

concrete used in pavement technology, composed of a granular skeleton coated with a 57 

cementitious material as a binder. It is designed to maintain a high air void content 58 

(AV), normally around 15-30% [4–6], which results in permeability rates between 1.0-59 

47.7 mm/sec [4–6]. In turn, this enables the capture of rainwater and its subsequent in-60 

filtration into the ground [7]. 61 

Although the ultimate purpose of PC pavements is to infiltrate stormwater into the un-62 

derlying subsoil, especially for aquifer recharge purposes [8], these systems can also 63 

provide other benefits. Some of the most relevant ones are related to the mitigation of 64 

the Urban Heat Island effect through the reflection of solar radiation [9], sound reduc-65 

tion by absorbing noise generated because of the interaction between tires and pavement 66 

[10] or enhanced road safety due to increased skid resistance provided by their high air 67 

void content [11]. As a result, they are highlighted as one of the best stormwater man-68 

agement practices by the United States Environmental Protection Agency (EPA) [12]. 69 

PC pavements are mainly used for construction in parking lots, minor roads and side-70 

walks because of their low strength, related to the air voids.  71 

Based on these considerations, the aim of this investigation is to review the main uses 72 

and properties that make PC pavements multifunctional, including hydraulic, mechani-73 

cal, safety (skid resistance) and environmental (sound absorption, temperature regula-74 

tion and air quality improvement) characteristics. To this end, an extensive review of 75 

the PC pavement-related research conducted over the last 10 years has been undertaken, 76 

identifying the main trends and lines of research that will be developed in the future 77 

within this field. 78 

2 LITERATURE REVIEW 79 

This section compiles the main studies done on PC pavements in the last ten years, 80 

which addressed 13 properties as shown in Table 1. These characteristics were further 81 



 

 

arranged according to broader aspects representing the main perspectives from which 82 

PC pavements can be analyzed, including hydraulic, mechanical, safety and environ-83 

mental ones. 84 

 Table 1. Number of publications found in the literature arranged according 85 

to the properties of porous concrete pavements 86 

Areas identified Properties Number of studies (2009-2018) 

Environment Pollutant Removal 20 

Photocatalysis 5 

Urban Heat Island Mitigation 12 

 Noise Reduction 18 

Hydraulics Infiltration 93 

Clogging 19 

Porosity 9 

 
Safety  

Skid Resistance 19 

Freeze Thaw 9 

Stiffness 5 

Mechanical  Compression Strength 49 

Indirect Tensile Strength 13 

Flexural Strength 19 

Fatigue 1 

Computer modeling Prediction  3 

These studies were provided by the Scopus database after employing the following 87 

search combinations from 2009 to 2018: 88 

(porous AND concrete AND pavement) AND (permeability) / (porous AND concrete AND pavement) AND (com-89 
pression AND strength) / (porous AND concrete AND pavement) AND (indirect AND tensile AND strength) / 90 
(porous AND concrete AND pavement) AND (flexural AND strength)/ (porous AND concrete AND pavement) 91 
AND (sound AND absorption) OR (noise AND mitigation) / (porous AND concrete AND pavement) AND (skid 92 
AND resistance) / (porous AND concrete AND pavement) AND (heat AND island AND mitigation) / (porous AND 93 
concrete AND pavement) AND (photocatalysis) / (pervious AND concrete AND pavement) AND (permeability) / 94 
(pervious AND concrete AND pavement) AND (compression AND strength) / (pervious AND concrete AND 95 
pavement) AND (indirect AND tensile AND strength) / (pervious AND concrete AND pavement) AND (flexural 96 
AND strength)/ (pervious AND concrete AND pavement) AND (sound AND absorption) OR (noise AND mitiga-97 
tion) / (pervious AND concrete AND pavement) AND (skid AND resistance) / (pervious AND concrete AND pave-98 
ment) AND (heat AND island AND mitigation) / (pervious AND concrete AND pavement) AND (photocatalysis) 99 

A total of 719 publications were found, of which only 171 corresponded to PC pave-100 

ments. In addition, many publications considered certain combinations of the properties 101 

studied. For instance, some papers focused on hydraulic and mechanical issues, whilst 102 



 

