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Abstract: The design of concrete often requires numerous mix proportions and tentative mixings,
which translates into a great number of specimens and tests. The process may be optimized by
using small-scale specimens, which results in the saving of material, equipment and time, offering
advantages such as better handling, easy kneading or smaller curing spaces. Nevertheless, the
ability of small-scale specimens to reproduce the experimental properties determined through
conventional samples is an open issue. The hypothesis of this study is that the differences
between standard and small-scale specimens may be mitigated by applying a change of scale to
the aggregates. The durability of high-density concrete for radiation shielding, in terms of
weathering resistance and behaviour against heating cycles, has been determined by means of
conventional and small-scale specimens (including scaled aggregates). The effects of various
aggressive external agents (heating cycles, seawater and water with K2504) and the correlation
between the results from scaled and standard specimens were determined. The analysis of the
results enabled to establish the suitability of the use of micro-concretes to characterize concretes.
In this study, the correlations between scaled and non-scaled models have been obtained in
properties such as compressive strength, mass variation and ultrasonic pulse velocity after
undergoing durability and thermal exposition tests.

Keywords: Micro-concrete; high-density concrete; thermal effects; weathering; mechanical
properties; durability.

1 Introduction

The study of the mechanical behaviour of concrete has traditionally been based on tests
conducted on standard specimens, extrapolating the results to real-scale structures. Despite the
increasingly widespread use of numerical methods in structural analysis, concrete requires -due
to its intrinsic heterogeneity- a large number of tests to address structural integrity assessments.

The complexity of scaling the properties of concrete from samples to structures not only lies
in the dimensional changes but also in the size of the aggregates and in the influence of the
manufacturing process and the curing conditions. This effect is referred to as ‘size effect’. Given
the difficulties that arise in modelling the combined influence of all these factors on the final
properties (mechanical, physical, etc.) of concrete, scientists have opted in many instances for
establishing empirical correlations between specimens with different sizes. The size effect was
already reported in the 1960s by Johnson [1], who proved that the strength of concrete increases
when the scale of the specimens is reduced. Some of the following were pointed out by Noor [2]

© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://
creativecommons.org/licenses/by-nc-nd/4.0/
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to explain the causes behind the differences between results obtained from different scale
specimens: the compaction process cannot be scaled, the higher water loss inside moulds and
mixers, the increase in specific surface of the aggregates which is higher than the increase of
cement paste volume and the difficulty in obtaining flat faces to apply the strength in mechanical
tests. Another factor to keep in mind is the testing equipment.

The size effect may be due to material properties not properly scaled [3]. In this sense, the
role played by the presence of a distribution of microcracks of different sizes randomly
distributed in the material has been explained on a statistical basis [4]. The weakest link theory,
developed by Weibull [5], establishes an analogy with a chain: a chain is as strong as its weakest
link; therefore, the larger the test sample, the more likely its fracture becomes, because of the
increased probability of finding a critical crack. However, this theory has been discarded by
studies that applied it to solve the size effect when nonlinear deformations and stress
redistributions are not important in the failure [6]. From a deterministic point of view, fracture
occurs in a restricted region of the material where cement paste behaves plastically. For small
speciments, this fracture zone is larger and the material releases more energy during fracture. For
large specimens, linear elastic fracture mechanics predominates. The main precursor of this size
effect theory was Bazant with its size-effect law, who establishes size effects on tensile strength
and postulated a method for large specimens [7]. Kim and Yi adapted this law for compressive
strength [8] also justified by Tae [9]. According to these theories, the size effect depends on the
characteristic length of the specimen, the maximum aggregate size, a number of empirical
constants of the material and the tensile or compressive strength, as explained above.

There are many studies on the size effect with non-proportional scaling [10] using samples
with different shapes where cubes and cylinders were compared [11]. Some authors have
obtained empirical conversion factors between concrete specimens with different size and shape.
Some of the most used correlations were proposed by Neville [12] and Zhu and Yang [13] to
translate the strength from prisms and cylinders to standardized 15 cm cubic samples. The
Spanish standard for concrete design establishes a series of correlations depending on the
strength and geometry of the specimens [14]. In addition, numerous studies have employed
numerical simulation to determine the crack propagation path as well as the crack rate [15-17].

