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Abstract: The aim of this paper is to determine the short-term and long-term mechanical properties
of lightweight concrete with sintered aggregate. The ecological aggregate comes from recycling ashes
from power plants, which yield granules after processing. The research was planned based on two
concrete mixes. A series of strength and rheological tests was carried out in the Building Structures,
Geotechnics and Concrete Laboratory of the Building Research Institute (ITB). As a result of these
tests, the following parameters were determined: secant modulus of elasticity and cylindrical
strength of concrete, cubic strength of concrete, axial tensile strength, tensile strength at splitting,
flexural strength and concrete strains due to creep and shrinkage. An unusual process of
development of the modulus of elasticity was observed. Despite this, floor slabs designed from the
discussed concrete show slight deflections compared to slabs made of plain concrete. It turns out that
the current standard models correctly approximate the results of rheological tests in the case under
consideration. Knowledge of the tested parameters is necessary when designing prestressed
structures and adopting proven values for static calculations when designing complex structures,
including prestressed elements made of discussed lightweight concrete with sintered aggregate.

Keywords: lightweight aggregate concrete; lightweight sintered aggregate; short-term tests;
rheological tests

1. Introduction

The issue of using concrete with lightweight sintered aggregate (LSA) for prestressed concrete
structures has been the subject of the works by many authors in recent years. Basically, lightweight
concretes constitute a group of materials with different properties. Thanks to the use of light concrete
with sintered aggregate as a material that guarantees the reduction of the dead weight of the structure
while maintaining the required strength properties of concrete, it turns out that in prestressed
structures, an additional capacity and deflection reserve is obtained. Due to its properties, lightweight
aggregate concrete (LWAC) has been widely applied in the construction industry, including high-
rise buildings, prefabricated structures, bridges and oil platforms.

However, lightweight aggregate concrete is still a problematic material for use in construction.
Currently, there are not many standards for testing lightweight concrete. There is little knowledge
about such materials, and the lack of research discourages designers from using them in projects.
Therefore, reliable testing of the rheological properties of the concrete under consideration is a
prerequisite for these new applications.

The main raw material for aggregate production is the ash from the combustion of hard coal in
fine coal boilers [1] in power plants. As a result, the final product comes from recycling ashes, which
provides a granulate from which the aggregate is produced after processing. As a recycled product,
it can be considered environmentally friendly. In addition, the sintering process makes the aggregate
less absorbent and frost-resistant. Lightweight aggregate with high strength is manufactured
according to domestic technology. It is created as a result of high-temperature sintering (1000-1200
°C) of properly prepared anthropogenic minerals under controlled conditions, followed by

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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fractionation and possibly crushing. The sintered aggregate and the fresh concrete mix with this
aggregate are shown in Figure 1. Since lightweight concretes are a group of materials with various
properties, their mechanical behavior requires careful verification. Lightweight concretes are
characterized by greater structural homogeneity than plain concretes, resulting from the tight
construction of the contact zone between the grout and aggregate. This ensures, among others, the
regular grain shape of artificial aggregates.

(b)

Figure 1. Lightweight sintered aggregate: (a) The aggregate; (b) Concrete mix with this aggregate.

Due to the different structures, lightweight concretes usually behave differently under the load
and show a different failure mechanism compared to plain concretes. The tests [2] showed that for
concretes with aggregate made of ashes, the straight-line course of the o—&relationship reaches up to
90 % of the ultimate stress. In concretes with lightweight aggregate, the high elastic energy stored by
them during the loading causes rapid propagation of cracks, which irreversibly leads to sudden
destruction of the material. However, the first load cracks appear only when the load-bearing
capacity is exhausted about 85-90 %. In the case of plain concretes, the destruction usually occurs in
the contact zone of the aggregate with the grout. In lightweight concretes, the failure crack usually
runs through the aggregate because in these concretes, the aggregate is the weakest element of the
composite structure. Therefore, lightweight concretes are more brittle. With the same proportions of
the components of the mix of plain and lightweight concrete, in the case of lightweight concrete, an
increased cement class is required to obtain the same strength class. In the case of lightweight
concrete, the strength is influenced by the same properties as in the case of plain concrete, i.e. W/C
ratio, cement content and age of the concrete. Nevertheless, due to the high absorption of mixing
water by the aggregate, it is difficult to estimate the total effect of the W/C ratio on the value of
concrete compressive strength. The Young's modulus of concrete, which is a two-component
composite, depends on the parameters of both the aggregate and the grout, their volumetric shares
and mutual adhesion. Due to the lower density compared to plain concrete, lightweight concrete is
also characterized by a lower secant modulus of elasticity.

Significant publications and monographs on the properties of concrete with lightweight sintered
aggregate of the considered type, resulting from research conducted, among others, by the IMiKB
laboratory of the Cracow University of Technology, have been published since 2016 [2-16]. The
purpose of these tests has been to determine the mechanical properties of concrete, i.e. the
compressive strength, tensile strength and modulus of elasticity, as well as to determine the
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development of the shrinkage and creep of concrete. The results of these tests show that relatively
high compressive strength of concrete can be obtained without much difficulty, so it can be used in
prestressed structures. The results of these tests also indicate a low creep coefficient of lightweight
concrete with sintered aggregate. The works by Szydlowski et al. [9,11-16] are an important
contribution to the basics of designing prestressed concrete structures made with the use of
lightweight sintered aggregate. The monograph [2] presents the state-of-the-art for structural
lightweight concretes. The main part of this monograph is a description of structural lightweight
concrete properties with respect to their complex modelling. The work also discusses the possibility
of modification of lightweight concrete properties with admixtures, additives, polymers, and fibers.
The article by Mataszkiewicz and Jastrzebski [17] presents the research results assessing the
possibility of making lightweight self-compacting concrete from local sintered fly-ash aggregate.
Previously, Kaszynska and Zielinski [18] studied the effect of lightweight aggregate on minimizing
autogenous shrinkage of self-consolidating concrete.