 

others jointly addressed permeability and skid resistance. Overall, the number of times 103 

that the properties under considered were found in the publications was 294. 104 

Six of these properties were considered of special interest due to their relevance in mak-105 

ing these systems multifunctional, as specified in Figure 5. Hydraulic properties refer to 106 

the capability of PC pavements to infiltrate water to the ground or store it for future us-107 

es. Mechanical properties can be divided into compressive, indirect tensile and flexural 108 

strength, focusing on the ability of the pavements to withstand traffic loads without fail-109 

ing. The large proportion of voids in PC pavements facilitates the reduction of the noise 110 

generated by their interaction with tires through acoustic absorption, while increasing 111 

skid resistance because of the rapid stormwater filtration capacity and pronounced ma-112 

crotexture of their surface layer. Finally, with the use of certain additives, PC pavements 113 

can remove pollutants from vehicle emissions, as well as reflect solar energy to cool 114 

urbanized areas. 115 



 

 

 116 

Figure 1. Scheme of the main aspects considered in the review of porous concrete 117 

pavements 118 

PC mixtures have different components: coarse and fine aggregates, cementitious mate-119 

rials, water and admixtures [7,13]. The characteristics, size and gradation of the aggre-120 

gates, as well as the cement and water dosages, cement paste content and admixtures 121 

used are factors influencing the properties of the resulting PC mixtures, leading to varia-122 

tions in their mechanical and volumetric behavior [14–16]. Table 2 shows the average 123 

proportions of the materials used in PC mixtures according to the literature reviewed 124 

[4–6,17] 125 



 

 

 Table 2. Average dosage for the main components used in porous concrete 126 

mixtures 127 

Component Minimum Maximum Average 

Cementitious materials (kg/m3) 150.00 560.00 341.37 

Aggregates (kg/m3) 565.00 2035.20 1507.73 

Water to cement ratio 0.20 0.42 0.30 

Aggregate to cement ratio  1.26 12.00 4.76 

Fine to coarse aggregate ratio 0.00 0.17 (if used) 0.02 (if used) 

 128 

2.1 HYDRAULIC PERFORMANCE 129 

PC pavements must provide the necessary permeability for managing rainfall events 130 

that occur during their operational life, during which the whole percentage of total voids 131 

is not really interconnected [18]. Hence, although some authors obtained air void con-132 

tents around 40% and even higher [19,20], the amount of interconnected air voids has 133 

been found to hardly surpass 30% [21,22]. This is mainly due to the compaction level 134 

used to build the pavement [23,24] (researchers mainly use the Proctor hammer, varying 135 

casting layers and blows), as well as to the utilization of more than one aggregate size in 136 

the mixture [25]. On the contrary, other researchers have obtained air voids as low as 137 

10% due to the addition of certain additives (superplasticizers and fibers) and a rodding 138 

compaction method, leading to permeability rates of 0.70 mm/s [26]. 139 

Different methods have been used to measure the permeability of porous mixture sur-140 

faces directly, such as single-ring and double-ring infiltrometers [27,28], rainfall simu-141 

lators [29,30] and permeameters [28,31]. The literature reviewed showed values ranging 142 

from 0.30 mm/s [32] to 47.7 mm/s, depending on the characteristics of the mixtures. 143 

The latter value corresponds to 31.8% air voids, a product of a cement paste design of 144 

15% and aggregate size of 4.8-9.5 mm [33]. However, the highest air void ratio found 145 

was 42%, resulting in a permeability of 17.4 mm/s [25]. Moreover, the intrinsic porosity 146 



 

 

of PC mixtures depends mainly on the compaction energy applied, such that the higher 147 

the compaction energy, the lower the air void content.  148 

2.2 MECHANICAL PERFORMANCE 149 

PC pavements also have to meet specific mechanical requirements depending on their 150 

on-site application. Compressive strength is the most frequently employed mechanical 151 

parameter considered in the design of concrete pavement structures [34–38]. Since PC 152 

mixtures are rigid, they resist vertical stresses directly, so cracking occurs after their 153 

load-bearing capacity is surpassed. Then, the crack patterns are propagated throughout 154 

the porous structure forming little bridges. Therefore, PC tends to fail through these 155 

numerous weak bridges formed between the aggregates, making its ultimate behavior 156 

different from conventional mixtures [22]. The repeated application of vertical loads can 157 