High temperature negatively affects the physical-mechanical properties of concrete due to
dehydration, leading to the appearance of cracks [18-20]. At 120°C, unbound water is completely
lost and bound water in C-S-H begins to evaporate [21]. A point of marked loss of strength occurs
in the range of 400-800°C, where the complete dehydration of C-S-H gel takes place, losing its
cementing capacity [22]. In addition, the degradation of portlandite (Ca(OH)2) occurs at 400-
500°C [23]. Under these conditions, the cement paste shrinks and the aggregates expands,
generating micro-cracks, opening pores and thus affecting the mechanical performance of
concrete [24]. This porous concrete becomes extremely sensitive to external agents; besides, high
temperature considerably increases [25,26] the diffusion rate of chlorides (between 150% and
200% from 20°C to 45°C).

Sulphate attack typically occurs after the exposure of concrete to ground water or sulphate-
containing soils. Reactions occur between the calcium hydroxide present in the cement and the
sulphate ions to form gypsum and between calcium aluminate and sulphate ions to form
ettringite. Another possible reaction is the formation of thaumasite, a product formed from
sulphate and carbonate ions (from limestone and atmospheric carbonation) at low temperature
(5°C) [27]. A number of studies have focused on the effect of different types of sulphate solutions
on conventional [28] and recycled aggregate concrete, in order to analyse its durability [29],
verifying the same filling and expanding process in both cases [30]. The effect of sulphates on
structures subjected to bending is higher if 40% of the maximum flexural strength is exceeded
[31].
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In the marine environment or in tidal zones, the chlorides may reduce the lifespan and
accelerate the deterioration of structures. The presence of a ferrous aggregate may accentuate the
process. The combined chlorides react with the tricalcium aluminate to form Friedel's salt [32],
while the free chlorides, after penetrating the concrete, react with the reinforcements, oxidizing
them. Chloride transport in concrete is an advective-diffusive phenomenon that depends on the
porosity of the medium, the saturation of pores, the concentration of ions in the solution and the
tortuosity of the pore structure [33]. Lu [34] established the mechanisms through which the
concrete’s durability depends on the mix ratio, the existence of humidity-drying periods and the
exposure time. Ye [35] performed an analysis of chloride ions transport models in cracks,
establishing a strong dependence on crack width and roughness, capillarity, tortuosity and pore
structure. In cycles that incorporate both chloride and sulphate solutions, the effect of chlorides
is less corrosive on Portland cement than with chlorides alone, since sulphates retard chloride
access [36].

This study is aimed at analysing weathering and temperature effects in high-density
concrete for radiological shielding. Standard test specimens (high-density concrete, HDC) and
small-scale cylinders (micro high-density concrete, WtHDC) were compared. The main hypothesis
is that size effect may be mitigated by applying the overall change of scale to the aggregates; this
method would make it possible to reach independency between the scale of the specimen and its
compressive strength [37]. When reducing the size of the aggregates, their specific surface
increases proportionally to the overall change of scale. Consequently, the thermal response of
concretes with aggregates of different scale (even if the mass proportions remain constant) will
differ when subjected to thermal transient conditions. This issue is of great concern, since high-
temperature conditions are prevalent in concretes for radiological shielding. To the best of these
authors’ knowledge, no previous research has been developed in which high-density concrete for
radiological shielding was scaled using micro-concrete. Tests have been carried out in this study
to determine the mechanical properties and accelerated aging by exposure to aggressive
environments. Therefore, validating the use of micro-concrete for the characterization of
radiological protection concretes shows two advantages. On the one hand, it supposes an
important saving of material and, on the other hand, it allows results to be obtained from
simplified means: less force for the determination of the mechanical properties and less intensity
of the radiological sources for its characterization. The remainder of the paper is organized as
follows: in section 2, the reader will find the procedure followed to scale the concrete and the
corresponding mixing methods. Likewise, the aging methods and thermal shock treatments,
simulating the exposure to extreme radiological conditions are described. Results are introduced
in section 3 and analysed in section 4; finally, section 5 summarizes the main conclusions of the
study.

