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INTRODUCTION

water to binder ratio (w/b). This results in an increased significance of autogenous shrinkage and. subsequently. the

formation of inner microcracks in the case of HPC. As Aitcin [1, 2] states with respect to Powers [3], water reacts
with Portland cement in two ways: 1) Chemically, water reacts with Portland cement to form C-S-H gel. Portlandite, and
other hydration products. 2) Physically, water forms the so-called “gel water”. In this process, water molecules are physically
bonded to hydrates, but the water does not react chemically.

T he main difference between usual and high-performance concrete (HPC) is a low water to cement ratio (w/c) ot
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During the hydration process, the absolute volume of the hardened cement paste is reduced. This results in the concrete
becoming more porous. with a volume of approximately 8 % pores [1-3]. Some of the pores form narrow capillaries. At an
early stage of the hardening process, capillaries are completely saturated with mixing water. However. if the mixing water is
consumed during the hydration process, some of the capillaries will dry out or simply remain empty. The water in these
capillaries forms a meniscus and evokes attractive forces on the capillary walls [4]. As the water in concrete is consumed
during cement hydration, only capillaries with a smaller radius remain filled with water, which leads to a reduction in the
radius of the meniscus and an increase in the attractive forces. This phenomenon is ongoing during the drying process,
which constantly reduces the water in the capillaries and meniscus radii. This also results in increased attractive forces, thus
causing self-desiccation shrinkage, which results in the contraction of the cement paste volume. Microcracks arise as a
consequence of this phenomenon. The secondary effect of this phenomenon is that cement hydration stops due to the lack
of water. This process of cement hydration with microcrack formation is shown in Fig. 1.
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Figure 1: Schematic illustration of cement hydration process with capillary water.

As Jensen and Hansen stated [5], when the water to cement ratio (w/c) is equal to or greater than 0.42, concrete contains
enough water for cement hydration and capillary filling. The volume contraction is minimal. On the other hand, when the
w/c ratio is below 0.42, the stress from menisci in the fine capillaties causes shrinkage of the hardened cement paste.

The HPCs have a w/c < 0.42, which leads to a notable effect of self-desiccation. This is the main difference between usual
concrete and HPC. The shrinkage can be mitigated using shrinkage reducing admixtures, which reduce the surface tension
of water (pore solution) in the menisci and the attraction forces in the fine capillaries [6]. On the other hand, internal curing
could be used to solve this problem. The internal curing of concrete is carried out using soaked porous aggregates. which
provide additional water to the HPC mix. Mixing water is consumed during hydration and is replaced with water from the
porous aggregates. More cement particles are able to hydrate and the effect of self-desiccation is also reduced [7, 8].

In this paper, concretes with water to cement ratios of 0.50. 0.40. 0.30 and 0.20 were prepared and their long-term
mechanical properties were measured. Porous light-weight aggregates (LWA) in dosages of 10% and 20 % were used for
internal curing as a partial replacement of fine aggregates in some of the concrete types. Two curing conditions were studied
i.e., specimens cured under water and specimens wrapped in foil. Foil prevents water exchange with the environment. The
strengths were measured at the ages of 28. 91. 365 and 720 days.

EXPERIMENTAL PROCEDURE

n this section, we present the composition of the mixtures studied, with a focus on the different water to cement ratios.
Next, we briefly present the testing procedures used to obtain mechanical and fracture properties. This is followed by
a brief introduction to frost resistance testing.
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Composition of Mixtures

Concretes with water to cement ratios w/c = 0.50. 0.40. 0.30 and 0.20 were prepared to measure the long-term development
of mechanical properties. Sand 0/4 mm and crushed granite 4/8 mm were used as aggregates. A polycarboxylate based
superplasticizer was used to enhance of (the)workability of the mixtures. Light-weight porous water saturated aggregates
(LWA) — expanded clay — were used for internal curing in some of the concrete mixtures. The mixture compositions are
presented in Tab. 1.

w/corw/b 0.50 0.40 0.30 0.30 0.30 0.20 0.20
Crushed LWA [%] 0 0 0 10 20 0 10
CEMI425R [kg] 450 450 450 450 450 650 650
Silica fume [kg] 0 0 0 0 0 70 70
Ground limestone [kg] 0 0 0 0 0 80 80
Water [kg] 225 180 135 135 135 150 150
Superplasticizer [kg] 1.5 9 11 11 11 30 30
Sand 0/4 mm [kg] 990 1050 1110 930 740 885 740
Crushed ag. 4/8 mm [kg] 700 740 780 780 780 610 610
Crushed LWA 0/4 [kg] 0 0 0 86 172 0 71

Table 1: Composition of studied concrete types per 1 m?.