also cause fatigue damage in PC mixtures [39], producing their failure. 158 

The literature reviewed showed that PC mixtures can reach values of compressive 159 

strength over 40.0 MPa [22,35,40], tensile strength between 1.5-3.0 MPa [4–6] and 160 

flexural strength above 4.0 MPa [21,41,42]. However, these data vary depending on the 161 

test methods, compaction, materials, curing time and mixture designs used by each au-162 

thor. The literature reviewed demonstrated higher mechanical values when both curing 163 

time and the compaction force were increased [6]. For example, some researchers ob-164 

tained around 19% higher flexural strength when curing time was increased from 7 to 165 

28 days [41]. The same behavior was presented in compression and tensile strength, 166 

incrementing around 9% and 17% respectively, in the same curing time [43]. 167 

In the search for optimum designs, the highest value of compressive strength found in 168 

the literature was 65.80 MPa, compacted in 3 layers using slight vibration and three 169 

blows per layer with a Proctor hammer, at 28 days of curing. This led to a mixture with 170 

19.8% air voids, an aggregate size of 1.19 mm, a w/c ratio of 0.22 and a combination of 171 



 

 

cement, silica fume, silica powder and water reducers [40]. In terms of flexural strength, 172 

some researchers obtained values around 4.40 MPa using 10% by weight of binder of 173 

nano black rice husk ash, at a 28-day curing time, employing the Proctor hammer at two 174 

layers for compaction. This value increased about 10% when curing was extended to 90 175 

days [41]. Other authors achieved high values of tensile strength (3.09 MPa) using a 176 

Proctor hammer at three layers and 10 blows per layer for compaction. This design cor-177 

responded to an air void content of 18.90% (permeability of 5.3 mm/s), using a single 178 

aggregate size of 6.35 mm and a w/c of 0.33 [44].  179 

2.3 SKID RESISTANCE 180 

Skid resistance (SR) is a parameter mainly dependent on surface texture [45]. Accord-181 

ing to the Permanent International Association of Road Congresses, road surface texture 182 

patterns are classified as microtexture (< 0.5 mm), macrotexture (0.5 mm – 50 mm), 183 

megatexture (50 mm – 500 mm) and roughness (0.5 m – 50 m)[46]. The friction occur-184 

ring between tires and pavements allows drivers to steer, brake, accelerate and stay on 185 

the road [47]. Three main pavement conditions that affect SR can be identified on a 186 

pavement: dry, wet and iced [48,49]. Microtexture mainly controls SR at low speeds, 187 

while macrotexture affects it at high speeds [45,50]. Macrotexture depth is a measure-188 

ment of surface roughness under dry conditions [50].  189 

SR can be measured on PC through the British Pendulum Test (BPT), producing a low-190 

speed sliding contact of about 10 km/h between a standard rubber slider and the pave-191 

ment surface. This is the most common test used for measuring SR according to the 192 

microtexture of pavements. The result is expressed in terms of a British Pendulum 193 

Number (BPN), such that the device allows readings to be taken from 0 to 100 [51] (the 194 

higher the value, the better the SR of the pavement [48,49]). Laboratory studies noted 195 

that the BPN of PC decreased about 13% (for both dry and wet conditions) as the area 196 



 

 

of contact between the rubber slider and the surface was reduced [52]. Therefore, it is 197 

important to perform the test with the same area of contact in all the samples evaluated 198 

to obtain a valid comparison. Moreover, trying to avoid big gaps in the surface layer to 199 

prevent the lost of friction. 200 

Some authors studied the addition of sand in different percentages (0, 5 and 10 %), thus 201 

varying the w/c ratio. For instance, a value of BPN of 74 was recorded for dry condi-202 

tions using a w/c of 0.27 in the mixture with 5% and 10% of sand [53]. Other authors 203 

demonstrated the differences between diverse PC pavement surface conditions by ob-204 

taining BPN values of 96.0, 74.5 and 29.0 for dry, wet and iced roads, respectively [49]. 205 

