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Abstract: The design of concrete often requires numerous mix proportions and tentative mixings, 10 

which translates into a great number of specimens and tests. The process may be optimized by 11 

using small-scale specimens, which results in the saving of material, equipment and time, offering 12 

advantages such as better handling, easy kneading or smaller curing spaces. Nevertheless, the 13 

ability of small-scale specimens to reproduce the experimental properties determined through 14 

conventional samples is an open issue. The hypothesis of this study is that the differences 15 

between standard and small-scale specimens may be mitigated by applying a change of scale to 16 

the aggregates. The durability of high-density concrete for radiation shielding, in terms of 17 

weathering resistance and behaviour against heating cycles, has been determined by means of 18 

conventional and small-scale specimens (including scaled aggregates). The effects of various 19 

aggressive external agents (heating cycles, seawater and water with K2SO4) and the correlation 20 

between the results from scaled and standard specimens were determined. The analysis of the 21 

results enabled to establish the suitability of the use of micro-concretes to characterize concretes. 22 

In this study, the correlations between scaled and non-scaled models have been obtained in 23 

properties such as compressive strength, mass variation and ultrasonic pulse velocity after 24 

undergoing durability and thermal exposition tests. 25 

Keywords: Micro-concrete; high-density concrete; thermal effects; weathering; mechanical 26 

properties; durability. 27 

28 

1 Introduction 29 

The study of the mechanical behaviour of concrete has traditionally been based on tests 30 

conducted on standard specimens, extrapolating the results to real-scale structures. Despite the 31 

increasingly widespread use of numerical methods in structural analysis, concrete requires -due 32 

to its intrinsic heterogeneity- a large number of tests to address structural integrity assessments.  33 

The complexity of scaling the properties of concrete from samples to structures not only lies 34 

in the dimensional changes but also in the size of the aggregates and in the influence of the 35 

manufacturing process and the curing conditions. This effect is referred to as ‘size effect’. Given 36 

the difficulties that arise in modelling the combined influence of all these factors on the final 37 

properties (mechanical, physical, etc.) of concrete, scientists have opted in many instances for 38 

establishing empirical correlations between specimens with different sizes. The size effect was 39 

already reported in the 1960s by Johnson [1], who proved that the strength of concrete increases 40 

when the scale of the specimens is reduced. Some of the following were pointed out by Noor [2] 41 
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to explain the causes behind the differences between results obtained from different scale 42 

specimens: the compaction process cannot be scaled, the higher water loss inside moulds and 43 

mixers, the increase in specific surface of the aggregates which is higher than the increase of 44 

cement paste volume and the difficulty in obtaining flat faces to apply the strength in mechanical 45 

tests. Another factor to keep in mind is the testing equipment. 46 

The size effect may be due to material properties not properly scaled [3]. In this sense, the 47 

role played by the presence of a distribution of microcracks of different sizes randomly 48 

distributed in the material has been explained on a statistical basis [4]. The weakest link theory, 49 

developed by Weibull [5], establishes an analogy with a chain: a chain is as strong as its weakest 50 

link; therefore, the larger the test sample, the more likely its fracture becomes, because of the 51 

increased probability of finding a critical crack. However, this theory has been discarded by 52 

studies that applied it to solve the size effect when nonlinear deformations and stress 53 

redistributions are not important in the failure [6]. From a deterministic point of view, fracture 54 

occurs in a restricted region of the material where cement paste behaves plastically. For small 55 

specimens, this fracture zone is larger and the material releases more energy during fracture. For 56 

large specimens, linear elastic fracture mechanics predominates. The main precursor of this size 57 

effect theory was Bažant with its size-effect law, who establishes size effects on tensile strength 58 

and postulated a method for large specimens [7]. Kim and Yi adapted this law for compressive 59 

strength [8] also justified by Tae [9]. According to these theories, the size effect depends on the 60 

characteristic length of the specimen, the maximum aggregate size, a number of empirical 61 

constants of the material and the tensile or compressive strength, as explained above.  62 

There are many studies on the size effect with non-proportional scaling [10] using samples 63 

with different shapes where cubes and cylinders were compared [11]. Some authors have 64 

obtained empirical conversion factors between concrete specimens with different size and shape. 65 

Some of the most used correlations were proposed by Neville [12] and Zhu and Yang [13] to 66 

translate the strength from prisms and cylinders to standardized 15 cm cubic samples. The 67 

Spanish standard for concrete design establishes a series of correlations depending on the 68 

strength and geometry of the specimens [14]. In addition, numerous studies have employed 69 

numerical simulation to determine the crack propagation path as well as the crack rate [15–17].  70 

