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Abstract  10 

 11 

For the first time, the sustainability and functionality of expansive concretes have been 12 

increased through the addition of a photocatalytic agent (PhAg). The inclusion of the 13 

PhAg mainly modifies the properties of the fresh concrete and the resulting expansion 14 

obtained in different curing conditions. PhAg particles act as nucleation sites that 15 

increase and accelerate the formation of the expansion hydrates with the subsequent 16 

enhancement in the expansion performance. In fact, some modifications in the chemical 17 

composition of the expansive hydrates formed is detected due to the inclusion of the 18 

PhAg. However, since expansive hydrates are expected to growth in the surface of the 19 

PhAg, the photocatalytic activity decreases.  20 
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 26 

1. Introduction. 27 

 28 

The use of concrete pavements has grown over the past few decades due to their higher 29 

durability and longer structural life than asphalt pavements. The service life of concrete 30 

pavements depends on many factors such as the material properties, applied loads, 31 

environmental conditions and maintenance practices. These factors or the combined 32 

actions of some of them can promote the formation of cracks. The cracks can reduce the 33 

load carrying capacity of the pavement and are also preferential ways for ingress of 34 

aggressive agents into the concrete, thus even promoting the reinforcement corrosion [1-35 

3]. But initial crack formation in concrete pavements is also caused by concrete 36 

shrinkage and thermal gradients even before the application of external loads [4-9]. 37 

Since repairing the damage is usually difficult and expensive, exhaustive studies are 38 

being performed to control the formation of cracks in concrete pavements [10]. In this 39 

sense, inorganic expansive agents are being used to develop expansive concretes that 40 

effectively reduce shrinkage and the related crack formation.  In fact, the application of 41 

expansive concretes to construction projects is increasing nowadays [11-18]. Two types 42 

of expansive agents are considered in this study: ettringite-based (type-K) or CaO-based 43 

(type-G). The curing conditions [15,19,20], the cement composition and the use of 44 

different supplementary cementitious materials (SCM) are going to influence the 45 

expansive performance obtained [21]. 46 

 47 

The application of expansive concretes in pavements allows a strong decrease of 48 

expansion or contraction joints, thus reducing the fabrication time consuming and the 49 

related maintenance costs. Additionally, the fabrication time can be reduced by using 50 
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self-compacting concretes (SCC) in order to make easier the delivery and casting on 51 

site. Previous papers have demonstrated the feasibility of producing expansive self-52 

compacting concretes with good properties [20-25]. Within this regard, to increase the 53 

fines content of the SCC the use of fly ashes (FA) better than granulated blast furnace 54 

slag (GGBS) is recommended [26].   55 

 56 

Thus, the use of expansive concrete increases the sustainability of the pavements. 57 

However, in order to improve this issue, new functionalities should be implemented in 58 

the concrete mix design. One of the research lines focuses on the incorporation of 59 

photocatalytic properties in concretes. Even though important works on construction 60 

photocatalytic materials have been carried out by different research groups concerning 61 

air decontamination [27-34], self-cleaning [35-37], self-sterilizing [38], anti-fogging 62 

properties and even pollen or deposited soot elimination [39,40], no references have 63 

been found in literature including photocatalytic materials in expansive concretes.  64 

 65 

The positive effects of photocatalysis are achieved when different nanoparticles, mainly 66 

TiO2, are incorporated in the cementitious materials. The modifications promoted in the 67 

cementitious materials when TiO2 nanoparticles are incorporated have been evaluated in 68 

recent years considering different aspects. Although some contradictory results have 69 

been published, mainly with respect to the resulting strength performance, some 70 

phenomena have been clearly evidenced. For example, the early degree of hydration is 71 

significantly enhanced by small dosages of nano-TiO2 powder since they act as 72 

potential nucleation sites for the accumulation of hydration products and a refinement of 73 

the porosity structure occurs [34,41,42]. High contents of TiO2 nanoparticles (>1%) can 74 

increase the total porosity and reduce the resulting compressive strength [43]. 75 
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Regarding the photocatalytic activity, several authors highlighted the improvement 76 

promoted in this activity when increasing the roughness surface of the cementitious 77 

materials [44-46] but this influence is less significant for the self-cleaning activity [47]. 78 