2 Materials and methods
To facilitate the reading of this section, Table 1 shows a summary of the experimental
methods employed.
Table 1. Summary of experimental methodology.

Test Description Specimens

Cement composition Cement chemical composition by XRF ~ Dry cement powder.

Aggregate grading Grading size of different aggregates rSr?rr:;l e e

Physical properties Concrete and micro-concrete density, Cylinders of 10x20 cm and 2x4 cm.

porosity and absorption
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Test Description Specimens

Heating cycles Exposure of the concrete to high Cubic of 10 cm and 2x4 cm Cylinders.

temperatures

Compressive strength and elastic
Mechanical properties modulus of concrete and micro-
concrete

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

Accelerated ageing by cycles into salt

Accelerated ageing solutions
uti

Cylinders of 10x20 cm and 2x4 cm.

Accelerated ageing effects by loss of

Mass variation .
specimen mass

Cylinders of 10x20 cm and 2x4 cm.

Accelerated aging effects by ultrasonic

Ultrasonic pulse velocity sl cllusty

Cylinders of 10x20 cm and 2x4 cm.

2.1. Materials and mix proportions

Magnetite aggregates have been used due to their radiological shielding ability to
manufacture HDC and ptHDC specimens. The magnetite natural aggregates are separated in
three sizes, fine (AF: 0/2 mm), medium (AM: 0/8 mm) and coarse aggregates (AC: 0/20 mm),
respectively. The aggregate contains more than 90% wt. of magnetite, according to the supplier,
having a density of 5.15 g/cm? in the case of AF and 4.77 g/cm? for AM and AC, according to EN
1097-6 [38]. The average iron content is 43% wt. determined by Energy Dispersive X-ray
spectroscopy . Unscaled concrete incorporates AM and AC while scaled concrete incorporates AF
and AM. The aggregate size-grading curves are shown in Fig. 1.
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J ' [ ’ !
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. ' [] . ’
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Fig. 1. Experimental curves obtained after grading the different agqregate sizes, AC, AM and AF.

Superplasticizer (SP) additive has been used for the HDC and uHDC, as well as Portland
cement CEM I 52.5N with a specific Blaine surface area of 443.1 m%/kg, determined following the
standard EN 196-6 [39]. The mix proportions used for HDC have been determined through the
Fuller method, obtaining a water/cement ratio of 0.59 and a 1.3% additive/cement rate. The
chemistry (oxides-composition) of the cement has been obtained by X-Ray fluorescence (XRF)
and the results obtained are shown in Table 2.
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Table 2. Cement chemical composition by XRF.

Cement CaO SiO2 ALOs Fe20s SOs K:0O MgO TiO2 C

CEM 152.5 N/SR 68.5 18.44 3.12 2.68 321 054 1.16 0.17  0.46

The design of micro-concrete is based on incorporating aggregates that maintain the same
dimensional proportions as those of the aggregates in the unscaled concrete. The aggregate with
scaled grading (AS) is a modification of the AF fraction incorporating fines of the AM fraction
and from which the thickest fractions are extracted to obtain a grading curve equivalent to the
aggregate grading of the unscaled concrete. To determine the amount of material to be added or
extracted, the relationship between the maximum size of the scaled and unscaled concrete
(DX aled/Dicated) Was obtained. This ratio must be equal to 7.5, which is the size factor between

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

o aled 18 20 mm, Dgiat. 4 must be 2.67 mm. The fraction of the nearest American Standard Sieve

Series is 2.8 mm, so the DJalq4 corresponds to the maximum size of the AF, and the
Dl aled/ Docateq ratio (20 mm/2.8 mm) is ~7. This factor is applied to the other fractions of the
unscaled set, obtaining a scaled size grading (5G) which is shown in Fig. 2. The graph shows the
mix proportion of the scaled aggregate (AS) after the mixing to verify the size distribution of SG.
The mixing has been carried out by a riffle type sample splitter. The mix proportions of the WHDC

are proportional to HDC, as reflected in 0.