Nevertheless, the highest BPN values observed were almost 100 on a dry newly built 206 

pavement with a w/c of 0.32 and 23.5% air voids, based on employing ordinary Port-207 

land cement and a nominal maximum aggregate size of 6.30 mm [48].  208 

2.4 SOUND ABSORPTION 209 

The presence of a large volume of interconnected pores makes PC highly effective in 210 

acoustic absorption. This can be achieved because the large proportion of voids in PC 211 

pavements alters the generation of noise by minimizing the air pumping between the tire 212 

and the road surface. The acoustic behavior the aggregates provide, depends on the void 213 

percentage they have, their pore shape and size, as well as on their distribution in the 214 

mix [54]. However, the tendency of pores to be clogged by particulate substances and 215 

sediments can decrease both the permeability and the sound absorption capacity of 216 

pavements [46]. 217 

The absorption coefficient (AC) is one of the most widely used approaches to measure 218 

the sound absorption capacity of materials. Hence, an AC of 1.00 refers to a perfectly 219 

absorbing material, while a value of AC of 0.00 indicates that the material is completely 220 

reflective. Common values of AC for conventional concrete range between 0.03 and 221 



 

 

0.05, a figure that increases to 0.10-1.00 in the case of PC [55]. This coefficient also 222 

depends on the frequency of the sound waves caused by the tire-pavement interaction. 223 

Some studies found that the most significant sound frequency range associated with this 224 

interaction is between 630 and 2000 Hz [10], the range 800-1200 Hz being the most 225 

unpleasant for the human ear [55]. Table 3 represents the values of AC obtained with 226 

PC by some authors for several materials between the frequencies considered annoying 227 

for the human ear.  228 

Table 3. Absorption coefficients found in the literature for PC made with several 229 

materials  230 

Reference Aggregate type Size (mm) Absorption coefficient (AC)* Maximum AC 

[56] Aluminous aggregate 
(ALAG) (synthetic calci-
um aluminate combined 
with bauxite and lime-
stone) 

0.60- >1.18 0.13-0.70 0.99 at 2750 Hz 

[54] Arlite and vermiculite 0.50- >4.00 0.20-0.91 0.96 at 1160 Hz 

[57] Gravel 2.40-4.80 0.01-0.87 0.95 at 250 Hz 
0.95 at 156 Hz  Electric arc furnace slag 

(EAFS) 
2.40-4.80 0.02-0.88 

[13] Crushed limestone, recy-
cled concrete and coal 
bottom ash aggregates. 

4.75-9.00 0.20-0.40 1.00 at 500 Hz 

[17] Oil palm kernel shell and 
cockleshell  

4.75-6.30 0.05-0.80 0.80 at 1700 Hz 

[58] Diamond ground - 0.35-0.65 0.85 at 1700 Hz 

*AC is unpleasant in a range of 800-1200 Hz 
                       231 

2.5 TEMPERATURE MITIGATION 232 

Pavement temperature periodically changes with the influence of solar radiation, air 233 

temperature and wind. It is also impacted by the properties of the materials forming the 234 

pavement themselves, especially their colors, since dark colors tend to increase tem-235 

perature, and viceversa [59]. Therefore, the temperature of pavements varies even in the 236 

same environmental conditions [60], contributing to causing the Urban Heat Island 237 

(UHI) effect [61]. The UHI effect is defined as the increase in temperature in urban are-238 



 

 

as favored by the presence of construction materials with high solar radiation absorption 239 

capacity, as well as by industrial activities and vehicle emissions (greenhouse effect) 240 

[61]. The combination of these factors can increase temperatures around 10ºC in dense 241 

urban areas [62]. PC pavements are considered cool pavements because of their high 242 

reflection capacity (albedo), which helps mitigate the UHI effect. In addition to the wa-243 

ter infiltration capacity that helps to avoid puddles on the surface, decreasing tempera-244 

ture and cooling cities [63]. 245 

The albedo coefficient is an indicator ranging from 0 to 1 that measures the reflecting 246 

power of a surface, such that the higher this coefficient, the higher solar reflectivity of 247 

the material [59]. Many investigations have attempted to evaluate the albedo of different 248 

pavements, especially conventional concrete, reaching values around 0.50, depending 249 

on the location and treatments employed (paints, admixtures, etc.) [64,65]. The litera-250 

ture reviewed revealed that conventional concrete can reach higher values of albedo 251 

than PC, as a result of the lower presence of voids in the mixture. The highest albedo 252 

found in the literature for PC pavements was 0.29, corresponding to a mixture with 17% 253 

of air voids, white cement and a nominal maximum aggregate size of 9.5 mm [63]. 254 