High temperature negatively affects the physical-mechanical properties of concrete due to 71 

dehydration, leading to the appearance of cracks [18–20]. At 120°C, unbound water is completely 72 

lost and bound water in C-S-H begins to evaporate [21]. A point of marked loss of strength occurs 73 

in the range of 400-800°C, where the complete dehydration of C-S-H gel takes place, losing its 74 

cementing capacity [22]. In addition, the degradation of portlandite (Ca(OH)2) occurs at 400-75 

500°C [23]. Under these conditions, the cement paste shrinks and the aggregates expands, 76 

generating micro-cracks, opening pores and thus affecting the mechanical performance of 77 

concrete [24]. This porous concrete becomes extremely sensitive to external agents; besides, high 78 

temperature considerably increases [25,26] the diffusion rate of chlorides (between 150% and 79 

200% from 20°C to 45°C).  80 

Sulphate attack typically occurs after the exposure of concrete to ground water or sulphate-81 

containing soils. Reactions occur between the calcium hydroxide present in the cement and the 82 

sulphate ions to form gypsum and between calcium aluminate and sulphate ions to form 83 

ettringite. Another possible reaction is the formation of thaumasite, a product formed from 84 

sulphate and carbonate ions (from limestone and atmospheric carbonation) at low temperature 85 

(5°C) [27]. A number of studies have focused on the effect of different types of sulphate solutions 86 

on conventional [28] and recycled aggregate concrete, in order to analyse its durability [29], 87 

verifying the same filling and expanding process in both cases [30]. The effect of sulphates on 88 

structures subjected to bending is higher if 40% of the maximum flexural strength is exceeded 89 

[31]. 90 
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In the marine environment or in tidal zones, the chlorides may reduce the lifespan and 91 

accelerate the deterioration of structures. The presence of a ferrous aggregate may accentuate the 92 

process. The combined chlorides react with the tricalcium aluminate to form Friedel's salt [32], 93 

while the free chlorides, after penetrating the concrete, react with the reinforcements, oxidizing 94 

them. Chloride transport in concrete is an advective-diffusive phenomenon that depends on the 95 

porosity of the medium, the saturation of pores, the concentration of ions in the solution and the 96 

tortuosity of the pore structure [33]. Lu [34] established the mechanisms through which the 97 

concrete’s durability depends on the mix ratio, the existence of humidity-drying periods and the 98 

exposure time. Ye [35] performed an analysis of chloride ions transport models in cracks, 99 

establishing a strong dependence on crack width and roughness, capillarity, tortuosity and pore 100 

structure. In cycles that incorporate both chloride and sulphate solutions, the effect of chlorides 101 

is less corrosive on Portland cement than with chlorides alone, since sulphates retard chloride 102 

access [36]. 103 

This study is aimed at analysing weathering and temperature effects in high-density 104 

concrete for radiological shielding. Standard test specimens (high-density concrete, HDC) and 105 

small-scale cylinders (micro high-density concrete, µHDC) were compared. The main hypothesis 106 

is that size effect may be mitigated by applying the overall change of scale to the aggregates; this 107 

method would make it possible to reach independency between the scale of the specimen and its 108 

compressive strength [37]. When reducing the size of the aggregates, their specific surface 109 

increases proportionally to the overall change of scale. Consequently, the thermal response of 110 

concretes with aggregates of different scale (even if the mass proportions remain constant) will 111 

differ when subjected to thermal transient conditions. This issue is of great concern, since high-112 

temperature conditions are prevalent in concretes for radiological shielding. To the best of these 113 

authors’ knowledge, no previous research has been developed in which high-density concrete for 114 

radiological shielding was scaled using micro-concrete. Tests have been carried out in this study 115 

to determine the mechanical properties and accelerated aging by exposure to aggressive 116 

environments. Therefore, validating the use of micro-concrete for the characterization of 117 

radiological protection concretes shows two advantages. On the one hand, it supposes an 118 

important saving of material and, on the other hand, it allows results to be obtained from 119 

simplified means: less force for the determination of the mechanical properties and less intensity 120 

of the radiological sources for its characterization. The remainder of the paper is organized as 121 

follows: in section 2, the reader will find the procedure followed to scale the concrete and the 122 

corresponding mixing methods. Likewise, the aging methods and thermal shock treatments, 123 

simulating the exposure to extreme radiological conditions are described. Results are introduced 124 

in section 3 and analysed in section 4; finally, section 5 summarizes the main conclusions of the 125 

study. 126 

2 Materials and methods 127 

To facilitate the reading of this section, Table 1 shows a summary of the experimental 128 

methods employed. 129 

Table 1. Summary of experimental methodology. 130 

Test Description Specimens 

Cement composition  Cement chemical composition by XRF Dry cement powder. 