The influence of various properties of lightweight aggregates (physical, chemical, etc.) on the
mechanical properties of concrete made using these aggregates has been described based on
extensive experimental studies, among others, in the works [19-23]. Shrinkage phenomena of LWAC
concrete, including shrinkage cracks, were analyzed in a number of papers, including [24,25], and
[26], and the phenomenon of early thermal-shrinkage stresses resulting from the release of hydration
heat during the setting process of LWAC concretes was analyzed in the works [27-29]. The
simultaneous creep and shrinkage action on LWAC concrete has also been the subject of several
works, including [30-37]. A number of physicochemical analyses of LWAC concrete with aggregate
produced according to the LSA technology, along with comparisons in the scope of applications of
other lightweight artificial aggregates, were conducted by researchers from the Biatystok University
of Technology (cf. works [38-43]), the Wroctaw University of Sci. and Technology and Warsaw
University of Technology in Plock (cf. [44]) and also LSA (cf. works [45-47]). Extensive studies of
floor elements made using LWAC concretes with the discussed aggregate were conducted by
scientists from the L6dz University of Technology under the supervision of Urban (cf. works [48-53]).
Experimental investigations conducted at the £6dz University of Technology cover a wide range of
issues regarding the punching shear of flat slabs made of concrete with sintered aggregate [48-53].

The ITB Laboratory conducted research on various mechanical properties of lightweight
concretes with sintered aggregate [54,55], which concerned two kinds of concrete mixtures, due to
equipment limitations. There are many extensive publications on concretes with lightweight
aggregates, including a monograph [56]. This monograph presents in detail the properties of
aggregates and concretes based on ash aggregates and lightweight concretes. Around the world,
these materials are appreciated by both scientists and designers.

For this purpose, in the ITB Laboratory of Building Structures, Geotechnics and Concrete,
regardless of the conducted research on the short-term strength properties of the considered
lightweight concrete, the tests were carried out to determine the rheological properties of long-term
shrinkage and creep of concrete. A program was developed to test the strength parameters and
mechanical properties of lightweight concrete with sintered aggregate at appropriately selected
parameters of the concrete mix. The tests were planned for two types of concrete, assuming mixtures
analogous to those used in the works cited above [9,13]. Such robust experimental results are very
important for structural design. Knowledge of the discussed parameters is essential for the design of
complex engineering structures in accordance with current standards and, in particular, for the
adoption of proven values for the static calculation of prestressed lightweight concrete elements.
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2. Materials and Methods—Research Program

2.1. Materials for Concrete Mixes

The scope of work covers the determination of long-term mechanical properties of 2 lightweight
concrete mixtures with a special ceramic, sintered aggregate. Two concrete mixes with a water-
cement ratio (W/C) of 0.4 and 0.5, respectively, were made, using the components adopted in
accordance with Table 1 (see below). The mixes were prepared in the same way as in the work [9].
As a result of the tests, the compressive and tensile strength of the concrete, the secant modulus of
elasticity as well as the creep and shrinkage strains were determined.

Table 1. Concrete mixes analogous to the one in the paper [9].

Component LC1 Mix LC2 Mix
Volume [kg/m?3]

CEMI1425N 409 419

Lightweight sintered 775 802
aggregate Certyd

Sand 682 703

Water 164 209

Admixture BV 18 3.7 3.8

(plasticizer)

Admixture SKY 686 3.7 3.8

(superplasticizer)

2.2. Characteristics of the Aggregate Used for Lightweight Concrete

The aggregate used is a type of crushed aggregate with a fraction of 4/10. The manufacturer
determined the percentage composition of the aggregate fraction by the screening method before it
was allowed for testing. 96% was a fraction less than 9 mm, 45% was less than 6.3 mm, and the fraction
less than 4 mm was 3%. The dust content was 0.6%. In addition, the manufacturer provided the
following information on the aggregate prepared for testing: bulk density: 654.9 kg/m3, crushing
value: 6.5 MPa, water absorption: 18.4% after 24 hours, grain density: 1417 kg/m3. The design
gradation curve of the 4/10 aggregate is shown in Figure 2.
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Figure 2. Gradation curve of 4/10 aggregate.

2.3. Concrete Mixes

Two concrete mixes, LC1 and LC2, were prepared in the same way as in the paper [9]. Table 1
(given above) shows the recipe for the two types of concrete mixes used. The characteristics of fresh
mixes are presented in Table 2.

Table 2. Features of fresh mixes.

Tested feature LC1 mix LC2 mix
Average consistency by cone 145 mm 105 mm

fall method (slump test)
acc. to EN 12350-2 [57]

Consistency class S3 class S3 class
acc. to EN 206 [58]
Average air content 4.35 % 4.20 %
acc. to EN 12350-7 [59]
Fresh concrete mix density 1960 kg/m3 1980 kg/m?3

acc. to EN 12390-6 [60]

After 28 days of curing, the concrete density was determined to be 1766 kg/m3 for dried concrete
marked LC1 and 1777 kg/m3 for concrete marked LC2 according to [61].

2.4. Methods of Tests and Corresponding Samples

The tests of tensile strength and secant modulus of elasticity of concrete (due to the lack of
standards or difficulties in their implementation) are rarely performed, and so far, there are no
reliable test results in this area, but the assumption of proven values is essential for design. For this
reason, the ITB Instruction Ne 194/98, among others, was used [62]. The concrete was produced in a
concrete plant using a specialist mixer to ensure the homogeneity of the mix. After pouring the
prepared molds and appropriate care in laboratory conditions, the tests were carried out in
accordance with the following procedures:

- secant modulus of elasticity of concrete in accordance with [63],

- compressive strength according to [64],

- axial tensile strength according to [62],

- tensile splitting strength according to [65],

- flexural strength according to [66],

- shrinkage according to [67,68] (for the determination of creep strains),

- creep strains according to [62].

For the tests of the secant modulus of elasticity [63], axial tensile strength [62], shrinkage
according to [68] and creep according to [62], cylindrical samples from boreholes with a nominal
diameter of 94 mm were used.