However, these values are still higher than those corresponding to asphalt mixtures, 255 

since some authors pointed out they can reach values of albedo from 0.10 to 0.18 [62].  256 

PC pavements and conventional concrete pavements exhibit similar thermal behavior. 257 

The difference resides in the evaporative cooling after a rain event, PC pavements hav-258 

ing lower temperatures on their surface during daytime and nighttime [66–68]. Moreo-259 

ver, the use of certain admixtures in PC, such as bottom ash and peat moss, has been 260 

found to provide surface temperature reductions of about 0.1 ºC in relation to asphalt 261 

mixtures [68]. 262 



 

 

2.6 AIR QUALITY IMPROVEMENT 263 

PC pavements containing photocatalysts have the potential to remove pollutants from 264 

the air and curb contamination in urban areas [69,70]. Similar to the photosynthesis in 265 

plants, photocatalytic compounds can be used to trap and absorb organic and inorganic 266 

particles in the air, removing harmful pollutants such as nitrogen oxides (NOX) [71] or 267 

polycyclic aromatic hydrocarbons that can be found in stormwater [69], among others 268 

[71,72]. Some studies have also addressed the photocatalytic degradation of NOX, ob-269 

taining promising results [70]. 270 

Titanium dioxide (TiO2) is one of the most investigated photocatalytic semiconductors 271 

incorporated into building materials [69,72,73]. This is due to its low cost, fast reaction 272 

under ambient operating conditions (room temperature, atmospheric pressure) and lack 273 

of need for chemical reactants. TiO2 can decompose gaseous pollutants in the presence 274 

of sunlight, so its application to pavements can help remove emission pollutants close to 275 

the source, i.e. near the vehicles that drive on them. Rough surface and high porosity PC 276 

pavements retain more TiO2 particles due to their higher specific surface area, contrib-277 

uting to a better photocatalytic effect for air purification during sunny days [69,71]. In 278 

fact, some laboratory results demonstrated an increment in the NOX removal efficiency 279 

of PC pavements of about 3.60% per 25.0 mm of depth in the photocatalytic layer in the 280 

PC structure [74]. In particular, the best results were achieved when combining 75.0 281 

mm depth and 31% air voids [74,75]. 282 

There are some commercially-available photocatalytic coatings, mainly used in conven-283 

tional concrete pavements. Some researchers attempted to test three of them: stucco, 284 

white paint and clear paint. The application of stucco to roadside concrete yielded fa-285 

vorable results (81% NOX removal) in comparison with clear paint (52% NOX removal) 286 

and white paint (40% NOX removal), which reached almost the same value as uncoated 287 



 

 

pavements (38%) [72]. Although these results refer to conventional concrete surfaces, 288 

PC pavements are assumed to better retain photocatalytic compounds because of their 289 

higher proportion of voids. However, PC pavements can lose part of this capacity with 290 

time because they are more likely to suffer traffic wear [72]. 291 

Photocatalytic coating is not widely used in PC pavements due to their high porosity, 292 

which is why some authors have investigated the application of innovative methods for 293 

incorporating TiO2 into these mixtures. One of them consists of mixing water and TiO2 294 

uniformly and then brushing it onto the surface of PC. This approach leads to reducing 295 

large amounts of NO (97.14%), toluene (91.98%) and Tri-methyl-benzene (TMB) 296 

(96.34%) [71]. However, this coating was found to be very weak, to such an extent that 297 

it could wash off with water. Another method, known as the cement-water slurry, con-298 

sists of a thin slurry layer with low cement concentration and TiO2. This process enables 299 

NO, toluene and TMB levels to be reduced by 96.94%, 78.82% and 97.26%, respective-300 

ly; however, it led to a decrease in infiltration of 51.50% [71]. 301 

Driveway protectors are another coating system used in PC pavements with satisfactory 302 

results, achieving 97.92% removal of NO. They consist of a transparent liquid, formed 303 

by mixing siliconate water-based concrete sealers with TiO2. The removal efficiency of 304 

toluene and TMB was 61.65% and 93.87%, respectively. Again, its application involved 305 

a reduction in infiltration of 30.49% [71]. Other authors tried using a new method con-306 

sisting of a spray application of TiO2. They used it in three stages, so the TiO2 layer 307 

thickness varied progressively. This approach led to a reduction in NO concentration of 308 

only 47.6% [73]. Some studies have developed photocatalytic additives, which are in-309 

serted into the mortar directly. The results revealed they required high amounts of water 310 

to ensure the fluency of the mix [76]. Photocatalytic Cement is an innovative method 311 

developed by some private companies across Europe aimed at facilitating the photocata-312 