Additionally, the photocatalytic activity depends on the chemical nature of the cement 79 

and SCM used [34]. 80 

 81 

The use of TiO2 nanoparticles for pavements has been already postulated to refine the 82 

pore structure of cementitious materials giving better results than nano-SiO2 particles 83 

[41]. However, as said, the combination of expansive agents and photocatalytic agent 84 

(PhAg) in a same concrete has not been investigated yet. Thus, this paper is focused on 85 

the design and evaluation of expansive concretes with additional photocatalytic 86 

properties to be used as concrete pavements. The combination of both concrete 87 

technologies is expected to join the benefits promoted by each one separately, that is, 88 

the reduction of the fabrication time consuming and the related maintenance costs 89 

caused thanks to the use of expansive concretes, plus the air decontamination, self-90 

cleaning, self-sterilizing and anti-fogging properties caused by the photocatalytic 91 

activity. In fact, possible implementations of some of these properties could also occur. 92 

In this sense, the influence of the addition of a PhAg based on TiO2 nanoparticles in the 93 

properties of expansive concretes is evaluated as well as the influence of the use of two 94 

types of expansive agents in the photocatalytic efficacy. In any case, the sustainability 95 

of the concrete pavements market is expected to increase strongly with the combination 96 

of both concrete technologies.  97 

 98 

2. Experimental. 99 

 100 
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2.1 Materials and concrete mix proportions. 101 

  102 

Five different concrete mixes were evaluated. Four of them were expansive concretes 103 

and three of them had photocatalytic properties. The cement used was CEM I 42.5R 104 

according to EN 197-1 [48]. Three siliceous aggregate fractions were used: 12/20 mm, 105 

4/12 mm and 0/4 mm. Class F low CaO fly ashes was also used to increase the fine 106 

content. A type-K agent and a type-G agent were selected as expasnive agents (ExAg). 107 

The first one is based on calcium sulfoaluminate and the second one is based on calcium 108 

oxide. The concretes based on type-K agent contained 15% in weight cement of ExAg 109 

and the concretes based on type-G contained 5%. The different ExAg content used are 110 

due to without water curing higher contents of type-K agent generated similar 111 

expansions than lower contents of type-G [20,21]. Moreover, similar concretes with 112 

15% of type G agent and cured under water suffered from significant cracking due to 113 

the high expansion obtained. For this reason, the percentage of type-G agent used has 114 

been lower than the one of type-K agent. It is well known that moditifications in the 115 

cement content, w/c ratio and chemical additives contents promote modifications in the 116 

expansion performance [12-26]. Thus, the w/c ratio and the cement conten were 117 

maintained constant in all the cases. The content of the policarbolixate based 118 

superplasticizer was also maintained constant. The nominal compositions of the five 119 

evaluated concrete mixes are shown in Table 1.  120 

 121 

 122 

 123 

 124 

 125 
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Table 1. Composition of the concrete mixes developed (kg/m
3
). 126 

 EK EG PEK PEG P 

Water 195 195 195 195 195 

CEM I 42.5R 385 385 385 385 385 

FA 116 116 116 116 116 

Medium aggregate (4/12) 654 669 645 659 666 

Sand (0/4) 924 945 910 930 940 

Superplasticizer 5 5 5 5 5 

Agent type-K  58 - 58 - - 

Agent type-G - 19 - 19 - 

Photocatalytic agent - - 13.5 13.5 13.5 

 127 

EK and EG were SCC but the inclusion of the “photocatalytic agent” eliminated the 128 

self-compacting properties in the other three concretes (PEK, PEG and P) as shown in 129 

section 3.1. Photocatalytic concretes incorporated a 3.5% of TiO2 (Aeroxide® P25) on 130 

weight of cement. This TiO2 content was increased with respect to the percentage 131 

usually used in previous studies in order to guarantee that the effect was noticeable. 132 

Previous studies were mainly based on mortars while concretes are used in the present 133 

paper with the subsequent decrease in cement content with respect to the total material 134 

weight. 135 

 136 

2.2 Methods. 137 

 138 

2.2.1 Characterization of the concrete properties. 139 

 140 
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The fresh state of the fabricated concrete mixes was assessed in all the cases by 141 

measuring air content (EN 12350-7) [49] and density (EN 12350-6) [50]. Since the w/c 142 

ratio was maintained constant in all the concrete mixes and previous results have shown 143 

that the addition of PhAg promotes a decrease of workability [34], the fresh state of 144 

concretes with photocatalytic activity (PEK, PEG and P concretes) was assessed by 145 

measuring the consistency (EN 13350-2) [51] but the fresh state of the SCC (EK and 146 