For the remaining tests, the samples were prepared in accordance with the relevant standards
as described above.

2.5. Types of Testing Machines

The basic devices used to test the mechanical properties of the considered lightweight concrete
are presented below. The device used for the axial tensile strength tests, the sample after the test and
the fracture forms of the samples are shown in Figures 3a—c, respectively. Figure 4a shows the
apparatus for testing the tensile strength at splitting and the sample split as a result of the test. The
bending strength testing equipment and the sample broken as a result of the test is presented in
Figure 4b). The device for testing the modulus of elasticity is shown in Figure 5. The last one is the
creep-testing machine shown in Figure 6. The tests were carried out in accordance with the
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requirements of the relevant standards [57-61,63—-68] and ITB Instruction Ne 194/88 [62]. The testing
equipment is in the first class of accuracy.

(b)
Figure 3. The axial tensile strength test: (a) The device used to test the axial tensile strength; (b) The broken

sample after the test; (c) The forms of fracture of the samples.

(b)

Figure 4. The tensile strength tests: (a) The device for testing tensile strength at splitting with the broken test

specimen; (b) The device for testing bending strength with the broken test specimen.
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Figure 5. The device used for testing the modulus of elasticity.

Creep and shrinkage strain tests were carried out in a special cabin while maintaining constant
temperature and humidity.
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Figure 6. The creep-testing machine.

2.6. General Schedule for Long-Term Studies

According to the experimental program, strength tests were performed after 7 and 14 days, then
after 28, 60 and 120 days, and finally after 300 days. The shrinkage tests were carried out by the
Amsler method at intervals consistent with the reference document [67], until the results stabilized
(see Figure 12). Only the secant modulus of elasticity and shrinkage development in accordance with
the new standard [68] were studied for a longer period - for the purpose of creep strains testing. The
entire creep deformation tests were carried out on six stands in creep-testing machines for 1050 days
for LC1 concrete and 1044 days for LC2 concrete; however, in the present work, only the first loading
and unloading are described. In addition, the shrinkage was tested according to EN 12390-16 [68] in
the same period of time. The conducted tests allowed us to determine the above-mentioned short-
term (see p. 2.4) and long-term parameters of concrete samples with lightweight sintered aggregate.

3. Results
3.1. Test Results for Strength Properties

3.1.1. Test Results for Compressive Strength

The test results for compressive strength of cubical and cylindrical samples are shown in Figure
7. After 7 days from the preparation of the samples, the concrete mixes LC1 and LC2 obtained the LC
35/38 class according to [69] (see Figure 7). The numerical labels in the graphs refer to the cube
strength and, in addition, in the case of the cylindrical strength, only to the results obtained from
concrete samples for the LC1 mix due to overlapping graphs.

80
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S 58.14 I 64.69
[a M /‘
E 60 53.73 59.74 61.09 58.92
s Y "1
= k| [ SRS S U N SN [ S _L \
o - 51035
g sl agioie e |Concrete mix samples e
2 40 55, : ‘: I
g ——LC1 mix - cubes
'z 30
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g 20
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10 . .

——LC2 mix - cylinders
0 | | 1 >
0 30 60 90 120 150 180 210 240 270 300
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Figure 7. The compressive strength test results for cubical and cylindrical samples.

At 28 days, these mixes achieved two following classes, finally reaching the LC 45/50 class
according to [69] with the D1.8 density class. The results of these tests up to 60 days of concrete age
were previously published in the works of Rogowska and Lewinski [54,55]. Tests of concrete cube
compressive strength were carried out for typical samples with dimensions of 150x150x150 mm in
accordance with the standard [64]. Samples (drilled from a lightweight concrete block) with a
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nominal diameter of 94 mm and a height of 190 mm were used to test the concrete cylindrical
compressive strength.

3.1.2. Test Results for Axial Tensile Strength

The test results for the tests of the development of the axial tensile strength of concrete LC1 and
LC2 according to ITB Instruction No. 194 [62] after 14, 28, 60, 120 and 300 days from the sample
production are given in Figure 8. The tests of axial tensile strength were carried out for cylindrical
samples with the diameter d = 94 mm and height & = 190 mm, selecting the same cross-section of
samples for testing as those intended for creep tests (and accompanying shrinkage tests). Seven days
after the samples’ preparation, the LC1 and LC2 mixes achieved the axial tensile strength of 1.6 MPa
(see Figure 8). After 28 days, the strength increased by more than 10%. The results of these tests up
to 60 days of concrete age were published in the works [54,55].

3z
______ 2.7
— 254+ e
= <21 e
= ——-2-'1-2~-—.__..-—2'—09 ————— 2.1(
= 27 70 186 I L
2 1 R AT .84
2 154150
Y Concrete mix samples:
= I I
b5 1 ——LC1 mix - cylinders
':% 05 A - =-LC2 mix - cylinders
0
0 30 60 90 120 150 180 210 240 270 300
time [days]
Figure 8. The test results of the axial tensile strength.
3.1.3. Test Results for Tensile Splitting Strength
The test results for the tensile splitting strength of test specimens are given in Figure 9.
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Figure 9. The tensile splitting strength results.

The splitting strength results for the LC1 mix over 60 days were fairly constant and these results
for the LC2 mix increased by more than 40% between days 7 and 28. Tests of concrete tensile splitting
strength were carried out for typical cubic samples with dimensions of 150x150x150 mm in
accordance with the standard [65]. The results of these tests up to 60 days of concrete age were
previously published in the paper [54].

3.1.4. Test Results for Flexural Strength

The results of the concrete flexural strength test are shown in Figure 10. Tests of flexural strength
were carried out for both concrete mixes on three prismatic samples with dimensions 550x150x150
mm in accordance with the standard [66], and the spacing of the support rollers was 450 mm.