Aggregate grading Grading size of different aggregates 
Sand and coarse aggregate (0/2, 0/8 and 0/20 

mm). 

Physical properties 
Concrete and micro-concrete density, 

porosity and absorption 
Cylinders of 10x20 cm and 2x4 cm. 
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Test Description Specimens 

Heating cycles 
Exposure of the concrete to high 

temperatures 
Cubic of 10 cm and 2x4 cm Cylinders. 

Mechanical properties 

Compressive strength and elastic 

modulus of concrete and micro-

concrete 

Cubic of 10 cm, 10x20 cm and 2x4 cm 

Cylinders. 

Accelerated ageing 
Accelerated ageing by cycles into salt 

solutions 
Cylinders of 10x20 cm and 2x4 cm. 

Mass variation 
Accelerated ageing effects by loss of 

specimen mass 
Cylinders of 10x20 cm and 2x4 cm. 

Ultrasonic pulse velocity 
Accelerated aging effects by ultrasonic 

pulse velocity 
Cylinders of 10x20 cm and 2x4 cm. 

2.1. Materials and mix proportions 131 

Magnetite aggregates have been used due to their radiological shielding ability to 132 

manufacture HDC and µHDC specimens. The magnetite natural aggregates are separated in 133 

three sizes, fine (AF: 0/2 mm), medium (AM: 0/8 mm) and coarse aggregates (AC: 0/20 mm), 134 

respectively. The aggregate contains more than 90% wt. of magnetite, according to the supplier, 135 

having a density of 5.15 g/cm3 in the case of AF and 4.77 g/cm3 for AM and AC, according to EN 136 

1097-6 [38]. The average iron content is 43% wt. determined by Energy Dispersive X-ray 137 

spectroscopy . Unscaled concrete incorporates AM and AC while scaled concrete incorporates AF 138 

and AM. The aggregate size-grading curves are shown in Fig. 1. 139 
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Fig. 1. Experimental curves obtained after grading the different aggregate sizes, AC, AM and AF. 141 

Superplasticizer (SP) additive has been used for the HDC and µHDC, as well as Portland 142 

cement CEM I 52.5N with a specific Blaine surface area of 443.1 m2/kg, determined following the 143 

standard EN 196-6 [39]. The mix proportions used for HDC have been determined through the 144 

Fuller method, obtaining a water/cement ratio of 0.59 and a 1.3% additive/cement rate. The 145 

chemistry (oxides-composition) of the cement has been obtained by X-Ray fluorescence (XRF) 146 

and the results obtained are shown in Table 2. 147 
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Table 2. Cement chemical composition by XRF. 148 

 149 

The design of micro-concrete is based on incorporating aggregates that maintain the same 150 

dimensional proportions as those of the aggregates in the unscaled concrete. The aggregate with 151 

scaled grading (AS) is a modification of the AF fraction incorporating fines of the AM fraction 152 

and from which the thickest fractions are extracted to obtain a grading curve equivalent to the 153 

aggregate grading of the unscaled concrete. To determine the amount of material to be added or 154 

extracted, the relationship between the maximum size of the scaled and unscaled concrete 155 

(Dunscaled
max /Dscaled

max ) was obtained. This ratio must be equal to 7.5, which is the size factor between 156 

the small-scale (2x4 cm) and the standard (15x30 cm) cylindrical specimens. Accordingly, since 157 

Dunscaled
max  is 20 mm, Dscaled

max  must be 2.67 mm. The fraction of the nearest American Standard Sieve 158 

Series is 2.8 mm, so the Dscaled
max  corresponds to the maximum size of the AF, and the 159 

Dunscaled
max /Dscaled

max  ratio (20 mm/2.8 mm) is ~7. This factor is applied to the other fractions of the 160 

unscaled set, obtaining a scaled size grading (SG) which is shown in Fig. 2. The graph shows the 161 

mix proportion of the scaled aggregate (AS) after the mixing to verify the size distribution of SG. 162 

The mixing has been carried out by a riffle type sample splitter. The mix proportions of the µHDC 163 

are proportional to HDC, as reflected in 0. 164 
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Fig. 2. Mix aggregates size grading for µHDC. 166 