EG) was assessed by measuring the filling ability tests according to EN 12350-8 147 

standard (slump flow and T50cm spread time) [52] and the passing ability J-ring flow test 148 

according to EN 12350-12 [53].  149 

 150 

The mechanical properties of the concretes were evaluated in free and restraining 151 

expansion conditions. The compressive strength according to EN 12390-3 [54] was 152 

measured in Ø100 x 200 mm sized cylindrical concrete samples at 7, 28 and 90 days. In 153 

all cases three samples were considered. Most of the specimens were maintained at 154 

20ºC under water until testing but three samples for each concrete mix were maintained 155 

at 20ºC in their own steel molds. In this last case water loss was avoided by wrapping 156 

the exposed face in retractable film. The influence of the confinement in the concrete 157 

strength gain was assessed by measuring the compressive strength of the samples cured 158 

in their mold at 28 days.  159 

 160 

The microstructure of the fabricated concretes was also characterized in smaller 161 

cylindrical specimens (Ø 75 mm x 150 mm sized). Half of these specimens were cured 162 

under water but the other half of the specimens were maintained in the same conditions 163 

of the samples fabricated to evaluate the influence of the confinement in the 164 

compressive strength (that is, in their own molds and wrapped in retractable film). In all 165 
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the cases 1cm
3
 of concrete sample was cut at 2 and 28 days of curing to measure the 166 

total porosity and the pore size distribution by using a Mercury Intrusion Porosimeter 167 

(MIP, Micromeritics porosimeter Model 9320). BSEM with EDAX analyses were also 168 

made at 28 days of curing. The samples, once embedded into an epoxy resin, cut, 169 

polished and coated with carbon were inserted in a scanning electron microscope 170 

Hitachi S-4800. This equipment has an energy dispersive analyzer BRUKER 5030. 171 

 172 

For the photocatalytic samples, transport properties were carried out by measurement of 173 

the steady and non-steady state chloride diffusion coefficients through the matrixes. The 174 

steady (Ds) and non-steady (Dns) state chloride diffusion coefficients were determined 175 

using the multi-regime method [55] that was standardized as EN 83987 [56]. The test is 176 

based on measuring the amount of chlorides arriving in the downstream cell (anolyte) 177 

accelerated by an electrical field, by means of measuring the conductivity of that 178 

solution instead of analysing chlorides in it. Distilled water was introduced in the 179 

compartment where the anode was placed (anolyte), while the cathodic compartment 180 

was filled with a solution 1 M NaCl. The voltage drop applied was of 12 V DC. Black 181 

steel bars were used as electrodes. Periodically during the experiment, conductivity of 182 

the anodic compartment was monitored to know the flux of chloride ions. Prior to the 183 

migration tests, the specimens were pre-treated for water saturation under vacuum using 184 

the procedure described in the standard ASTM C1202-97 [57].  185 

 186 

The expansion under uniaxial restraining as measured in prismatic specimens according 187 

to the ASTM C878 “Standard Test Method for Restrained Expansion of Shrinkage-188 

Compensating Concrete” [58]. Six prismatic specimens 254 x 76 x 76 mm size were 189 

fabricated per concrete mix and cured at 20±2ºC and wrapped in retractable film during 190 
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6 hours. Then, half of the specimens were cured under water at 20ºC±2ºC and the other 191 

half of the specimens were maintained at 20ºC±2ºC but wrapped in retractable film. A 192 

digital comparator was used to measure the longitudinal restraining expansion. The 193 

accuracy of the comparator was 0.002 mm. 194 

 195 

2.2.2 Photocatalytic efficiency  196 

 197 

2.2.2.1   Characterization of the NOx degradation 198 

 199 

Borosilicate glass reactor designed according to the specifications of ISO 22197-1 was 200 

used to analyze the efficiency of the concretes to remove NOx [59]. An image of the 201 

reactor used is shown in Fig. 1. The total volume of the reactor was 2.81 liters. The 202 