5 7
412 415 418
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2, 3_2'9,.2;32._.3233____.___ __________ e
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=
=
% 2 ‘Concrete mix samples:‘
& \ \
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0 | | :
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Figure 10. The comparison of test results for the flexural strength.

The flexural strength results for the LC2 mix over 60 days were fairly constant and these results
for the LC1 mix increased by over 10% between 7 and 28 days. The results of these tests up to 60 days
of concrete age were published earlier in the paper [54].

3.1.5. Statistical Evaluation of Test Results and Estimation of Measurement Uncertainty

The graphs given in the above figures show the average strength test results obtained from 3
samples, except for the concrete tests after 28 days from casting, which show the average results from
10 samples. In the case of the cube compressive strength of LC1 and LC2 concrete samples after 28
days from their production, the values of their strength were 58.3 MPa and 57.6 MPa, respectively,
the standard deviations were 0.48 MPa and 0.87 MPa, respectively, and the coefficients of variation
were 0.81 % and 1.50 %, respectively, which indicates very good homogeneity of both LC1 and LC2
concrete. In the case of the cylindrical compressive strength of LC1 and LC2 concrete samples 28 days
after their production, the strength values were 49.2 MPa and 47.8 MPa, respectively, the standard
deviations were 2.49 MPa and 1.21 MPa, respectively, and the coefficients of variation were 5.07%
and 2.53%, respectively, which also indicates very good homogeneity of both LC1 and LC2 concrete.

The average values of the tensile strength of LC1 and LC2 concrete cube samples in splitting test
28 days after making the samples were 3.10 MPa and 3.57 MPa, respectively, with standard deviations
of 0.18 MPa and 0.21 MPa, respectively, and coefficients of variation of 5.84% and 5.78%, respectively,
while the average values of the tensile strength of LC1 and LC2 concrete samples in bending test 28
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days after making the samples were 4.15 MPa and 3.32 MPa, respectively, with standard deviations
of 0.21 MPa in both cases, and coefficients of variation of 5.01% and 6.28%, respectively, which means
that from the point of view of the tensile strength of this concrete in splitting and in bending, the
homogeneity of this feature of both LC1 and LC2 concrete is very good.

However, the axial tensile strength of cylindrical LC1 and LC2 concrete samples after 28 days
from the sample production was determined in both cases and the average values of this strength
were 1.77 MPa and 1.86 MPa, respectively, the standard deviations were 0.57 MPa and 0.34 MPa,
respectively, and the coefficients of variation were 31.94% and 18.21%, respectively, which means
that, in contrast to the tensile strength in splitting and in bending of the concrete under consideration,
the inhomogeneity of this feature of concrete, both LC1 and LC2, is very high, and the tensile strength
is a weak point of this concrete, so it is quite brittle.

This differentiation of the tensile strength of samples depending on the method of testing the
samples requires some comment. The axial tensile strength test seems to be the most objective, but it
has a significant drawback. While the method of testing the tensile strength in splitting and in
bending does not change its essence during loading, in the case of the axial tensile strength test, an
unintended eccentricity may occur due to the inhomogeneity of the concrete in the cross-section,
which in turn means that the sample, assumed to be under the axial tension, is in fact subjected to a
tensile force and a bending moment of unknown value, which in turn leads to a series of results with
a fairly large and varied standard deviation.

This does not mean that there is only one correct way to test tensile strength, because different
mechanisms of failure in tension occur in different stress states. For example, axial tension may occur
when a wall made of the concrete under consideration connects two similarly constructed floors, the
lower one of which is more heavily loaded than the upper one, and then the crack will be horizontal.
Tension, such as in splitting, may occur below the edge of the beam where it rests on the lightweight
concrete wall, and tension in bending - e.g. in a floor slab made of tested concrete. In all three cases,
cracks will appear at different stress levels, and this is because the appearance of these cracks is not
actually determined by stresses, but by deformations exceeding a certain permissible limit.

The uncertainty of measurement results is closely related to any test results. Although error
analysis has long been a part of metrology, the concept of uncertainty as a feature expressed
numerically is relatively new. The results of strength tests of concrete samples LC1 and LC2 on
lightweight sintered aggregate for concrete ages t = 7, 14, 28, 60, 120 and 300 days were developed
together with the expanded measurement uncertainty (U). The calculation of this uncertainty was
based on the normal distribution, the expansion probability of about 95 % and the coverage factor k
= 2. The standard uncertainties were determined using corrections related only to the accuracy of the
measuring devices used.

The determined expanded uncertainty of the measurement (U) in percentage terms did not
exceed the following values:

e 1.28% for the cube compressive strength of LC1 concrete and 1.24% for LC2 concrete;
e 1.35% for the axial tensile strength of LC1 concrete and 1.84% for LC2 concrete.

As can be easily seen, the uncertainties obtained in the strength test results for both compressive
strength and axial tensile strength are very small and smaller than the coefficients of variation of the
particular strength properties.

3.2. Test Results for Long-Term Properties

3.2.1. Test Results for Secant Modulus of Elasticity

The results of the tests of the secant modulus of elasticity of concrete are shown in Figure 11. The
results of the tests up to 60 days of concrete age were published in the works [54,55]. The tests of the
secant modulus of elasticity of concrete in compression were carried out according to the standard
[63] for the samples with the diameter d = 94 mm and height & = 190 mm, selecting the same cross-
section of samples for testing as those intended for creep tests (and accompanying shrinkage tests).
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Figure 11. The test results for the secant modulus of elasticity.