For the preparation of HDC, a concrete mixer with vertical axis and a capacity of 50 l was 167 

used. The mixing is divided into three phases: (i) 3 min of kneading with aggregates, cement and 168 

water, (ii) 3 min of rest and (iii) 2 min of mixing with the additive. The compaction of the 169 

specimens was carried out in two steps with a vibrating needle; the specimens were demoulded 170 

after 24 h and submerged in water for 28 days at 20 ± 2 °C.  171 

Cement CaO SiO2 Al2O3 Fe2O3 SO3 K2O MgO TiO2 C 

CEM I 52.5 N/SR 68.5 18.44 3.12 2.68 3.21 0.54 1.16 0.17 0.46 
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Table 3. Unscaled and scaled concrete mix proportions. 172 

Compound 
Weight [kg/m3] Volume [l/m3] 

HDC µHDC HDC µHDC 

CEM I 52.5N 300 300 100 100 

Water 176 176 176 176 

AM 2494 0 524 0 

AC 935 0 196 0 

AS 0 3715 0 720 

SP 4 4 4 4 

TOTAL 3910 4190 1000 1000 

 173 

The internal diameter and length of the moulds used for µHDC are 2 cm and 5 cm, 174 

respectively. The mixing was conducted according to the standard EN-196-1 [40] on methods for 175 

cements testing, using a mortar mixer. The mixing is divided into 5 phases: (i) 30 s water + cement 176 

at low speed, (ii) 30 s with aggregate added at low speed, (iii) 30 s of mixing at high speed, (iv) 177 

90 s. resting and (v) 60 s mixing at high speed. The pouring in moulds is performed in two steps, 178 

at the end of each of which vibration compaction is carried out on a mortar flow table. After 179 

filling, the moulds were covered with a wet cloth to prevent moisture loss and were demoulded 180 

24 h after manufacture. In the curing process, the µHDC specimens remained immersed in water 181 

at 20 ± 2 °C for 28 days. After 28 days, the specimens were polished on their upper and lower 182 

faces to avoid edge effects introduced by the vibration and the aggregates. Once cured, both types 183 

of test specimens were dried in an oven to constant weight before testing. 184 

2.2. Physical properties 185 

The physical properties have been determined on five HDC and five µHDC specimens after 186 

curing for 28 days. The bulk specific gravity, apparent specific gravity and bulk saturated surface 187 

dry specific gravity were obtained following EN 12390-7 [41]. The water absorption coefficient 188 

(%wt.) and the porosity (%vol.) were determined according to the standard UNE 83980 [42].  189 

2.3. Heating cycles 190 

Thermal cycles were applied on three HDC and three µHDC specimens aged 28 days for 191 

each of the five target temperatures: 100, 300, 500, 700 and 1000°C. Specimens were heated in a 192 

muffle furnace at a heating rate of 7°C/min. These heating rates are established to check the effects 193 

of severe heating conditions. They remained 30 min at this temperature and then they were 194 

cooled inside the furnace up to room temperature (20 ± 2°C). The heating/cooling curves are 195 

shown in Fig. 3. 196 

 197 
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Fig. 3. Heating cycles to which HDC and μHDC specimens were subjected. 199 

2.3.1. Ultrasonic pulse velocity test after heating cycles 200 

The ultrasonic pulse velocity test was carried out on the 30 specimens (three HDC and three 201 

µHDC specimen x five temperatures), previously subjected to heating cycles. The tests have been 202 

performed before the uniaxial compressive test in direct transmission, according to EN 12504-4 203 

[43]. The ultrasonic pulse velocity (𝑣) is calculated as the ratio between the length of the specimen 204 

(𝑙) and the travel time (𝑡), as shown in Eq. (1): 205 

 206 

𝑣 =
𝑙

𝑡
 [𝑘𝑚/𝑠]      (1) 207 

2.3.2. Compressive strength after heating cycles 208 

The compressive tests were carried out on the 30 specimens previously subjected to heating 209 

cycles (three HDC and three µHDC specimen x five temperatures). The specimens were tested at 210 

28 days of age, right after tempering at room temperature (20 ± 2°C). The specimens have been 211 

tested in a servo-hydraulic press with a loading capacity of 2000 kN, following EN 12390 – 3 [44]. 212 

2.4. Accelerated aging 213 

Accelerated aging, in terms of drying-wetting cycles, was carried out on five HDC and five 214 

µHDC specimens under two different environments: seawater and water with K2SO4 (mineral 215 

inorganic fertilizer) at 5% wt. The experimental methodology consists of 15 drying cycles of 16 h 216 

in an oven at 105°C (the standard temperature for drying concrete specimens) and 15 humidity 217 

cycles of 8 h in which the samples remain submerged in their corresponding solution at 20 ± 2°C. 218 