surface of the samples was irradiated to 10 W/m
2
  0.5 W/m

2 
by using an UV lamp 203 

(Osram Ultravitalux 300 W). This lamp emits UVA radiation at an optimum of 365 nm 204 

ans it was located outside the reactor. 1000±50 ppb of NO gas diluted in normalized 205 

was used as initial concentration. The bottle of NO contained a small amount of NO2 in 206 

equilibrium with the NO. Two mass flow controllers were used to prepare the mixture 207 

supplying a flow rate of 3 L∙min
-1

 circulating on the sample in laminar flow. When the 208 

NO concentration in the reactor was equilibrated (after 30 min), the lamp was turned on.  209 

RH was controlled at 30% and temperature was that of the ambient air in the laboratory 210 

(around 23ºC) for all the tests.  Light was on for 90 minutes and the modifications in 211 

NO and NO2 concentrations were continuously recorded by a Chemiluminiscence NOx 212 

analyzer (model AC32M Environmental S.A.). The next equation was used to calculate 213 

the amount of NOx (NO+NO2) removal: 214 

 215 
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 %NOxremoved=[(NOx0-NOx)/NOx0]∙100                                                (Eq. 1) 216 

 217 

Where: NOx0 is the initial NOx concentration and NOx is the final concentration after 218 

the irradiation test. 219 

 220 

 221 

Fig. 1. Reactor designed to analyze the efficiency of the concretes to remove NOx. 222 

 223 

Cilindrical samples of 75 mm diameter and 10 mm height were introduced into the 224 

reactor, made from cutting specimens of 75 mm diameter and 150 mm height from the 225 

bulk of the specimen.   226 

 227 

2.2.2.2 Characterization of the self-cleaning ability 228 

  229 

The discolouration of Rhodamine B (RhB) was monitored in order to determine the 230 

self-cleaning ability of the concretes. The RhB was applied on the surface of the 231 

photocatalytic material. RhB was selected as it is used in the standard UNI 11259:2008 232 

[60] for construction materials although dye-sensitisation has been reported [61]. Some 233 

modifications were made with respect to the procedure given in UNI 11259 standard. 234 

For example, in order to obtain homogeneous distribution of the colour over the entire 235 
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surface, the solution used in the current study were 6 ml of solution RhB (0.0083 g∙L
-1

) 236 

instead of 0.5 ml of RhB solution (0.5 g·L
-1

± 0,005g·L
-1

) as recommended. 237 

 238 

At different times of illumination, the colour measurements were directly taken on the 239 

surface of each specimen (bulk samples) with a portable spectrophotometer CM-2300d-240 

Konika Minolta. The mean value of a series of at least 4 measurements was calculated 241 

for each chromatic characterization. The results were expressed according the CIELAB 242 

system using the readings of the parameter a*
 whose chromaticity goes from red to 243 

green. The percentage of discolouration was expressed according to Eq. 2.  244 

 245 

% of colour change = [(a*0-a*t )/a*0]∙100             (Eq. 2)                                                                                                                       246 

 247 

Where: a*0 is the colour intensity of the specimens before the UV irradiation and  a*t  is 248 

the colour intensity of the specimens after  t hours of irradiation. 249 

 250 

3. Results and discussion. 251 

 252 

3.1. Characterization of the fresh state of the fabricated concretes. 253 

 254 

Table 2 summarizes the main parameters measured in the fresh state of the developed 255 

concretes. The most evident phenomenon is the decrease of the workability of the 256 

concretes when adding the PhAg. In fact, the fabricated concretes lost the self-257 

compacting characteristics. This decrease in the workability has been also detected in 258 

non-expansive cementitious materials and it was probably due to the extremely fine size 259 

and high specific surface area of the incorporated TiO2 particles which caused higher 260 
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water demand for obtaining similar flow ability [34,62,63]. In fact, different types of 261 

photocatalytic powder particles tend to reduce the amount of free water in the mixtures 262 

that acts as lubricant upon flowing although their action is mostly defined by the 263 

physical characteristics, namely the particle size and the specific surface area [64]. The 264 

decrease of the concrete fluidity in the photocatalytic concretes is also higher when 265 

adding the expansive agent type-K. The higher decrease in fluidity detected in PEK 266 

concrete with respect to PEG concrete must be mainly related to certain interactions 267 

between type-K expansive agent and TiO2 particles since previous studies have 268 

demonstrated that the expansive agents do not limit the self-compacting requirements 269 