100 ‘ "

80 OO OO o e .
B0 | S ARSI o T .

40 S oo S R -

Passing [%owt.]
-

20 e RS MO T -

0.001 0.01 0.1 1 10 100
Sieve diameter [mm]

Fig. 2. Mix aggregates size grading for uHDC.

For the preparation of HDC, a concrete mixer with vertical axis and a capacity of 50 1 was
used. The mixing is divided into three phases: (i) 3 min of kneading with aggregates, cement and
water, (ii) 3 min of rest and (iii) 2 min of mixing with the additive. The compaction of the
specimens was carried out in two steps with a vibrating needle; the specimens were demoulded
after 24 h and submerged in water for 28 days at 20 + 2 °C.
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Table 3. Unscaled and scaled concrete mix proportions.

Weight [kg/m?] Volume [1/m?]
Compound
HDC pHDC HDC uHDC

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

The internal diameter and length of the moulds used for uHDC are 2 cm and 5 cm,
respectively. The mixing was conducted according to the standard EN-196-1 [40] on methods for
cements testing, using a mortar mixer. The mixing is divided into 5 phases: (i) 30 s water + cement
at low speed, (ii) 30 s with aggregate added at low speed, (iii) 30 s of mixing at high speed, (iv)
90 s. resting and (v) 60 s mixing at high speed. The pouring in moulds is performed in two steps,
at the end of each of which vibration compaction is carried out on a mortar flow table. After
filling, the moulds were covered with a wet cloth to prevent moisture loss and were demoulded
24 h after manufacture. In the curing process, the uHDC specimens remained immersed in water
at 20 + 2 °C for 28 days. After 28 days, the specimens were polished on their upper and lower
faces to avoid edge effects introduced by the vibration and the aggregates. Once cured, both types
of test specimens were dried in an oven to constant weight before testing.

2.2.  Physical properties

The physical properties have been determined on five HDC and five uHDC specimens after
curing for 28 days. The bulk specific gravity, apparent specific gravity and bulk saturated surface
dry specific gravity were obtained following EN 12390-7 [41]. The water absorption coefficient
(%wt.) and the porosity (%vol.) were determined according to the standard UNE 83980 [42].

2.3. Heating cycles

Thermal cycles were applied on three HDC and three uHDC specimens aged 28 days for
each of the five target temperatures: 100, 300, 500, 700 and 1000°C. Specimens were heated in a
muffle furnace at a heating rate of 7°C/min. These heating rates are established to check the effects
of severe heating conditions. They remained 30 min at this temperature and then they were
cooled inside the furnace up to room temperature (20 + 2°C). The heating/cooling curves are
shown in Fig. 3.
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Fig. 3. Heating cycles to which HDC and yHDC specimens were subjected.

2.3.1. Ultrasonic pulse velocity test after heating cycles

The ultrasonic pulse velocity test was carried out on the 30 specimens (three HDC and three
uHDC specimen x five temperatures), previously subjected to heating cycles. The tests have been
performed before the uniaxial compressive test in direct transmission, according to EN 12504-4
[43]. The ultrasonic pulse velocity (v) is calculated as the ratio between the length of the specimen
(1) and the travel time (t), as shown in Eq. (1):

v =2 [km/s] (1)
2.3.2. Compressive strength after heating cycles

The compressive tests were carried out on the 30 specimens previously subjected to heating
cycles (three HDC and three ptHDC specimen x five temperatures). The specimens were tested at
28 days of age, right after tempering at room temperature (20 + 2°C). The specimens have been
tested in a servo-hydraulic press with a loading capacity of 2000 kN, following EN 12390 — 3 [44].