 

 

lytic properties of PC mixtures. Nevertheless, this technique achieves poorer results 313 

than those based on coatings or additives [77]. 314 

3 DISCUSSION 315 

The following section summarizes the results obtained from the extensive literature re-316 

view carried out, analyzing the publications compiled according to the country and year 317 

(2009-2018) in which they were published, as well as the PC pavement characteristics 318 

considered. 319 

3.1 OVERVIEW 320 

Six aspects making PC pavements multifunctional were found to be of interest in the 321 

last decade: permeability, mechanical performance (compressive, flexural and indirect 322 

tensile strength), skid resistance, noise reduction, UHI mitigation and photocatalysis. 323 

The 171 scientific publications found since 2009 in the Scopus database are shown in 324 

Figure 2, where their distribution over the years is shown in terms of the properties they 325 

addressed. The hydraulic performance of PC pavements emerged as the most widely 326 

studied factor, followed by their compressive strength.  327 

 328 

Figure 2. Temporal distribution of the number of publications reviewed in relation 329 

to the main properties of porous concrete pavements 330 



 

 

Specifically, of the 171 papers found in Scopus, 41% corresponded to hydraulic per-331 

formance studies of PC pavements, followed by 36% investigations concerning their 332 

mechanical properties, as seen in Figure 3. In turn, 61% of the contributions related to 333 

this aspect corresponded to compressive strength, whilst flexural and indirect tensile 334 

strength corresponded to 23% and 16% of the papers focused on this aspect, respective-335 

ly. Up to 37 papers studied the relation between these two characteristics, trying to ob-336 

tain the greatest infiltration without affecting the compressive strength of the pavements 337 

negatively by using different kinds of additives, aggregates and water-to-cement ratios. 338 

In other words, around 85% of the publications studying the mechanical capacity of PC 339 

pavements related it with permeability, always prioritizing the latter. 340 

Moreover, there is still a lack of research oriented to the environmental and safety prop-341 

erties, as highlighted in Figure 3. Only 2% of the publications corresponded to photoca-342 

talysis and 5% to UHI mitigation. Nevertheless, these properties are considered crucial 343 

because of the impact that uncontrolled traffic and impermeable surfaces are causing on 344 

the environment in almost every country. PC mixtures outperform impermeable pave-345 

ments in terms of skid resistance and noise reduction because of their high air void con-346 

tent. However, only 8% of the articles corresponded to skid resistance, whose frequency 347 

of publication has decreased about 50% since 2009 (Figure 2). The research conducted 348 

on noise reduction has been scarce but almost constant since 2013, amounting to 8% of 349 

the total publications found. 350 

 351 



 

 

 352 

Figure 3. Breakdown of the properties of porous concrete pavements studied in the 353 

last decade 354 

Figure 4 shows the top ten regions investigating PC pavements and the area they tend to 355 

address the most; the United States (USA) and China concentrate most of the publica-356 

tions related to this topic and include all the properties under study. However, China 357 

tends to study these properties in a more distributed form, while the USA mainly focus-358 

es on permeability. This might be associated with the huge environmental problems that 359 

China has been facing during the last years, which has oriented the concerns of this 360 

country to issues like the UHI effect. No UHI mitigation-related research could be 361 

found in the last decade in Europe, which was the third most important region with re-362 

gard to PC pavements. In fact, almost 70% of the investigations developed in this conti-363 

nent focused on infiltration, with half of them carried out in Spain. The remaining 30% 364 

of PC-related studies carried out in Europe were found to be equally distributed across 365 

the rest of the properties under evaluation. 366 



 

 