The test results for two concrete mixes, LC1 and LC2, showed a similar increase over 60 days.
The secant modulus of elasticity increased approximately 13% between 7 and 28 days. The course of
changes in the modulus of elasticity of the tested concrete on lightweight sintered aggregate,
illustrated in Figure 11, is not obvious. From the previously cited literature sources it results that the
values of the secant modulus of elasticity of concrete are inversely proportional to the value of drying
shrinkage. The curing of concrete was completed after 28 days. The purpose of curing concrete is,
among others, to reduce the amount of drying shrinkage. However, the drying shrinkage is different
in the case of concrete with porous aggregate than in plain concrete. Figure 12 shows that after 28
days the shrinkage strains have not yet reached half their final value. Completing the curing process
may coincide with water drying in aggregate pores due to the moisture migration in the concrete. In
this case, there will be an increase in drying shrinkage in the entire volume of concrete after the end
of the curing process. Increased shrinkage stresses (in contrast to plain concrete) are not compensated
by the increase in the strength of the cement matrix due to its accelerated drying in the zones of
contact with the porous aggregate. This may initiate the formation of micro-cracks, which do not
significantly impact the compressive strength of lightweight concrete, but after the curing is
completed, they may reduce the tensile strength and the value of the elasticity modulus of the
concrete under consideration. The effect of initial wetting of lightweight aggregate on the tensile
strength of concrete and its rheological properties in tension was the subject of tests in many papers,
e.g. in [28,70,71], and the effect of concrete curing time, e.g. in [72], and the effect of lightweight
aggregate impregnation was analyzed in [3].
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Figure 12. The development of the shrinkage according to the Amsler tests and EC2:2004 model.

3.2.2. Statistical Evaluation and Measurement Uncertainty of the Modulus of Elasticity

The values of the secant modulus of elasticity of the LC1 and LC2 concrete samples 28 days after
their production were determined in both cases based on testing 10 cylindrical samples, with the
average values of these moduli being 25,150 MPa and 25,790 MPa, respectively, the standard
deviations being 1,135 MPa and 601 MPa, respectively, and the coefficients of variation of the
modulus of elasticity being 4.51 % and 2.33 %, respectively, which indicates very good homogeneity
of the concrete in this range, both for LC1 and LC2 concrete samples. The determined expanded
uncertainty of the measurement (U) of the secant modulus of elasticity given in percentage terms did
not exceed the values: 2.03 % for LC1 concrete and 1.92 % for LC2 concrete. As can be easily seen, the
obtained measurement uncertainty of the modulus of elasticity test results are very small and smaller
than the coefficients of variation of the particular modules.

3.2.3. Test Results for Shrinkage Strains

Two methods of measuring shrinkage strains were adopted: tests using the standard Amsler
method [67], which were carried out on three prismatic samples with dimensions of 100x100x500
mm, and tests conducted in accordance with the current EN 12390-16 standard [68] on cylindrical
samples with dimensions: diameter d = 94 mm, height I = 3d = 282 mm, selecting the same geometry
of the samples as those intended for creep tests, in accordance with ITB Instruction No. 194/98 [62].
The strains were measured for samples made of both LC1 and LC2 concrete mixtures. The results of
the tests conducted using the Amsler method [67] included readings initially taken at intervals of
several days, then weekly, monthly and longer. The entire research process lasted 325 days from the
time the samples were made. The results of the shrinkage development tests of LC1 and LC2 concrete
samples, conducted using the Amsler method [67] are shown in Figure 12. Creep and shrinkage
measurements were carried out on samples stored in a special laboratory cabin, where temperature
and humidity were monitored and kept constant. Concrete samples marked LC1 and LC2 showed
similar increases in shrinkage. However, the LC1 mix showed very little shrinkage between days 7
and 14. Consistent results were obtained for both lightweight concretes at 58 days, while the
shrinkage of the LC1 concrete was ultimately found to be slightly lower. The test results up to day 58
of concrete age have been previously published in [54,55].

The results of shrinkage strain tests can be approximated using the Glanville model [73], in
which the theoretical curves were adopted according to the following relationship:

£ (t)= e[l —exp(-st)]. (1)
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A comparison of the concrete shrinkage development as a result of tests made according to EN
12390-16 standard [68] and based on the Glanville model [73] (see equation (1)) during creep strain
tests is shown in Figure 13, where s = 0.027 and €0 = 0.00052 for LC1 concrete and s = 0.026 and &0 =
0.00065 for LC2 concrete to determine the additional shrinkage (&) after 28 days of concrete binding.

Shrinkage strains

——shrinkage standard test: LC1 concrete

——shrinkage standard test: LC2 concrete

——Qlanville shrinkage model: LC1 concrete

Shrinkage strains €, [mm/m]

010+ e Glanville shrinkage model: LC2 concrete
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loading time [days]

Figure 13. The development of shrinkage according to standard tests [68] and Glanville model [73].

3.2.4. Test Results for Creep Strains

Creep measurements for the samples taken from two concrete mixes LC1 and LC2 were carried
out in both cases for the samples with dimensions: diameter 4 = 94 mm, height / = 34 = 282 mm in
accordance with ITB Instruction No 194/98 [62] (the same type of samples as used for shrinkage tests
according to the standard method [68]). The lightweight concrete samples were 28 days old at the
first loading. The strains were measured for both LC1 and LC2 concretes (see Figure 6) assuming the
long-term loading program, however, in the present work only the first loading and unloading are
described in detail.

e  For concrete from the LC1 mix, there were three loading phases, which translated into stress
values of 15.55 MPa and two unloading phases, which translated into stress values of 1.56 MPa.
The first loading phase lasted for the first 419 days, the first unloading phase lasted until day
572 after the first load application, and the loading-unloading process lasted until 1050 days;

e  For concrete from the LC2 mix, there were three loading phases, which translated into stress
values of 16.96 MPa and two unloading phases, which translated into stress values of 1.70 MPa.
The first loading phase lasted for the first 413 days, the first unloading phase lasted until day
566 after the first load application, and the loading-unloading process lasted until 1044 days.