2.4. Accelerated aging

Accelerated aging, in terms of drying-wetting cycles, was carried out on five HDC and five
UHDC specimens under two different environments: seawater and water with K2SO4 (mineral
inorganic fertilizer) at 5% wt. The experimental methodology consists of 15 drying cycles of 16 h
in an oven at 105°C (the standard temperature for drying concrete specimens) and 15 humidity
cycles of 8 h in which the samples remain submerged in their corresponding solution at 20 + 2°C.
The total duration of the cycles is 15 days. The first cycle begins with the test specimens
completely dried.
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2.4.1. Compressive strength after accelerated aging

The compressive tests were carried out on the 20 specimens previously subjected to drying-
wetting cycles (five HDC and five yHDC specimen x two environments). The specimens were
tested at 43 days of age (28 days of curing + 15 days of drying-wetting cycles). Times are identical
for both HDC and pHDC. The testing methodology is the same as that explained in section 2.3.1.

2.4.2. Mass variation

The weight of the 20 specimens subjected to accelerated aging was measured after each
drying-wetting cycle. After each drying cycle, the test specimens were cooled to room
temperature before being weighted. After each wetting cycle, the test specimens were dried
superficially with a wet cloth, to obtain the saturated surface dry (5SD) weight. The evolution of
the dry and saturated weights (w,.) was obtained through the series of measurements and was
expressed in terms of the relative weight variation (w,,;) to the first dry and saturated weights
(w;), respectively, according to Eq. (2). The mass gain/loss trend was determined from these
values.

Wiel = HEM [g/g] (2)

wi

2.4.3. Ultrasonic pulse velocity test during accelerated aging

This method was conducted on 10 specimens (five uHDC specimen x two environments)
subjected to drying-wetting cycles. The tests have been carried out after each drying and wetting
cycle, in direct transmission, as explained in section 2.3.2.

3 Results
3.1.  Physical properties
Table 4 shows the physical properties of the HDC and uHDC.

Table 4. Physical properties of the HDC and uHDC.

Apparent Bulk specific Bulk SSD Open Water
Specimen specific gravity gravity specific gravity Porosity absorption
[g/cm?] [g/cm?] [g/cm?] [% vol.] [% wt.]
HDC 3.8 4.3 3.97 9.8 2.53
uHDC 3.71 4.43 3.88 16.2 4.36

3.2.  Heating cycles
3.2.1. Ultrasonic pulse velocity test after heating cycles
Fig. 4 (left) shows the evolution of the ultrasonic pulse velocity for the different heating

cycles and for both types of specimens, HDC and pHDC. Fig. 4 (right) shows the correlation
between both specimens.
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Fig. 4. Ultrasonic pulse velocity for HDC and uHDC after undergoing heating cycles (left) and
correlation (right).

3.2.2. Compressive strength after thermal cycles

iError! No se encuentra el origen de la referencia. (left) shows the evolution of the
compressive strength after subjecting the unscaled and scaled specimens to heating cycles and
iError! No se encuentra el origen de la referencia. (right) shows the relationship between HDC
and pHDC specimens.
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Fig. 5. Compressive strength for HDC and uHDC as a function of temperature during heating cycles
(left); correlation between the strength of HDC and uHDC (right).

3.3.  Accelerated aging
3.3.1. Compressive strength after accelerated aging

Table 5 shows the results obtained from the compressive tests after exposing the samples to
drying-wetting cycles.

Table 5. HDC and uHDC compressive strength [MPa] after drying-wetting cycles.
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Concrete: HDC puHDC
Control 47.05 52.36
Sea water 46.15 73.14
Sulphates 46.58 70.18

Mass variation

Fig. 6 (left) shows the mass variation of unscaled and scaled specimens subjected to drying-
wetting cycles in seawater and Fig. 6 (right) shows the evolution of mass on pJHDC and HDC
specimens subjected to drying-wetting cycles in a 5% wt. K2504 solution. In Fig. 7 the correlation
between both types of specimens is shown, both for seawater and for sulphates solution.
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Fig. 6. Mass variation under wetting-drying cycles in seawater (left) and sulphates (right).
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Fig. 7. Mass correlation between scaled and unscaled specimens for seawater (left) and

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

Fig. 8 shows the evolution of the ultrasonic pulse velocity through the specimens subjected
to drying-wetting cycles in the two aggressive solutions for uHDC.
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Fig. 8. Ultrasonic pulse velocity for uHDC after drying/wetting cycles.