[20,21,23,24]. Regarding the air content, the expansive SCC without PhAg shows the 270 

highest values but the differences are not very significant. Consequently, higher density 271 

values have been measured in the photocatalytic concretes, although again the 272 

differences are not very significant.  273 

 274 

Table 2. Main characteristics of the fresh state of the concretes developed. 275 

Concrete 

mix 

Consistency 

(mm) 

Slump flow 

(mm) 

T50 (s) 

J-ring flow 

(mm) 

Density 

(kg/m
3
) 

Air content 

(%) 

EK - 570 1.5 520 2.19 2.8 

EG - 650 1.5 620 2.20 3.0 

PEK 85 - - - 2.33 2.5 

PEG 200 - - - 2.36 2.1 

P 195 - - - 2.23 2.6 

 276 

 277 

 278 
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3.2. Physic-mechanical and durability performance of the fabricated concretes. 279 

 280 

Although contradictory results have been published, the decrease of the mechanical 281 

strength when using the photocatalytic agent in cementitious materials was observed in 282 

previous studies [34,43]. However, this reduction was mainly attributed to the 283 

diminution of the amount of cement in total sample and the lower fluidity of the mixes 284 

with the photocatalytic agent that promoted lower homogeneity in the specimens. 285 

Nevertheless, according to the results shown in Fig. 2, the inclusion of the PhAg does 286 

not limit the compressive strength of the expansive concretes developed. In fact, in free 287 

expansion regime, the higher compressive strength is measured in P concrete (with 288 

PhAg but without ExAg) during all the test period. The lower compressive strength of 289 

the expansive concretes in free expansion regime could be related to the formation of 290 

microcracks as a result of the expansion generated. These microcracks would limit the 291 

concrete strength and this limitation is higher in the concretes with type K agent due to 292 

the higher ExAg content used. In fact, the free expansion of the concretes with type K 293 

agent cured under water is quite higher than the one of the concretes with type G agent 294 

(see section 3.3). The compressive strength values obtained in the concretes with type G 295 

agent are very similar to those measured in the non-expansive concrete. 296 

 297 
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 298 

Fig. 2. Compressive strength evolution of the developed concretes. Res = restraining 299 

conditions. 300 

 301 

In free expansion, any significant difference is detected in the concretes with type K 302 

agent but really similar values are obtained during all the test period. Considering the 303 

concretes with ExAg type G, the compressive strength is always slightly higher when 304 

the PhAg is included in the concrete mix.  Type G agent promotes the formation of 305 

portlandite and this formation can be increased by the nucleation effect of powder 306 

particles of low size that provide additional sites for the nucleation of this hydrate [65-307 

68]. Since PhAg has very low particle size, it can also provide additional sites for the 308 

nucleation of portlandite thus accelerating the initial hydration of the concrete with 309 

ExAg type G. The acceleration of the early hydration of conventional Portland 310 

cementitious materials due to the inclusion of nano-TiO2 particles has already been 311 

demonstrated [69]. 312 

 313 

In restraining conditions (28 days) only the use of type K agent generates some 314 

differences. The higher compressive strength value shown by PEK concrete must be 315 
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related with its higher expansion (see section 3.4). In these conditions K-concretes show 316 

higher strength values than G-concretes. This phenomenon is only related to the higher 317 

type K content used that promotes higher volume expansion. This higher expansion 318 

coupled with the deficit of free spaces would promote the precipitation of expansive 319 

hydrates in pores and cracks thus reducing the porosity of the concrete with the 320 

subsequent contribution to the concrete strength [20,70]. The higher expansion of PEK 321 

with respect EK in restraining conditions also explains the higher compressive strength 322 

of the former (see section 3.3). 323 

 324 

Table 3 shows the total porosity values measured at 2 and 28 days of curing in the 325 

fabricated concretes (in free and restraining expansion conditions) and Fig. 3 their pore 326 

size distribution at 28 days. Initially (at 2 days) any significant difference is detected 327 

between the porosity results of the different concretes since the hydration processes are 328 

in their beginnings. However, lower total porosity is detected when using the PhAg. 329 