In some of the concrete types, 10% and 20 % of the total volume of aggregates were replaced with LWA fraction 0/4. i.c.
only sand was partially replaced with light-weight aggregate Liapor® D 0/4 500. The absorption of the LWA was measutred
and it was 33 %. This is different from the value given by the producer — 15 %. The absorption had to be measured in
accordance with EN 1097-6 [9] together with the volume density of the LWA with a result of 1260 kgm-3.

The fraction Liapor® D 0/4 500 is a waste product from the production of a larger fraction of this aggregate. The reason
for using crushed fine LWA is its high absorption and the possibility of uniform distribution of the grain of soaked LWA
particles in hardened cement paste. This is done to increase the possibility of internal curing of the HPC mixture.

Prior to mixing. the accurate dosage of dry LWAs was put into the container with the water dosage. Additional water to the
mass of 80 % from the mixing water (from Tab. 1) was added into the container. The LWAs were left in the container to
absorb water for 48 hours before mixing. The soaked LWAs were put into the mixer and the container was washed with
the remaining mixing water to achieve the right amount of soaked LWAs in the mixer. In this way, fully soaked LWAs and
the current volume of water cotresponding to the w/b ratio was moved into the mixer. All types of aggregates used ate
presented in Fig. 2.

iz 13 4 15 % 17 15 1

9 10

® ©
Figure 2: Compatison of used aggtegates — (a) fine natural aggregate sand 0/4. (b) — expanded clay fine aggregate Liapot® D 0/4 500
and (c) — crushed aggregated high-quality granite 4/8.

265



4
r’(;'
V. Bilek et alii, Fracture and Structural Integrity, 71 (2025) 263-272; DOI: 10.3221/IGF-ESIS.71.19 4

The original aim of this study was to compare the strength development of concrete with different water to cement ratios
w/c and the effectiveness of internal curing in the case of HPC. However. in order to achieve good workability in the case
of HPC with w/c < 0.30, some mineral admixtures were used as part of the binder. The first admixture was white silica
fume. which enhances workability and reduces the stickiness of the mixtures. The other was ground limestone. The mixture
design of the used concrete with w/b = 0.20 can be found in [10].

Mixing and testing procedures

The concrete mixtures were mixed in a laboratory mixer, the batch volume was 20 litres. The mixing time was 3 minutes
for the concrete type with a w/c higher than 0.20 and 6 minutes for the concrete with w/b = 0.20. As the maximum size
of aggregates was only 8 mm. prisms 40 x 40 x 160 mm?3, were selected for bending strength measurements while prism
fragments were used for compressive strength tests in accordance with EN 196-1 [11]. Additionally. 100 mm cubes were
made to test compressive strengths. Prisms 80 x 80 x 480 mm? were prepared for testing fracture properties.

Moulds with concrete were covered with polyethylene (PE) foil for 24 hours to avoid evaporation of water. After
demoulding, half of the specimens were fully wrapped with PE-foil to avoid the exchange of water with the environment
and the other half of the specimens wete stored in water at a temperature of (20 £ 3)°C. Compressive and bending strengths,
dynamic modulus of elasticity and fracture toughness were measured at the ages of 28. 91 and 365 days. The modulus of
rupture, i.e. the tensile strength after bending measured on notched beams during fracture tests. was also calculated. Fracture
properties and static modulus of elasticity are discussed in other papers [12, 13].