4 Discussion
4.1.  Physical properties

Both types of specimens have high apparent density (Table 4), close to 4 g/cm? which makes
them appropriate to be used in structural elements for gamma radiation shielding. The specific
gravities are similar for both types of concrete. Water absorption is low compared to porosity due
to the high density of the concrete.

The most noticeable difference between the two specimens lies in the porosity: while HDC
has a porosity close to 10%, in pHDC this value rises to 16%. The same effect occurs for water
absorption; whose value depends on the volume of accessible pores. This is due to the larger
amount of filler particles below 64 um in pHDC than in HDC and the consequent increase in the
specific surface of the aggregates. In addition, it is easier to saturate internal pores in pHDC than
in HDC, due to the seven times higher specific surface of the former.

4.2. Heating cycles
4.2.1. Compressive strength after thermal cycles

Both types of specimens show a progressive loss of strength with rising temperature (Fig. 4
left). HDC specimens lost 15% of the initial strength for a temperature of 300°C; then, a strong
process of continuous loss of strength occurs until the final temperature of 1000°C. After heating
cycles, microcracks appeared in the material due to the different expansion coefficients of
aggregates and paste, the drying of the C-S-H gel and the decomposition of hydration products
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such as portlandite; all these processes reduced the residual compressive strength of concrete by
75% at 1000 °C.

The yHDC specimens show a slightly different behaviour. In the range between 100 and
300°C, compressive strength increased by almost 8%, a phenomenon previously reported in
conventional concretes [45,46] which is a result of the late hydration of the non-hydrated cement
grains due to the circulation of water vapour [47]. This type of hydration appears to be more
likely in pgHDC than in HDC because of the shorter moisture migration paths and higher porosity.
uHDC lost 45% of its strength between 300 and 700°C. Between 700 and 1000°C strength slightly
increases because of the sintering mechanisms that occur preferentially in yHDC due to its lower
grain size [48].

Comparing the two types of specimens, jError! No se encuentra el origen de la referencia.
(left), a slight size-effect still remains, despite the use of scaled aggregates [1]. For exposure
temperatures lower than 700°C, an experimental average scale factor of 0.95 can be established
(this factor may depend on strength [49]. jError! No se encuentra el origen de la referencia.
(right) shows a strong linear relationship between the strength of HDC and pHDC.

The concretes, both standard and scaled, show a very similar behaviour up to 800°C, jError!
No se encuentra el origen de la referencia. (right). The obtained values can be related according
to:

_ £-0.045

f= 0.91 ®)

where fis the compressive strength of standard specimens and f"is the compressive strength
of the scaled specimens. However, concretes subjected to 1000°C show different behaviours. The
test specimens of different size are affected in different way after exposure to high temperatures.
The observed differences are accentuated at 1000°C because the exposure temperature has
affected more the smaller test specimens. High temperature causes an increase in the compressive
strength due to a more resistant structure as consequence of the sintering of the magnetite
(~1000°C)[48].

4.2.2. Ultrasonic pulse velocity test after heating cycles

Both types of specimens Fig. 4 (left) show a similar trend but the changes for uHDC are more
pronounced. These differences in pulse velocity suggest the existence of slight size effects. HDC
specimens suffer lower variability because heating affects its voluminous structure to a lower
degree, a fact that confers greater thermal inertia and stability against thermal intensities of equal
magnitude. In the curve for uHDC, two regions of velocity increase are shown; the first one takes
place between 100°C and 300°C and corresponds to the late hydration of cement, explained
before; the second zone corresponds to the sintering of the magnetite (~1000°C) characterized by
an increase in grain size and material compactness [48]. The differences in pulse velocity observed
at 500°C are presumably a consequence of different levels of decomposition of hydration
products, that take place earlier at smaller specimens, uHDC. Fig. 4 (right) shows a relatively
high correlation between the two scaled specimens.