The total duration of the cycles is 15 days. The first cycle begins with the test specimens 219 

completely dried. 220 
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2.4.1. Compressive strength after accelerated aging 221 

The compressive tests were carried out on the 20 specimens previously subjected to drying-222 

wetting cycles (five HDC and five µHDC specimen x two environments). The specimens were 223 

tested at 43 days of age (28 days of curing + 15 days of drying-wetting cycles). Times are identical 224 

for both HDC and µHDC. The testing methodology is the same as that explained in section 2.3.1.  225 

2.4.2. Mass variation 226 

The weight of the 20 specimens subjected to accelerated aging was measured after each 227 

drying-wetting cycle. After each drying cycle, the test specimens were cooled to room 228 

temperature before being weighted. After each wetting cycle, the test specimens were dried 229 

superficially with a wet cloth, to obtain the saturated surface dry (SSD) weight. The evolution of 230 

the dry and saturated weights (𝑤𝑐) was obtained through the series of measurements and was 231 

expressed in terms of the relative weight variation (𝑤𝑟𝑒𝑙) to the first dry and saturated weights 232 

(𝑤𝑖), respectively, according to Eq. (2). The mass gain/loss trend was determined from these 233 

values. 234 

 235 

𝒘𝒓𝒆𝒍 =
𝒘𝒄−𝒘𝒊

𝒘𝒊
 [𝒈 𝒈⁄ ]     (2) 236 

2.4.3. Ultrasonic pulse velocity test during accelerated aging  237 

This method was conducted on 10 specimens (five µHDC specimen x two environments) 238 

subjected to drying-wetting cycles. The tests have been carried out after each drying and wetting 239 

cycle, in direct transmission, as explained in section 2.3.2. 240 

3 Results  241 

3.1. Physical properties 242 

Table 4 shows the physical properties of the HDC and µHDC. 243 

Table 4. Physical properties of the HDC and µHDC. 244 

Specimen 

Apparent 

specific gravity 

[g/cm3] 

Bulk specific 

gravity 

[g/cm3] 

Bulk SSD 

specific gravity 

[g/cm3] 

Open 

Porosity  

[% vol.] 

Water 

absorption  

[% wt.] 

HDC 3.8 4.3 3.97 9.8 2.53 

µHDC 3.71 4.43 3.88 16.2 4.36 

 245 

3.2. Heating cycles 246 

3.2.1. Ultrasonic pulse velocity test after heating cycles 247 

Fig. 4 (left) shows the evolution of the ultrasonic pulse velocity for the different heating 248 

cycles and for both types of specimens, HDC and µHDC. Fig. 4 (right) shows the correlation 249 

between both specimens. 250 
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Fig. 4. Ultrasonic pulse velocity for HDC and µHDC after undergoing heating cycles (left) and 252 

correlation (right). 253 

3.2.2. Compressive strength after thermal cycles 254 

¡Error! No se encuentra el origen de la referencia. (left) shows the evolution of the 255 

compressive strength after subjecting the unscaled and scaled specimens to heating cycles and 256 

¡Error! No se encuentra el origen de la referencia. (right) shows the relationship between HDC 257 

and µHDC specimens.  258 
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Fig. 5. Compressive strength for HDC and µHDC as a function of temperature during heating cycles 261 

(left); correlation between the strength of HDC and µHDC (right). 262 

3.3. Accelerated aging 263 

3.3.1. Compressive strength after accelerated aging 264 

Table 5 shows the results obtained from the compressive tests after exposing the samples to 265 

drying-wetting cycles.  266 

Table 5. HDC and µHDC compressive strength [MPa] after drying-wetting cycles. 267 



 10 of 18 

 

 

 268 

Concrete: HDC µHDC 

Control 47.05 52.36 

Sea water 46.15 73.14 

Sulphates 46.58 70.18 

3.3.2. Mass variation 269 

Fig. 6 (left) shows the mass variation of unscaled and scaled specimens subjected to drying-270 

wetting cycles in seawater and Fig. 6 (right) shows the evolution of mass on μHDC and HDC 271 

specimens subjected to drying-wetting cycles in a 5% wt. K2SO4 solution. In Fig. 7 the correlation 272 

between both types of specimens is shown, both for seawater and for sulphates solution. 273 
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Fig. 6. Mass variation under wetting-drying cycles in seawater (left) and sulphates (right). 275 
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Fig. 7. Mass correlation between scaled and unscaled specimens for seawater (left) and 277 

sulphates (right) cycles. 278 
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3.3.3. Ultrasonic pulse velocity test during accelerated aging  279 