Frost resistance testing
Frost resistance of concrete can be evaluated using the frost resistance index - Iresr. This is expressed as follows:

= property of frosted .92‘)65276%& <100 [ o /O] 0
property of reference specimens

The frosted beams are subjected to freezing and thawing (F&T) cycles. In accordance with Czech norm CSN 73 1322 [14]
one cycle represents 4 hours in a freezer at -20°C followed by 2 houts in water at +20°C. In this paper, we have selected
125 F&T cycles as sufficient. If frost resistance index Irest, exceeds 75% after a relevant number of cycles, i.e. 125, the
concrete is considered as frost resistant. Beams of 100 x 100 x 400 mm? are normally used to test frost resistance. In this
paper, beams of 40 x 40 x 160 mm? were used to reduce the mixture volume.

Bending and compressive strengths as well as (dynamic) modulus of elasticity, together with volume density, are considered
to be properties most frequently used in practical applications. These properties are measured on reference beams cured in
water or in some other way (in this case fully wrapped with PE-foil) and frosted beams.

RESULTS AND DISCUSSION

ratio and different curing methods see Tab. 2. Afterwards, the modulus of rupture is presented and discussed. Then,
the internal curing capability of LWA is presented — see Tab. 3 - and the results found are discussed. Lastly, the
frost resistance of the studied concrete and HPC is presented and discussed.

B elow we present measured compressive and bending strengths of concrete and HPC with respect to w/c or w/b

Compressive strength

Compressive strengths of the concretes are presented in Tab. 2 and Fig. 3. The differences between the foil and water cured
beams ate very small, but the foil wrapped specimens showed slightly higher values (for w/b < 0.5). This may be due to the
filling of the pores, especially in the surface layer, with water, which is non-compressible. This water can promote failure of
the specimens under compressive loading. In the case of concrete with w/c = 0.50 the concrete is sufficiently porous to
allow water to penetrate. The hydration is probably more complete, more cement grains are hydrated and the strength of
the water cured cubes is higher. However, the original assumption was different: concrete with w/c = 0.50 contains enough
water for a relatively complete hydration and there would not be significant difference between the strengths of foil-wrapped
and water cured cubes.
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Q

w/b = 0.20 w/c = 0.30 w/c = 0.40 w/c = 0.50
foil water foil water foil water foil water
Bndfing 28 days 13.3+05 17804 93*0.3 9.1+03 8.2+ 0.5 7.3+ 04 71 +02 7.3+ 0.1
B 91 days 10702 162*0.7 96*x05 91505 9.6*x03 9.5+ 0.5 7.3+03 -
[MPa] 365 days 128 +0.1 175*x11 11.0*x13 106*+x04 94+03 9.2+ 0.5 6.6 04 7.9+ 0.6
720 days 13.6 £0.7 16.7*x08 102+05 102+0.7 87x0.6 9.6 £ 0.5 7.4 % 0.6 8.7+t 04
. 28 days 136.6£3.1 1292432 786%x35 733+20 699%+36 641+t15 450*1.0 49.0%+39
Strength 91 days 135.9+3.6 135.4+41 832+34 864+29 778%x15 71.0+x39 51.0*x15 621+39
[MPa] 365 days 139.0£3.0 136.4%33 953*26 940*x1.8 81.7x37 803x34 498=*t16 63.9=x21
720 days 140.4+2.1 145.6£2.6 957*x3.0 899*+29 829x32 805%t31 498x35 667=*x12
Modulus 28 days 8.7+ 0.5 9103 7.0+ 0.7 6.7+ 04 6.4+0.7 5.9+ 0.5 53+ 0.7 52+0.2
of 91 days 9.7+ 04 - 6.7+ 0.2 - 59+ 03 - 5.3+ 0.1 -
rupture 365 days 8.5+ 0.2 9.6 £0.3 9.5+0.2 7.6 £03 7.9 +0.2 6.4 +02 6.3 %03 55+0.2
[MPa] 720 days 9.2 +0.4 103+05 89+04 7.8 +04 8.2+ 0.6 71+03 655+05 595+0.3

Table 2: Values of mechanical properties. Arithmetic mean and standard deviation from three measured values, respectively from 6
values in the case of compressive strength.
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Figure 3: Measured compressive strength of concretes with different w/b cuted in foil or in water at vatious ages a) 28 days. b) 91 days.
¢) 365 days. and d) 720 days.
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Bending strengths

The results are even more surprising than for compressive strengths.