4.3.  Accelerated aging
4.3.1. Compressive strength after accelerated aging

The control specimens (untreated), which have remained in the furnace at 100°C during the
durability cycles, show a 10% higher strength for uHDC (Table 5). The immersion in salt solution
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for HDC specimens has little impact on their strength, which is reduced by around 2% -for
seawater-, a negligible variation, previously obtained by other authors after months of immersion
[50,51]. The aging on the pHDC increases the concrete strength due to a late hydration process
favoured by the presence of water. The salts have not yet interacted with the paste and the
crystallization of the salts in solution within the pores may have increased the pressure in the
pores according to the mechanism explained by Flatt [52]. This expansive pressure opposes the
compressive forces on the samples during the test.

The specimens subjected to drying-wetting cycles in seawater after heating cycles from 100
to 1000°C (105°C is the same temperature as in the drying cycles) show a particular behaviour
when compared to the heating cycle effects of section 3.2. At 100°C, the specimens slightly
increase their strength, because at 43 days of age (28 + 15 for cycles) a larger number of cement
grains have been hydrated. After a visual analysis Thomas et al. [53] found that concrete does not
show any signs of deterioration or degradation after wet—dry cycles or wetting—drying cycles to
105 °C. At 300°C, a slight strength increase is obtained and, at 500 and 700°C, a large loss due to
the decomposition of the C-S-H gel.

4.3.2. Mass variation

Fig. 6(left) shows the mass variation of unscaled and scaled specimens subjected to drying-
wetting cycles in seawater. For tHDC, there is a relatively high mass increase in cycle 15 of
around 1.5% wt. for the dry and wet weights. In both cases, linear fittings were used to model the
evolution of mass variation. Some authors [50] consider that this mass gain in the paste is
associated with capillarity absorption of water during the cement hydration accompanied by the
change in the concrete structure over time. This hydration generates more C-5-H, which has a
large specific surface and absorbs more water. The increase in mass may also be due to the
precipitation of salt both on the surface of the specimen and in the pores [51], whose effect will
be greater in uHDC than in HDC specimens since they have a higher specific surface. This effect
of mass gain should end when the test piece becomes saturated. A scanning electron micrograph
of one of these specimens after the ageing process is shown in Fig. 9.

In contrast, HDC samples show a loss of mass of around 1% wt. in cycle 15 for the dry and
wet weights. This slight variation, which was modelled through a linear fitting, may be due to
the material detached from the specimen, as is shown in Fig. 6 (left). HDC specimens cannot
absorb as much fluid as the micro-concretes because the immersion time is the same and pore
paths are much longer, so the salt assimilation will be much smaller. As in micro-concretes, the
dry weight shows a variation similar to that of the wet weight throughout the cycles, although in
the comparison between both specimens, the total variation is higher in micro-concretes, as
would be expected.
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! Electron Image 1

2mm ®

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

puHDC specimens in K2SOs solution (Fig. 6)display a very significant mass gain of ~4% wt. in
cycle 15 for the dry and wet weights is observed. This gain, which had already been reported
previously [50] is also appreciated to a lower degree, 0.4% wt., in HDC specimens; the effect is
less pronounced since HDC samples have smaller specific surface area and larger pore structure.
This mass increase can be explained analogously to the argument exposed previously, based on
the larger amount of salt precipitated. This precipitation may be greater because of the
interactions between the sulphate ions and the paste, producing a lower cohesion among the
products of the cement hydration, expansive gypsum and ettringite [54] that generate a greater
circulation surface and therefore greater deposition for the chloride solution. In Fig. 7 the
correlation between both types of specimens is shown, both for seawater and for sulphates
solution, obtaining a moderate correlation [55] in any case.