Fig. 8 shows the evolution of the ultrasonic pulse velocity through the specimens subjected 280 

to drying-wetting cycles in the two aggressive solutions for µHDC. 281 
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Fig. 8. Ultrasonic pulse velocity for µHDC after drying/wetting cycles. 283 

4 Discussion 284 

4.1. Physical properties 285 

Both types of specimens have high apparent density (Table 4), close to 4 g/cm3, which makes 286 

them appropriate to be used in structural elements for gamma radiation shielding. The specific 287 

gravities are similar for both types of concrete. Water absorption is low compared to porosity due 288 

to the high density of the concrete. 289 

The most noticeable difference between the two specimens lies in the porosity: while HDC 290 

has a porosity close to 10%, in µHDC this value rises to 16%. The same effect occurs for water 291 

absorption; whose value depends on the volume of accessible pores. This is due to the larger 292 

amount of filler particles below 64 μm in μHDC than in HDC and the consequent increase in the 293 

specific surface of the aggregates. In addition, it is easier to saturate internal pores in µHDC than 294 

in HDC, due to the seven times higher specific surface of the former.  295 

4.2. Heating cycles 296 

4.2.1. Compressive strength after thermal cycles 297 

Both types of specimens show a progressive loss of strength with rising temperature (Fig. 4 298 

left). HDC specimens lost 15% of the initial strength for a temperature of 300°C; then, a strong 299 

process of continuous loss of strength occurs until the final temperature of 1000°C. After heating 300 

cycles, microcracks appeared in the material due to the different expansion coefficients of 301 

aggregates and paste, the drying of the C-S-H gel and the decomposition of hydration products 302 
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such as portlandite; all these processes reduced the residual compressive strength of concrete by 303 

75% at 1000 °C. 304 

The µHDC specimens show a slightly different behaviour. In the range between 100 and 305 

300°C, compressive strength increased by almost 8%, a phenomenon previously reported in 306 

conventional concretes [45,46] which is a result of the late hydration of the non-hydrated cement 307 

grains due to the circulation of water vapour [47]. This type of hydration appears to be more 308 

likely in μHDC than in HDC because of the shorter moisture migration paths and higher porosity. 309 

µHDC lost 45% of its strength between 300 and 700°C. Between 700 and 1000°C strength slightly 310 

increases because of the sintering mechanisms that occur preferentially in µHDC due to its lower 311 

grain size [48].  312 

Comparing the two types  of specimens, ¡Error! No se encuentra el origen de la referencia. 313 

(left), a slight size-effect still remains, despite the use of scaled aggregates [1]. For exposure 314 

temperatures lower than 700°C, an experimental average scale factor of 0.95 can be established 315 

(this factor may depend on strength [49]. ¡Error! No se encuentra el origen de la referencia. 316 

(right) shows a strong linear relationship between the strength of HDC and HDC.  317 

The concretes, both standard and scaled, show a very similar behaviour up to 800°C, ¡Error! 318 

No se encuentra el origen de la referencia. (right). The obtained values can be related according 319 

to:  320 

 321 

𝒇 =
𝐟´−𝟎.𝟎𝟒𝟓

𝟎.𝟗𝟏
     (3) 322 

where f is the compressive strength of standard specimens and f´ is the compressive strength 323 

of the scaled specimens. However, concretes subjected to 1000°C show different behaviours. The 324 

test specimens of different size are affected in different way after exposure to high temperatures. 325 

The observed differences are accentuated at 1000°C because the exposure temperature has 326 

affected more the smaller test specimens. High temperature causes an increase in the compressive 327 

strength due to a more resistant structure as consequence of the sintering of the magnetite 328 

(~1000°C)[48]. 329 

4.2.2. Ultrasonic pulse velocity test after heating cycles 330 

Both types of specimens Fig. 4 (left) show a similar trend but the changes for µHDC are more 331 

pronounced. These differences in pulse velocity suggest the existence of slight size effects. HDC 332 

specimens suffer lower variability because heating affects its voluminous structure to a lower 333 

degree, a fact that confers greater thermal inertia and stability against thermal intensities of equal 334 

magnitude. In the curve for µHDC, two regions of velocity increase are shown; the first one takes 335 

place between 100°C and 300°C and corresponds to the late hydration of cement, explained 336 

before; the second zone corresponds to the sintering of the magnetite (~1000°C) characterized by 337 

an increase in grain size and material compactness [48]. The differences in pulse velocity observed 338 

at 500°C are presumably a consequence of different levels of decomposition of hydration 339 

products, that take place earlier at smaller specimens, µHDC. Fig. 4 (right) shows a relatively 340 

high correlation between the two scaled specimens. 341 

4.3. Accelerated aging 342 

4.3.1. Compressive strength after accelerated aging 343 

The control specimens (untreated), which have remained in the furnace at 100°C during the 344 

durability cycles, show a 10% higher strength for µHDC (Table 5). The immersion in salt solution 345 
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for HDC specimens has little impact on their strength, which is reduced by around 2% -for 346 

seawater-, a negligible variation, previously obtained by other authors after months of immersion 347 