 367 

Figure 4. Spatial distribution of the number of publications reviewed in relation to 368 

the main properties of porous concrete pavements   369 

3.2 STATISTICAL ANALYSIS 370 

To get insight into the results described above, the spatiotemporal distribution of the 371 

publications on PC pavements compiled over the last ten years was further evaluated 372 

through statistical tests. First, a simple correspondence analysis was conducted to ex-373 

plore the relationships between the main PC pavement-related characteristics and both 374 

the region and year in which they were published. Figure 5 depicts the symmetric plots 375 

representing the interactions between both pairs of factors, which were introduced as a 376 

contingency table.  377 



 

 

  

(a) (b) 

Figure 5. Interaction between pavement characteristics and (a) Year (b) Region 378 

The interpretation of these plots depends on the distance and angle from rows (year and 379 

region) and columns (PC properties) to the origin [0, 0]. Hence, the farther a row and a 380 

column label are from the origin and the narrower the angle they form with respect to it, 381 

the higher the association with each other. Indeed, those column labels situated closer to 382 

the origin are likely to be similar to the rows, either years or regions. In this sense, infil-383 

tration emerged as the closest variable to the origin in Figure 5(a) and (b), confirming 384 

that this is the most widely addressed PC-related aspect regardless of both time and 385 

space. 386 

On the contrary, pairs of elements such as [2009, Skid resistance], [2011, Pollutant re-387 

moval], [Colombia, Indirect tensile] or [Europe, Clogging] were found to be strongly 388 

associated. The relationship between the first two cases was attributed to the increasing 389 

importance of the additional benefits provided by PC pavements, such as Urban Heat 390 

Island effect or noise reduction, in comparison with traditional hydraulic and mechani-391 

cal aspects. The association between indirect tensile and Colombia might lie in the ori-392 

gins of the common standard to test this property [78], which was originally conceived 393 



 

 

in Brazil and might have had a greater impact on Latin America. Finally, the lifestyle in 394 

Europe, which concentrates most of the countries with the highest number of vehicles 395 

per capita [79], favors the existence of clogging issues and the interest in studying this 396 

phenomenon.  397 

To further explore the evolution of the publications reviewed with time, the results were 398 

divided into two groups according to the two frameworks set by the United Nations to 399 

monitor sustainable development: The Millennium Development Goals (MDGs) and the 400 

Sustainable Development Goals (SDGs). The former applied between 2000 and 2015, 401 

whilst the latter are their successors and will remain in force until 2030. Therefore, each 402 

item reviewed was allocated to either the MDGs or SDGs group, depending on whether 403 

they were published before or after 2015.  404 

Next was the application of inferential statistics to determine the existence or absence of 405 

significant differences between these groups, both separately (per PC variable) and as a 406 

whole. Since the implementation of pairwise comparisons depends on the distribution of 407 

datasets, their normality was previously verified using the Shapiro-Wilk test. Table 4 408 

lists the p-values obtained for each dataset, where only four cases were normally dis-409 

tributed for both MDGs and SDGs (skid resistance, Urban Heat Island, indirect tensile 410 

and freeze thaw), according to a significance level of 0.05 [80].  411 

In accordance with the results yielded by the Shapiro-Wilk test, pairwise comparisons 412 

were conducted by applying either the Student’s t (normal) or the Mann-Whitney U 413 

(non-normal) tests. Table 4 collects the p-values associated with these tests, which high-414 

lighted that noise reduction was the only aspect undergoing a significant increase in the 415 

number of publications during the SDGs’ period (p-value < 0.05). No other topic was 416 

studied significantly more in detail in recent years, despite the growing importance allo-417 

cated in the SDGs to a variety of issues related to the characteristics considered. This 418 



 

 

might be due to the high carbon footprint associated with the cement forming PC pave-419 

ments, which penalizes them from the perspective of sustainability and Climate Change 420 

mitigation. 421 

Table 4. Normality and pairwise comparison tests conducted to evaluate the num-422 

ber of publications about porous concrete pavements during the periods of Millen-423 