This phenomenon agrees with an acceleration of the hydration reactions due to the 330 

addition of the photocatalytic agent. In fact, PEG concrete shows the lowest total 331 

porosity at 2 days. The reduction in the total porosity when adding the PhAg is also 332 

noticeable at 28 days of curing and agrees with previous works [34, 41-43]. Regarding 333 

the pore size distribution at 28 days, the most refined structure occurs in P concrete. 334 

Thus, the addition of TiO2 could act as effective filler of voids leading to a refinement 335 

of the porosity. The addition of the ExAg type G slightly increases the pore distribution 336 

towards bigger pores, mainly when the photocatalytic agent is absent, although the 337 

resulting pore structure is still very refined. The addition of the expansive agent type K 338 

increases this phenomenon (see Fig. 3 up). However, this higher shift of the pore 339 

distribution towards bigger pores can be only due to the higher type K agent content 340 
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used with respect to the type G content. Regarding the differences between the porosity 341 

resulted under restraining or free expansive conditions, lower total porosity is always 342 

generated in the confined samples at 28 days. This lower porosity of the confined 343 

samples agrees with their higher mechanical properties. 344 

 345 

Table 3. Percentage of total porosity of the concretes developed after 2 and 28 days of 346 

curing. 347 

Time Expansion EK EG PEK PEG P 

2 days 

Free 19.1 20.4 17.7 14.7 15.7 

Restraining 17.7 20.5 23.0 15.9 - 

28 days 

Free 14.6 16.2 12.4 14.2 12.6 

Restraining 13.1 15.3 12.0 13.2 - 
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348 

 349 

Fig. 3. Pore size distribution of the concretes at 28 days. Up: concretes with type K 350 

agent; down: concretes with type G agent. 351 

 352 

The steady state and non-steady state diffusion coefficients, Def, and Dap respectively, 353 

calculated according the multiregime migration procedure, are presented in Fig. 4. Any 354 
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noticeable change for both types of coefficients takes place due to the addition of the 355 

expansive agents, being very compact samples with quite a low effective diffusion 356 

coefficient. From the ratio between both coefficients, low ability for combination of 357 

chlorides can be deduced after 28 days of maturity. 358 

 359 

 360 

Fig. 4. Steady state, Def, and non-steady state, Dap, diffusion coefficients, for the 361 

photocatalytic mixes after 28 days of curing. 362 

 363 

3.3. Influence of the curing conditions in combination with PhAg addition in the 364 

expansion regimes of the concretes developed. 365 

 366 

Two different curing regimes were considered in order to measure the expansion 367 

behavior of the concretes developed in longitudinal restraining conditions. Fig. 5 shows 368 

the results of the samples wrapped in retractable film and maintained at 20±2ºC while 369 

Fig. 6 shows the results of samples cured under water at 20±2ºC. The expansion of P 370 

concrete was not measured since it had not got any ExAg. 371 
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 372 

Fig. 5. Evolution of the longitudinal restraining expansion of the specimens wrapped in 373 

retractable film and maintained at 20ºC. 374 

 375 

Fig. 6. Evolution of the longitudinal restraining expansion of the specimens cured under 376 

water at 20ºC.  377 
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 378 

According to the results shown in both figures, the inclusion of the PhAg does not alter 379 

the expansion performance of the concrete with type G agent in any of the curing 380 

conditions considered. When there is water curing, the maximum expansion reached is 381 

maintained during all the test period; however, a very slight decrease is detected in the 382 

samples wrapped in retractable film. However, when using type K agent, a strong 383 

influence of the PhAg in the resulting expansion is measured being even stronger in the 384 

samples cured under water. The higher expansion obtained when using the PhAg could 385 

be related to the fact that it can act as nucleation sites for the new hydrates formed due 386 

to their very low particle size [34,41,42]. The higher expansion obtained with the PhAg 387 

with the type K agent is detected from the very beginning of the hydration processes. 388 

This characteristic may be noticeable with both ExAg since both are based on the 389 

formation of cement hydrates. However, the lower type-G content used can explain the 390 

non-influence of the PhAg in this case. The same physical activity was described for 391 

limestone filler but recent studies have demonstrated certain chemical effect that also 392 

influences the hydration reactions [65-68]. The possible influence of the use of the 393 