[50,51]. The aging on the µHDC increases the concrete strength due to a late hydration process 348 

favoured by the presence of water. The salts have not yet interacted with the paste and the 349 

crystallization of the salts in solution within the pores may have increased the pressure in the 350 

pores according to the mechanism explained by Flatt [52]. This expansive pressure opposes the 351 

compressive forces on the samples during the test. 352 

The specimens subjected to drying-wetting cycles in seawater after heating cycles from 100 353 

to 1000°C (105°C is the same temperature as in the drying cycles) show a particular behaviour 354 

when compared to the heating cycle effects of section 3.2. At 100°C, the specimens slightly 355 

increase their strength, because at 43 days of age (28 + 15 for cycles) a larger number of cement 356 

grains have been hydrated. After a visual analysis Thomas et al. [53] found that concrete does not 357 

show any signs of deterioration or degradation after wet–dry cycles or wetting–drying cycles to 358 

105 ºC. At 300°C, a slight strength increase is obtained and, at 500 and 700°C, a large loss due to 359 

the decomposition of the C-S-H gel. 360 

4.3.2. Mass variation 361 

Fig. 6(left) shows the mass variation of unscaled and scaled specimens subjected to drying-362 

wetting cycles in seawater. For µHDC, there is a relatively high mass increase in cycle 15 of 363 

around 1.5% wt. for the dry and wet weights. In both cases, linear fittings were used to model the 364 

evolution of mass variation. Some authors [50] consider that this mass gain in the paste is 365 

associated with capillarity absorption of water during the cement hydration accompanied by the 366 

change in the concrete structure over time. This hydration generates more C-S-H, which has a 367 

large specific surface and absorbs more water. The increase in mass may also be due to the 368 

precipitation of salt both on the surface of the specimen and in the pores [51], whose effect will 369 

be greater in µHDC than in HDC specimens since they have a higher specific surface. This effect 370 

of mass gain should end when the test piece becomes saturated. A scanning electron micrograph 371 

of one of these specimens after the ageing process is shown in Fig. 9. 372 

In contrast, HDC samples show a loss of mass of around 1% wt. in cycle 15 for the dry and 373 

wet weights. This slight variation, which was modelled through a linear fitting, may be due to 374 

the material detached from the specimen, as is shown in Fig. 6 (left). HDC specimens cannot 375 

absorb as much fluid as the micro-concretes because the immersion time is the same and pore 376 

paths are much longer, so the salt assimilation will be much smaller. As in micro-concretes, the 377 

dry weight shows a variation similar to that of the wet weight throughout the cycles, although in 378 

the comparison between both specimens, the total variation is higher in micro-concretes, as 379 

would be expected.  380 

 381 
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 382 

Fig. 9. Scan electron micrograph of the surface of a µHDC after aging. 383 

µHDC specimens in K2SO4 solution (Fig. 6)display a very significant mass gain of ~4% wt. in 384 

cycle 15 for the dry and wet weights is observed. This gain, which had already been reported 385 

previously [50] is also appreciated to a lower degree, 0.4% wt., in HDC specimens; the effect is 386 

less pronounced since HDC samples have smaller specific surface area and larger pore structure. 387 

This mass increase can be explained analogously to the argument exposed previously, based on 388 

the larger amount of salt precipitated. This precipitation may be greater because of the 389 

interactions between the sulphate ions and the paste, producing a lower cohesion among the 390 

products of the cement hydration, expansive gypsum and ettringite [54] that generate a greater 391 

circulation surface and therefore greater deposition for the chloride solution. In Fig. 7 the 392 

correlation between both types of specimens is shown, both for seawater and for sulphates 393 

solution, obtaining a moderate correlation [55] in any case.  394 

In summary, for both exposure environments, it is observed that the dry weight shows a 395 

greater initial variation. This is because the first dry weight has been made with the specimens 396 

completely dry. Also, for both types of specimens, a greater mass increase in sulphates than in 397 

chlorides can be observed and this increase is greater in scaled specimens because more specific 398 

surface implies that the particles of salts that adhere in the specimen provide more relative 399 

weight.  400 

¡Error! No se encuentra el origen de la referencia. shows the evolution of the dry mass for 401 

the test specimens that have been subjected to heating cycles before undergoing drying-wetting 402 

cycles. The trend for all the tested temperatures is a gain of mass from 1% to 3.5% to cycle 13. As 403 

the temperature to which the specimen has been subjected increases, the mass gain is greater. 404 