The results of creep strains for LC1 concrete are shown in Table 3 for the loading time t = 419
days, and the results of creep strains for LC2 concrete are shown in Table 4 for the loading time ¢ =
413 days. Creep tests were performed on 3 samples of LC1 concrete and 3 samples of LC2 concrete,
which was due to equipment limitations in the laboratory. For this reason, the deformations of each
sample were monitored individually, and the average values were determined only to determine the
average creep coefficient obtained from three samples for both of the above concretes. The results
concerning the creep strains and total strains of the LC1 concrete samples are shown in Figures 14
and 15, respectively, where the first loading phase lasted for 419 days and the first unloading phase
lasted until 572 days after the first load application. The results concerning the analogous strains of
the LC2 concrete samples for the first loading phase lasting for 413 days and the first unloading phase
lasting until 566 days after the first load application are shown in Figures 16 and 17, respectively.
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Figure 14. Creep strains of LC1 concrete for the first 572 days of loading and EN 1992-1-1:2004 [69] model

predictions.
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Figure 15. Total strains of LC1 concrete for the first 572 days of loading and EN 1992-1-1:2004 [69] model

predictions.

Table 3. Summary of LC1 test results with measurement uncertainty U for ¢ =419 days.

Sample No. Erorx U gxU exlU
[mm/m] [mm/m] [mm/m]
LC1-1 2.55 +0.07 0.72 +0.04 1.54 £0.07
LC1-2 2.66 +0.07 0.76 +0.04 1.61 £0.07
LC1-3 2.56 +0.07 0.74 +0.04 1.53 £0.07

Table 4. Summary of LC2 test results with measurement uncertainty U for ¢t = 413 days.

Sample No. o= U g.xU exlU
[mm/m] [mm/m] [mm/m]
LC2-1 2.92 +0.07 0.82 +0.04 1.65 +0.07
LC2-2 3.16 +0.08 0.87 +0.04 1.84 +0.07
LC2-3 2.64 +0.07 0.81 +0.04 1.38 £0.07

reprints202504.2076.v1
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Theoretically, the creep coefficient, which is calculated as the ratio of creep strains to elastic
strains: @ = &c /€., is determined for t = oo, but practically after a period of not less than 1 year [62]. The
average creep coefficient obtained from three samples of concrete LC1 was about 2.10 for the loading
time t = 419 days (which is consistent with the data given in Table 3), and in the case of concrete LC2
it was about 1.90 for the loading time ¢ = 413 days (which is consistent with the data given in Table
4). The average creep coefficient obtained in the work [13] for both concretes was from about 0.59 to
0.60, which differs from both the results of these tests and the predictions of the code models
[69,74-76]. The results for LC2 concrete are characterized by a certain scatter, which is due to the
unintentional inhomogeneity of the LC2 mix, which in turn results from the conditions of aggregate
preparation before the concrete mix was made (outside the ITB laboratory).

LC2 concrete samples
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Figure 16. Creep strains of LC2 concrete for the first 566 days of loading and EN 1992-1-1:2004 [69] model
predictions.
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Figure 17. Total strains of LC2 concrete for the first 566 days of loading and EN 1992-1-1:2004 [69] model
predictions.

3.2.5. Measurement Uncertainty of Strains

Measurement uncertainty of total (&), elastic (&) and creep strains (&c) of LC1 lightweight
concrete with sintered aggregate after the loading time f = 419 days is given in Table 3, where U -


https://doi.org/10.20944/preprints202504.2076.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 April 2025 d0i:10.20944/preprints202504.2076.v1

17 of 30

expanded measurement uncertainty, stated as the combined standard measurement uncertainty
multiplied by the coverage factor k = 2 such that the coverage probability corresponds to
approximately 95%.

Measurement uncertainty of total, elastic and creep strains of LC2 lightweight concrete with
sintered aggregate after the loading time ¢ =413 days is given in Table 4, where U and k — as above.

The determined expanded uncertainty of the measurement (U) in percentage terms did not
exceed the following values:

e 2.75% for total strains (&+r) of LC1 lightweight concrete and 2.65% for LC2 concrete;
e 5.56% for elastic strains (&) of LC1 lightweight concrete and 4.94% for LC2 concrete;
e 4.58% for creep strains (&) of LC1 lightweight concrete and 5.07% for LC2 concrete.

The expanded measurement uncertainty U (defined as above) of shrinkage strains determined
by the Amsler method (&:4) for lightweight concrete LC1 at the age of 270 and 325 days (&s4 = 0.58
mm/m) and the shrinkage of lightweight concrete LC2 at the age of 270 and 319 days (£:4=0.61 mm/m
- see Figure 12) is U = 0.03 mm/m. The expanded measurement uncertainties U of shrinkage strains
determined in this way in percentage terms were: 5.2% for lightweight concrete LC1 at the age of 270
and 325 days and 4.9% for lightweight concrete LC2 at the age of 270 and 319 days.

As can be seen, the measurement uncertainties obtained for the rheological strain test results are
slightly higher than those obtained for the strength test results — due to the type of sensors used for
long-term strain measurements, but nevertheless they are quite small compared to the dispersion of
the rheological strain measurement results.

3.3. Analytical Results for Standard Rheological Models

3.3.1. Analytical Results for Secant Modulus of Elasticity Models

The secant modulus of elasticity can be represented in relation to the compressive strength of
concrete by the formula following the CEB-FIP Recommendations [77], and in relation to time as by the
formula given in Eurocode 2 [69]. The mutual empirical relation of the secant modulus of elasticity
of concrete in relation to the compressive strength is proposed herein by analogy with the CEB-FIP
Recommendations [77] by means of the following empirical relationship:

Ec= B(fy2 @

Based on the research, the following experimental constant was determined: f= 3.0, where f: is
expressed in MPa, while E. is expressed in GPa.

The comparison of the test results of the secant modulus of elasticity of concrete in relation to
the compressive strength of concrete samples made of two concrete mixes LC1 and LC2 is shown in
Figure 18. The results of this comparison were published earlier in the paper [54]. Comparisons of
the test results of the secant modulus of elasticity of concrete as a function of time [in days] and the
analytical results according to the CEB-FIP Recommendations [77] for the concrete samples made of
two concrete mixtures, LC1 and LC2, and their mutual relationship are presented in Figure 19. The
results of these comparisons up to 60 days of concrete age were published earlier in the article [54].