PhAg in combination with the type-K agent is evaluated in section 3.4. Anyway, 394 

regardless of the higher value obtained in PEK concrete with respect to EK concrete, the 395 

expansion regimes obtained are influenced by the curing conditions. The maximum 396 

expansion value, once reached, is maintained for water curing, but a clear decrease of 397 

the expansion further occurs in the specimens wrapped in film. In fact, this further 398 

decrease is more significant than in the concretes with type-G ExAg. Thus, regardless of 399 

the use of PhAg, the water curing has more influence in the expansive concretes based 400 

on the use of calcium sulfoaluminate agents (type-K).  401 

 402 
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According to the obtained results, the incorporation of PhAg in the composition of 403 

expansive concretes influences the expansion regime obtained when type K expansive 404 

agent is used. Regardless of the curing conditions, the total expansion achieved is higher 405 

when PhAg is used in combination with type K ExAg. However, this phenomenon is 406 

not detected when using the expansive agent type G, at least with the content used in the 407 

present study.  408 

 409 

3.4. Microstructural development of the fabricated concretes. 410 

 411 

PEK and EK samples, under both free and restraining conditions, were observed by 412 

BSEM in order to detect an explanation for the higher expansion resulted in the former. 413 

In both conditions the presence of pores is lower in the concrete with PhAg which 414 

agrees with the lower and more refined porosity detected by MIP. In the concretes 415 

without photocatalytic agent, higher content of cement anhydrous phases is detected in 416 

the confined specimens than in the ones cured under water. Regarding the ettringite 417 

phases observed, different morphologies are found in both curing conditions. According 418 

to the BSEM images shown in Fig.7, in both curing conditions most of the ettringite 419 

phases formed are a kind of amorphous hydrate or at least they have a cristallinity 420 

degree lower than the typical one detected in ettringite directly formed from Portland 421 

cement anhydrous phases. Thus, possibly the ettringite formed from the anhydrous 422 

phases of the expansive agent type K has different morphology (or even crystallinity) 423 

than that formed from the anhydrous phases of Portland cement. The morphology of the 424 

ettringite phases formed in the expansive concretes with phtocatalytic activity is very 425 

similar to that detected in the samples without ExAg (see Fig. 7 down). 426 

 427 
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Some differences are also detected in the chemical composition of the ettringite 428 

hydrates formed in each curing conditions. Table 4 shows the A/C and   



S /C ratios 429 

calculated according to the EDX microanalysis made in the ettringite phases detected. 430 

The values given in the table correspond to the mean value of more than 25 EDX 431 

microanalysis each. The contents of the different elements could be overestimated as a 432 

result of the size of the area of the microanalysis and the presence of unreacted 433 

microparticles of the ExAg surrounding the ettringite hydrates. In the chemical 434 

composition of the ettringite nodules formed in the expansive SCC without PhAg cured 435 

under water, calcium enrichment is detected. Since the hydration of the expansive agent 436 

is faster than the one of the anhydrous of the cement, in the samples cured in their mold 437 

and wrapped in film the available water is lower and firstly will hydrate the anhydrous 438 

of the expansive agent. Thus, initially will be higher relative dissolution of sulfur and 439 

aluminum with respect to calcium than the one expected from the anhydrous cement 440 

particles. On the contrary, in the samples cured under water, the higher water 441 

availability will promote the almost complete dissolution of all the anhydrous cement 442 

particles thus decreasing the relative proportion of sulfur and alumina dissolution with 443 

respect to calcium dissolution. 444 

 445 

In the ettringite phases formed in PEK samples, an enrichment of sulfur is clearly 446 

detected with respect to the samples without PhAg and also of alumina in the concretes 447 

cured under water. Thus, higher or faster availability of S and Al is detected in the 448 

concretes with PhAg. This higher availability could be due to the interaction of the 449 

extremely small particles of the PhAg and the anhydrous phases of the expansive agent. 450 