Fig. 4 shows three-point bending strengths of the prepared concretes. Concrete with a lower w/c value could show a water
deficiency and (micro)cracking of the hardened cement paste, due to self-desiccation. However, the development of bending
strength does not show this. Foil-wrapped specimens show the same or higher values than water cured specimens in the
case of w/c = 0.30 and 0.40. Probably the water deficiency and (micro)cracking is not critical in the case of these w/c. HPC
with w/b = 0.20 shows the expected development. water curing enhances bending strengths. Water was not able to penetrate
inside, the volume density of water cured and foil wrapped specimens are nearly the same. However, better surface layer
properties are likely to influence the bending strength values.

The lower strengths of the prisms stored in water may be the result of swelling of the C-S-H gel. Another reason for the
lower strengths of the samples treated in water may be the redistribution of bonds in the C-S-H gel and the weakening of
Ca-O bonds and H-bonds, as discussed by Hou et al. [15, 16].
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Figute 4: Three-point bending strengths of conctetes with different w/b cuted in foil or in water at vatious age a) 28 days. b) 91 days.
¢) 365 days. and d) 720 days.

Modulus of rupture

As the bending strength can be especially affected by the properties of the concrete surface, the modulus of rupture, which
is bending strength tested on the notched beams during the fracture tests, reflects the properties of the central area of the
cross section of the prisms. The measured values of the modulus of rupture at different ages are presented in Fig. 5. At 28
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days of age, there are only minor differences between water and foil cured specimens when w/b = 0.20. At the age of 91
days only foil-wrapped specimens were measured. The strength of the concrete with w/b = 0.20 increased slightly, but the
strengths of concrete with w/c = 0.30 and 0.40 decreased slightly. The decrease may be due to water deficit and self-
desiccation shrinkage. Nonetheless, all of the measured values of the modulus of rupture increase significantly at the ages
of 365 and 720 days. In the case of concrete with w/b = 0.20 it is likely that water can penetrate the concrete during long
water curing.
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Figure 5: Modulus of rupture of concretes with different w/b cured in foil or in water at various age a) 28 days. b) 91 days. ¢) 365 days.
and d) 720 days.

Effect of internal curing for concrete with w/ ¢ = 0.30

Concerning the compressive strengths, the concretes with LWA do not reach the same compressive strengths as the
concretes with aggregates of high quality (natural siliceous sand). The compressive strength of the concretes decreases with
increasing aggregate replacement, see Tab. 3 and Fig. 6. Some potential of hydration enhancement due to water from
saturated aggregates is not sufficient to increase compressive strength.

The situation is different for bending strengths. Concrete with the replacement of 10 % of natural sand with LWA shows
similar values as the reference concretes. In this case, the number of microcracks is probably reduced and this effect will
outweigh the effect of the poorer quality of LWA. The replacement of 20 % decreases the bending strengths — the effect of
the inferior quality of LWA probably exceeds the effect of the additional water responsible for hydration.
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w/c =030 w/b = 0.20

0% LWA 10 % LWA 20 % LWA 0% LWA 10 % LWA

bending 28 days 93+03 9.7 0.1 79402 13.3£05 11.9 £ 0.4
strength 91 days 9.6+ 0.5 9.6 0.2 8.6+ 0.2 107 £0.2 104 £ 0.4
[MPa] 365 days 11.0 +1.3 107 +0.3 9.740.7 128 +0.1 102+ 0.5
Compres. 28 days 78.6 + 3.5 68.5 + 0.4 59.8 + 0.4 141.8 + 0.3 1295+ 22
Strength 91 days 83.2+ 3.4 76.0 + 0.4 65.8 1.0 1445+ 1.3 146.6 + 1.3
[MPa) 365days 953 +2.6 88.3 + 1.9 81.8 13 14588429 1495+ 438

Table 3: Bending strengths and compressive cube strengths of concretes with LWA. Arithmetic mean and standard deviation from
three measured values
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Figure 6: Measured compressive a) and b) three-point bending strength of conctete mixtures with w/b = 0.30 and with partial
replacement of 10 % and 20 % of natural sand with LWA.

Effect of internal curing for concrete with w/b = 0.20
The internal curing of the concrete with w/b = 0.20 shows slightly different trends than the other mixtures. The measured
compressive and flexural strengths of the concrete with LWA are presented in Fig. 7.
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- o
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Figure 7: Measured a) cube compressive and b) three-point bending strength of concrete with w/b = 0.20 and with partial replacement
of 10 % of natural sand with LWA.