The development of the secant elasticity modulus of concrete in time for the samples made of
two concrete mixtures, LC1 and LC2, as well as analytical results for this parameter obtained by the
formula contained in EC2:2004 [69], are shown in Figures 20 and 21, respectively. Comparison of the
secant modulus of elasticity for LC1 and LC2 concrete samples according to tests and models of the
pre-standards: MC 2010 [75] and MC 2020 [76] (the same model as in EC2:2023 [74]), is presented in
Figures 22 and 23, respectively.
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Figure 18. The test results for the secant modulus of elasticity in relation to compressive strength.
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Figure 19. The comparison of test results for secant elasticity modulus with analytical results.
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Figure 20. The comparison of test results of secant elasticity modulus with EC2:2004 model for LC1 concrete.
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Figure 21. The comparison of test results of secant elasticity modulus with EC2:2004 model for LC2 concrete.
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Figure 22. Development of the secant modulus of elasticity of LC1 concrete according to the tests and according
to the MC 2010 and MC 2020 models.
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Figure 23. Development of the secant modulus of elasticity of LC2 concrete according to the tests and according
to the MC 2010 and MC 2020 models.

3.3.2. Analytical Results for Shrinkage Models

The description of shrinkage development was adopted according to the EC2:2004 model [69]
and, for comparison, according to the EC2:2004 model [69]. The results of the shrinkage development
tests of LC1 and LC2 concrete samples, conducted using the Amsler method [67] and the shrinkage
values determined for comparison according to the EC2:2004 model [69], are presented in Figure 12.
The obtained results in terms of shrinkage strains are much higher than in the cited paper [9].
Shrinkage strains of concrete samples LC1 and LC2 tested using the Amsler method [67] and strains
determined for comparison applying the EC2:2023 model [74] are shown in Figure 24.
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Figure 24. The development of the shrinkage according to the Amsler tests and EC2:2023 model.

The test results were compared with the calculation results based on the models according to
the EC2:2004 standard [69] and to the EC2:2023 standard [74] taking into account the characteristics
of lightweight concrete class LC 45/50 according to [69], the concrete age at the beginning of drying
ts = 14 days and the drying shrinkage factor 77= 1.2 in both models. The test results for two concrete
mixtures: LC1 and LC2, conducted according to the EN 12390-16 standard [68], were compared to
the shrinkage values determined according to the EC2:2004 model [69] (Figure 25) and the standard
EC2:2023 model [74], and thus the MC 2010 [75] and MC 2020 [76] models (Figure 26), assuming in
both models the concrete age at the beginning of drying s =21 days and the drying shrinkage factor
17=1.2. In the case of tests using the Amsler method, the samples were stored in constant temperature
and humidity conditions, but without humidification. In the case of tests according to the EN 12390-
16 standard [68], the concrete blocks from the LC1 and LC2 mixtures were stored in the same
conditions, except that the samples were taken only after 28 days from the production of these
concrete blocks, which was less conducive to drying of the samples. Therefore, in the tests conducted
in accordance with EN 12390-16 [68], a later age of concrete at the beginning of drying was assumed.
All shrinkage deformation tests using the standard method [68] were carried out in a special creep
test cabin for 1050 days for LC1 concrete and 1044 days for LC2 concrete, however, after a period of
approximately half a year from the commencement of loading of the samples, the shrinkage stabilized
and further results after a period of 420 days are not presented in this paper.
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Figure 25. The development of the shrinkage according to EN 12390-16 standard tests [68] and the EC2:2004
standard model [69].
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Figure 26. The development of the shrinkage according to EN 12390-16 standard tests [68] and the EC2:2023
standard model [74], as well as MC 2010 [75] and MC 2020 [76] models.

3.3.3. Analytical Results for Creep Models

Creep measurements were carried out on samples taken from two concrete mixes: LC1 and LC2
(see Figure 6). Creep tests were carried out on three samples of LC1 concrete and three samples of
LC2 concrete. The charts included in the text show the results of measurements of the creep strains
only and the total strains of the samples. The values of creep strains are defined as the difference
between total strains and elastic and shrinkage strains (measured on cylindrical specimens using the
standard method [68]). Creep deformation analysis was also carried out on the basis of seven
rheological models. However, the presented charts show the results obtained using the models given
in the standards EN 1992-1-1:2004 [69] and EN 1992-1-1:2023 [74], assuming LC 45/50 concrete class,
RH =50 %, ho = 47 mm, but with appropriate correction factors according to standards (7, &). The
correction factors (&) were determined in accordance with the standard EN 1992-1-1:2023 [74] by
minimizing the sum of squares of the differences between the model estimation and the experimental
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results. When comparing the results of the tests of creep strains of LC1 concrete with the results of
calculations according to EC2:2004 standard [69] (at 77 = 0.67 as above), the resulting correction factor
was applied to the creep curve for the initial load, determined by the least square error method,
amounting to 77e & = 1.28, and in the case of LC2 concrete, the resulting factor 77: & = 1.24 determined
in the same way was applied. This ensured the consistency of the results for the EC2:2004 model and
for LC1 concrete with the test results for the loading period from 0 to 419 days and for LC2 concrete
with the test results from 0 to 413 days. However, in the case of creep deformations due to unloading
occurring after a period of 419 and 413 days, for both concretes, respectively, only a correction factor
ne was applied, because in the pre-standard MC 2020 [76] and in the standard EN 1992-1-1:2023 [74]
no other factors are specified for unloading phase. A comparison of the creep strains of concrete
samples LC1 and LC2 according to the tests and the model of the EC2:2004 standard [69] is shown in
Figures 14 and 16, respectively, and the comparison of the total strains of both concrete samples
according to the tests and the considered model is shown in Figures 15 and 17, respectively.