In this sense, PhAg particles can act as nucleation sites for the formation of ettringite 451 

thus accelerating the hydration of the anhydrous phases of type-K agent. Since the 452 
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hydration of the ExAg is faster than the one of the anhydrous of the cement, this 453 

acceleration of the hydration would mainly focus on the ExAg particles. In fact, the 454 

acceleration of the hydration reaction of the ExAg particles agrees with the higher 455 

expansion observed in PEK samples with respect to EK samples.   456 

 457 

Table 4. Chemical composition of the ettringite hydrates formed in the concretes with 458 

type K expansive agent. 459 

Sample 

Expansion 

condition 

Ettringite composition 

Al/C   



S /C 

EK 

Free (under water) 0.162 0.220 

Restraining 0.176 0.234 

PEK 

Free (under water) 0.203 0.288 

Restraining 0.180 0.246 

 460 

 461 

 462 
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 463 

Fig. 7. Ettringite morphology in the concretes with expansive agent type K. BSEM 464 

images x4000. 465 

 466 

Therefore, the BSEM study reflects a physical interaction of the PhAg with the ExAg 467 

that promotes a faster hydration of the anhydrous phases of the type-K agent. This faster 468 

hydration promotes some modifications in the chemical composition of the resulting 469 

ettringite phases.  470 

 471 

3.5. Photocatalytic efficiency.  472 

 473 

Fig. 8(a-c) presents the results of diminition of NO for each material when starting the 474 

illumination of each specimen. In Fig. 8d, it can be seen that the incorporation of PhAg 475 

in the composition of expansive concretes decreases the photocatalytic activity for NOx 476 
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as compared with the plain photocatalytic concrete, especially the one with type K 477 

expansive agent, that exhibit a 36%  less of photocatalytic activity than the P sample. 478 

 479 

  480 

Fig. 8. a-c) Photocatalytic removal of NO ; d) Percentage of degradation of NOx. 481 

 482 

To evaluate the influence of PhAg in the composition of expansive concretes on self-483 

cleaning efficiency, decomposition of the RhB has been carried out. Two bulk 484 

specimens of each mix have been tested, taking 4 points of measurement in each 485 

specimen, in order to smooth problems related to irregular distribution of the color.   486 

The average coefficient of variation (%) for the points taken at each step of the 487 

procedure, for the different samples have been 18% and 30% for P, 22% and 15% for 488 

PEG and 12% and 8% for PEK samples, which is within the range of bias allowed for 489 

concrete specimens. The results of decoloration are given in Fig. 9, where the average 490 

for each mix after 4 and 26 hours of irradiation is presented. In agreement with the 491 

results for NOx, the specimens without expansive agents present higher photocatalytic 492 
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activity, being the samples PEK those that give smaller values.  Anyway, according to 493 

the standard UNI 11259:2008, the three materials are photocatalytic as R4 and R26 are 494 

higher than 20 % and 50% respectively.  495 

 496 

 497 

Fig. 9. Average of decoloration of  RhB (%) at 4 and 26 hours of irradiation, according 498 

to the stardard UNI 11259:2008 499 

  500 

The lower photocatalytic activity of the expansive concretes, mainly PEK, agrees with 501 

the role of the PhAg particles as nucleation sites for ettringite when using type-K agent 502 

and possibly for portlandite when using type-G agent. The growth of both hydrates on 503 

the surface of the PhAg particles could limit their photocatalytic activity. 504 

 505 

4. Conclusions. 506 

 507 

Expansive concretes with the inclusion of photocatalytic agents have been developed in 508 

this work. The PhAg decreases the workability of the concrete mixes but does not 509 

modify the mechanical properties while a refinement of the microstructure/porosity is 510 
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obtained. The most important conclusion of this study is the physical interaction 511 

detected between the particles of PhAg and ExAg. PhAg particles seem to act as 512 

nucleation sites that increase and accelerate the formation of the expansion hydrates 513 

with the subsequent increase of the resulting expansion. This effect is clear in the 514 

samples with 15% of type K agent where the resulting expansion is almost twice when 515 

using PhAg in the two curing regimes considered. Thus, the expansive hydrates are 516 

expected to growth in the surface of the PhAg, which on turn decreases its 517 

photocatalytic activity. Moreover, the chemical composition of the ettringite formed 518 

from the ExAg type-K are slightly modified due to the higher and faster hydration of the 519 

ExAg particles promoted by the inclusion of the PhAg. Since the content of type-G 520 

agent used was quite lower (5%), the effect in the resulting expansion has not been 521 

detected in the present study. 522 
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