In summary, for both exposure environments, it is observed that the dry weight shows a
greater initial variation. This is because the first dry weight has been made with the specimens
completely dry. Also, for both types of specimens, a greater mass increase in sulphates than in
chlorides can be observed and this increase is greater in scaled specimens because more specific
surface implies that the particles of salts that adhere in the specimen provide more relative
weight.

iError! No se encuentra el origen de la referencia. shows the evolution of the dry mass for
the test specimens that have been subjected to heating cycles before undergoing drying-wetting
cycles. The trend for all the tested temperatures is a gain of mass from 1% to 3.5% to cycle 13. As
the temperature to which the specimen has been subjected increases, the mass gain is greater.
This is due to the volumetric expansion produced by heat, the degradation of the paste due to the
dehydration of the hydration products, and to the flaws and discontinuities propitiated by both
causes, which allow a greater quantity of solution to penetrate and deposit in the pores. The
specimens subjected to the highest temperature do not follow the previous rationale, since upon
reaching the sintering temperatures of the magnetite (1000-1100 °C) the mineral grains have
partially melted, increasing the shrinkage and reducing the concrete porosity significantly [48].
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4.3.3. Ultrasonic pulse velocity test during accelerated aging

Both in sulphate and seawater solutions, a linear velocity increase is observed during the
first 15 cycles, increasing by 5% and 10% correspondingly (Fig. 8). This increase is due to the fact
that the concrete continues being hydrated within the testing solution, as has already been
justified by Tsivilis [56], who obtains gains in the ultrasonic pulse velocity up to a month and a
half after the beginning of the solution exposition. This gain is directly related to the gain of mass
through the cycles. This is demonstrated by the fact that the weight experienced a gain of 2% in
the case of seawater and 3.5% in the case of sulphate dissolution. It is observed that this mass
increase is proportional to the pulse velocity increase, higher in the case of sulphates due to a
greater salt precipitation in the porous surface of the specimens. On the other hand, the mass loss
effect caused by the interactions between the salt and the matrix is still inappreciable because the
process is still in its early stages.

Fig. 8 (right) shows how temperature affects the concrete durability, A generalized tendency
of the increase in the pulse velocity is observed, but this gain level and the velocity values in the
first cycle, depend on the exposure temperature of the specimen. In cycle 1, it is verified how the
temperature negatively affects the pulse velocity, as already explained at the beginning of the
section. The running of the cycles leads to an additional hydration of the binder but also to a mass
increase propitiated by the salt deposition on the surface of the specimens. Both arguments justify
an increase in the pulse velocity, but this increase is greater in specimens subjected to higher
temperatures because the initial level of micro-cracks and discontinuities (and consequently the
saturation of the pores with salt crystals over the cycles) is larger. The propagation velocity of all
the specimens tends to become equal; this equalization shows the relation of this property with
the durability of any concrete.

5 Conclusions

High-density concretes for radiological shielding show singularities. There is little previous
research to analyse the effect of high temperatures on their durability. This research provides
relevant information regarding this point. It has been demonstrated that these concretes can be
characterized using scaled specimens up to certain temperatures. From the analysis of the results
obtained, the following conclusions and recommendations can be drawn:

Scaled and unscaled specimens have a similar bulk specific gravity, but the micro-concretes
show an absolute porosity 6% higher due to having a less homogeneous fines fraction.

The compressive strength of both types of specimen significantly decreases with the increase
in temperature, although the micro-concretes show a greater absolute resistance, and a greater
loss with the increase in temperature due to their lower thermal inertia. Sintering reactions are
easier to reach in micro-concretes, increasing their compactness and strength at 1000°C.

The mass variation in drying/wetting cycles is greater in micro-concretes since they have
shorter migration paths and higher porosity, which facilitates a greater salt deposition rate.
Exposure to high temperatures generates more discontinuities, accentuating this behaviour.

The ultrasonic pulse velocity reduces with the temperature and this decrease is more
accentuated in micro-concretes in an analogous behaviour to compressive strength. As a greater
number of drying-wetting cycles is reached, the ultrasonic pulse velocity increases, and tends to
equalize for all exposition temperatures, due to the saturation of salts in the pores.

Relatively high correlation levels have been found for micro-concretes and unscaled
specimens in compressive strength and ultrasonic pulse velocity after exposure to high
temperatures, while correlation values for the mass variation after drying-wetting cycles are
relatively poor.
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