This is due to the volumetric expansion produced by heat, the degradation of the paste due to the 405 

dehydration of the hydration products, and to the flaws and discontinuities propitiated by both 406 

causes, which allow a greater quantity of solution to penetrate and deposit in the pores. The 407 

specimens subjected to the highest temperature do not follow the previous rationale, since upon 408 

reaching the sintering temperatures of the magnetite (1000-1100 °C) the mineral grains have 409 

partially melted, increasing the shrinkage and reducing the concrete porosity significantly [48].  410 

 411 
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4.3.3. Ultrasonic pulse velocity test during accelerated aging  412 

Both in sulphate and seawater solutions, a linear velocity increase is observed during the 413 

first 15 cycles, increasing by 5% and 10% correspondingly (Fig. 8). This increase is due to the fact 414 

that the concrete continues being hydrated within the testing solution, as has already been 415 

justified by Tsivilis [56], who obtains gains in the ultrasonic pulse velocity up to a month and a 416 

half after the beginning of the solution exposition. This gain is directly related to the gain of mass 417 

through the cycles. This is demonstrated by the fact that the weight experienced a gain of 2% in 418 

the case of seawater and 3.5% in the case of sulphate dissolution. It is observed that this mass 419 

increase is proportional to the pulse velocity increase, higher in the case of sulphates due to a 420 

greater salt precipitation in the porous surface of the specimens. On the other hand, the mass loss 421 

effect caused by the interactions between the salt and the matrix is still inappreciable because the 422 

process is still in its early stages. 423 

Fig. 8 (right) shows how temperature affects the concrete durability, A generalized tendency 424 

of the increase in the pulse velocity is observed, but this gain level and the velocity values in the 425 

first cycle, depend on the exposure temperature of the specimen. In cycle 1, it is verified how the 426 

temperature negatively affects the pulse velocity, as already explained at the beginning of the 427 

section. The running of the cycles leads to an additional hydration of the binder but also to a mass 428 

increase propitiated by the salt deposition on the surface of the specimens. Both arguments justify 429 

an increase in the pulse velocity, but this increase is greater in specimens subjected to higher 430 

temperatures because the initial level of micro-cracks and discontinuities (and consequently the 431 

saturation of the pores with salt crystals over the cycles) is larger. The propagation velocity of all 432 

the specimens tends to become equal; this equalization shows the relation of this property with 433 

the durability of any concrete. 434 

5 Conclusions 435 

High-density concretes for radiological shielding show singularities. There is little previous 436 

research to analyse the effect of high temperatures on their durability. This research provides 437 

relevant information regarding this point. It has been demonstrated that these concretes can be 438 

characterized using scaled specimens up to certain temperatures. From the analysis of the results 439 

obtained, the following conclusions and recommendations can be drawn: 440 

Scaled and unscaled specimens have a similar bulk specific gravity, but the micro-concretes 441 

show an absolute porosity 6% higher due to having a less homogeneous fines fraction. 442 

The compressive strength of both types of specimen significantly decreases with the increase 443 

in temperature, although the micro-concretes show a greater absolute resistance, and a greater 444 

loss with the increase in temperature due to their lower thermal inertia. Sintering reactions are 445 

easier to reach in micro-concretes, increasing their compactness and strength at 1000°C. 446 

The mass variation in drying/wetting cycles is greater in micro-concretes since they have 447 

shorter migration paths and higher porosity, which facilitates a greater salt deposition rate. 448 

Exposure to high temperatures generates more discontinuities, accentuating this behaviour. 449 

The ultrasonic pulse velocity reduces with the temperature and this decrease is more 450 

accentuated in micro-concretes in an analogous behaviour to compressive strength. As a greater 451 

number of drying-wetting cycles is reached, the ultrasonic pulse velocity increases, and tends to 452 

equalize for all exposition temperatures, due to the saturation of salts in the pores. 453 

Relatively high correlation levels have been found for micro-concretes and unscaled 454 

specimens in compressive strength and ultrasonic pulse velocity after exposure to high 455 

temperatures, while correlation values for the mass variation after drying-wetting cycles are 456 

relatively poor. 457 
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