nium Development Goals (MDGs) and the Sustainable Development Goals (SDGs) 424 

Variable Normality (Shapiro-Wilk test) Pairwise comparison 

p-value (MDGs) p-value (SDGs) Test p-value 

Pollutant removal 0.925 0.382 Student's t 0.604 

Clogging 0.597 0.382 Student's t 0.500 

Noise reduction 0.128 0.904 Student's t 0.019 

Skid resistance 0.076 0.017 Mann-Whitney U 0.831 

Urban Heat Island 0.006 0.904 Mann-Whitney U 0.110 

Infiltration 0.540 0.657 Student's t 0.450 

Compressive 0.210 0.251 Student's t 0.629 

Indirect tensile 0.047 0.904 Mann-Whitney U 0.136 

Flexural strength 0.107 0.139 Student's t 0.602 

Freeze thaw 0.047 0.904 Mann-Whitney U 0.831 

All 0.283 0.686 Student's t 0.282 

 425 

Although without being statistically significant, there was an average rise in the number 426 

of publications over time. Hence, a trend analysis was carried out to model the results 427 

stemming from the review and make forecasts for the remaining period covered by the 428 

SDGs (2019-2030). Three types of model were tested for this purpose: linear, exponen-429 

tial and quadratic. The goodness-of-fit between observed and predicted values was 430 

measured using Spearman’s rho coefficient [81], due to its suitability for dealing with 431 

ordinal data. 432 

Figure 6 summarizes the results derived from the trend analysis, which suggested that 433 

the linear model was inappropriate to fit the observed data due to its low and non-434 

significant Spearman’s rho (p-value > 0.05). Instead, both the exponential and quadratic 435 



 

 

functions achieved identically strong and significant correlations with the observations 436 

compiled between 2009 and 2018. However, the projections associated with both mod-437 

els differed substantially. Those corresponding to the quadratic function would result in 438 

about 200 publications by 2030, which is a rather unrealistic value. The exponential 439 

function pictured a more likely scenario, yielding consistent fits with the trend observed 440 

during the last years. In fact, the average growth predicted for 2019-2030 was 4.29 pub-441 

lications per year, a slightly higher figure than that observed between 2009 and 2018 442 

(3.60).  Still, the potential interest in investigating PC pavements hereafter will depend 443 

on the societal concerns of future generations. Based on the increasing growth of meg-444 

acities concentrating most of the world population, China and India might lead the way 445 

in terms of PC-related research as a solution to ensure the sustainability of megacities. 446 

 447 

Figure 6. Evolution and forecast of the number of publications released regarding 448 

porous concrete pavements using linear, exponential and quadratic functions 449 

 450 

4 CONCLUSIONS 451 

Despite many years of relevance, research and implementation of PC pavements has been in-452 

creasing in recent times, including the evaluation of new characteristics to mitigate climate and 453 

environmental problems societies are dealing with nowadays. Under this premise, this paper 454 

identified and reviewed the properties studied in PC pavements and the research conducted to 455 



 

 

assess them around the world in the last decade. To this end, 171 publications devoted to the 456 

analysis of up to 10 different aspects to which PC pavements can contribute were compiled and 457 

revised in detail. Although the breakdown of this literature review according to the location 458 

where the studies were conducted revealed that PC pavements have been studied worldwide 459 

during the past ten years, most of the research focused on these systems was concentrated in the 460 

United States (U.S.) and Asia, especially China and India. 461 

The literature reviewed pointed out that it is possible to design high-performance PC mixtures 462 

for specific applications. Nevertheless, further research is needed in order to optimize the design 463 

of the mixtures to accomplish the integration of environmental and safety characteristics with 464 

the hydraulic and mechanical requirements of PC pavements, since several of these aspects are 465 

in conflict with each other. In this sense, it is noticeable that there are still not enough contribu-466 

tions and confidence to use these systems in roads, despite the environmental and safety ad-467 

vantages they can provide. In fact, apart from their widely known hydraulic and mechanical 468 

characteristics, these supplementary benefits are still unexplored in many countries around the 469 

world, as suggested by the concentration of the research on PC pavements in developed coun-470 

tries.  471 

This highlighted the need to keep investigating and disseminating the features of PC pavements 472 

as multifunctional systems in urban areas, especially in overpopulated cities that are facing big 473 

environmental issues like air pollution, UHI effect and high temperatures, as well as flooding 474 

and water pollution. According to the number of publications during the period of analysis, fu-475 

ture forecasts indicate an increasing trend in the investigation of PC pavements for the coming 476 

years, which is consistent with the rising degree of resilience that will be required by cities in a 477 

context of forthcoming Climate Change and urban sprawl.  478 
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