In this case the compressive strength is not affected at the ages of 91 and 365 days. the concretes with LWA show the same
values as the reference concrete. It is interesting to note that at the age of 28 days the measured strength of the internally
cured specimens is lower than that of the reference specimens. A different tendency was expected. On the other hand, the
development of the bending strengths does not agree with the general assumption.
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The reference specimens show higher strengths, especially at the age of 365 days. The decrease of values between 28 and
91 days can be explained by the formation of microcracks due to self-desiccation. However, the increase of strengths at the
latter age of the reference concrete and the constant strength of the internally cured specimens is unexpected. Probably the
amount of LWA is not optimal.

Frost resistance

Contrary to the previous results, all concretes without self-curing show poor frost resistance, Irest < 75 %. In the previous
investigation, beams with a cross-section 100 x 100 mm were used and similar concretes made from ordinary Portland
cement with w/c = 0.40 and 0.30 showed satisfactory Irer. In the case of larger specimens. some surface cracks are probably
not as significant as in the case of beams with a cross-section of 40 x 40 mm. The results of frost resistance are presented
in Tab. 4. Frost resistance indexes are expressed in terms of volume density (Iip), compressive strength (I) and bending
strength ().

w/c = 0.50 w/c = 0.40 w/c = 0.30 w/c = 0.30 w/c = 0.30 w/b = 0.20 w/b = 0.20

0 % LWA 0 % LWA 0 % LWA 10 % LWA 20 % LWA 0 % LWA 10 % LWA
foil ~water foil water foil water foil water foil water foil water  foil  water

LIp 98 97 100 99 100 100 100 99 101 98 100 100 100 100
I 14 23 29 34 59 89 96 97 96 85 120 95 129 87
I, 47 33 68 99 87 96 101 96 108 45 97 100 100 94

Table 4: Frost resistance of concretes at the age of 365 days.

Concrete with w/c = 0.30 at the age of 28 days shows better frost resistance in the case of water cured beams. This is
consistent with the assumptions. In the case of foil-wrapped specimens, surface microcracking due to self-desiccation
shrinkage, may reduce the frost resistance of foil cured beams, particularly in terms of bending strength. The good frost
resistance of foil cured concrete with w/c = 0.30 and 10 % or 20 % LWA is recorded. In this case, the internal-curing of
microcracks was probably quite effective and also the water during storage of the specimens in water between freezing can
help to heal surface microcracks.

All specimens with w/b = 0.20 show a high frost resistance index and good frost resistance. The frost resistance indexes of
the foil-wrapped specimens concrete without and with LWA are nearly identical. The same is true for water cured specimens
with and without LWA. This means that LWA doesn’t have a negative effect on the frost resistance of high-performance
concrete.

CONCLUSIONS

at various ages of curing. The HPC mixtutres of w/c = 0.3 wetre mixed with light-weight aggregates (LWA) to increase
the possibility of internal self-curing of the mixture. In addition, the mixtures with w/b = 0.2 were mixed using mineral
admixtures as a partial replacement of Portland cement.
Two curing conditions were studied: 1) concrete samples were left in water and 2) concrete samples were wrapped in PE-
foil to prevent water exchange with the environment. Under these curing conditions, compressive strength, flexural
strengths and the modulus of rupture were measured according to European standards at different ages. The selected
concrete ages were 28, 91, 365 and 720 days.
Internal curing of the concrete with w/c = 0.30 was not effective in terms of strength. The strengths decrease as the high-
quality sand is replaced by low strength LWAs. On the other hand - internal curing can improve the frost resistance of HPC
even though LWA reduces the bending and compressive strengths.
In the case of concrete with w/b = 0.20, the effect of internal curing was quite positive. Strengths and frost resistance were
comparable with concrete without LWA.
Further experiments with concrete with water to binder ratio 0.20 will be necessary to record a positive effect of the soaked
LWA on the mechanical properties. Research continues with the replacement of the expanded clay aggregates by recycled
concrete or construction demolition waste.

I n this study, various mixtures of high-performance concrete (HPC) with different water to cement ratios were studied
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