Similarly in the case of comparing the results of creep deformation tests of LC1 concrete with
the results for MC 2020 [76] model in the case of the creep curve for the initial load, the resulting
correction factor determined by the method of least square errors 7e & = 1.28 was used, and in the
case of LC2 concrete - the correction factor determined in the same way 7: & = 1.24, which ensured
compliance of the results for MC 2020 model with the test results for the load period from 0 to 419
days (LC1 concrete) or 413 days (LC2 concrete). In case of unloading occurring after a period of 419
and 413 days for both concretes, respectively, only correction factor 77: was applied, because the pre-
standard MC 2020 [76] does not specify other factors for unloading phase. The comparison of the
creep strains of concrete samples LC1 and LC2 according to the tests and the model of the standard
EN 1992-1-1:2023 [74] is presented in Figures 27 and 29, respectively, and the comparison of the total
strains of the samples of both concretes according to the tests and EC2:2023 model is presented,
respectively, in Figures 28 and 30.
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Figure 27. Creep strains of LC1 concrete for the first 572 days of loading and EN 1992-1-1:2023 model predictions.
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The results in the case of LC2 concrete are characterized by a certain dispersion, which resulted
from a certain heterogeneity of the LC2 mix, which in turn resulted from the conditions of preparation
of the aggregate before making the concrete mixture (outside the ITB laboratory). Further research is

planned in this regard.
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Figure 30. Total strains of LC2 concrete for the first 566 days of loading and EN 1992-1-1:2023 model results.

4. Discussion

The performed tests allowed us to determine the presented above strength and long-term
parameters of concretes with lightweight aggregate derived from ashes. The entire research process
includes readings taken over a period of approximately three years from the time the mixtures were
prepared, although the current paper describes the results obtained over a period of just over a year
and a half. The empirical mutual relations between the secant modulus of elasticity of concrete and
the compressive strength as well as the development of these parameters over time were also
determined.

The latest research carried out at the ITB Laboratory of Building Structures, Geotechnics and
Concrete confirmed the expediency of using lightweight concrete with a special ceramic, sintered
aggregate derived from ashes for prestressed structures. Two types of lightweight concrete were
tested, with the W/C ratio for the LC1 mix equal to 0.4 and for the LC2 mix equal to 0.5, respectively,
obtained by slightly modifying the mixture compositions. These tests allowed us to determine the
strength parameters of this concrete after 7, 14, 28, 60, 120 and 300 days. The compressive strength of
the discussed lightweight concrete after 28 days was 57-58 MPa, according to the tests. As expected,
the LC1 concrete mix obtained slightly higher strength and lower shrinkage than the LC2 concrete
mix. The obtained concrete secant modulus of elasticity, amounting to approx. 25 GPa after 28 days
is slightly lower than in the case of an analogous plain concrete, but the influence of this parameter
is compensated by the lower volume weight of the lightweight concrete in a finished structure. The
results obtained in terms of short-term features do not differ significantly from the results presented
in [13], which was confirmed in previous works of the authors ([54,55]).

Significant differences, however, concern the rheological characteristics. In terms of shrinkage
tests, the values obtained for the concrete age of about 116 days for both LC1 and LC2 concretes are
almost twice as high as in the cited works [9-15] and they are higher than the values appropriate for
plain concrete which, on the other hand, complies with the standards [69,74]. In terms of concrete
creep strains, it was found that the average final creep coefficient for LC1 concrete samples was about
2.1 for the loading time t =419 days, and for the LC2 concrete samples it was about 1.9 for the loading
time ¢ = 413 days. It can be remarked that for the concrete age of about 116 days, the values of the
creep coefficient for both LC1 and LC2 concretes were approximately three times higher than in the
cited works [9-15], but they do not differ from the values specific to plain concrete, which complies
with the standard [69]. These differences result from several reasons, including different research
methodologies. The course of creep deformations is correctly modelled by code methods ([69,74-76]),
albeit with appropriate correction factors that should be determined in order to minimize the sum of
the squares of differences between the model estimation and the experimental results [76].

However, when comparing the results of the analyses of total deformations and creep
deformations obtained on the basis of the standard model according to EC2:2004 [69] with the results
obtained on the basis of models according to the pre-standards MC 2010 [74] and MC 2020 [76] (cf.
graphs in Figures 14-17 with graphs in Figures 27-30) it can be concluded that the modifications
introduced to EC2:2004 model do not improve the approximation of the test results in the case of the
type of concrete under consideration, which is also visible in relation to the comparison of the test
results and shrinkage deformation analyses.

In general, it is necessary to remark that the results presented in this article were obtained under
the constant laboratory conditions. Built-in concrete exposed to various external factors may change
its strength and mechanical properties depending on how it was made. When using these results in
practice, the method of concrete production and the actual conditions in which the concrete was laid
should be taken into account because the behavior of the lightweight concrete in question is
influenced by technological factors.
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5. Conclusions

Summing up, the current research results give a broader view of the possibilities of using
lightweight concrete with sintered aggregate in modern construction and the development of their
strength parameters over time. The presented results will be helpful in the design of lightweight
concrete structures and components, including prestressed structures, where the knowledge of these
data is necessary for the correct structural design.

Moreover, reusing waste materials is now an environmental priority. As a result, the reuse of
ashes for the production of concrete aggregate may in the future reduce the mining of raw materials
and the use of natural aggregates in construction. The preservation of natural deposits also
contributes to the protection of the environment.
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Abbreviations

The following abbreviations are used in this manuscript:

ITB Instytut Techniki Budowlanej (Building Research Institute)

LSA Lightweight Sintered Aggregate

LWAC Lightweight Aggregate Concrete

IMiKB Instytut Materiatow i Konstrukcji Budowlanych (Inst. of Building Mater. & Struct.)

W/C Water/Cement Ratio

LC Lightweight Concrete

CEM Cement Class

CEB-FIP the merger of CEB and FIP

CEB Euro-International Committee for Concrete

FIP International Federation for Prestressing

fib International Federation for Concrete (the merger of CEB and FIP)

MC 2010 Model Code 2010
MC 2020 Model Code 2020
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EC2:2023 EN 1992-1-1:2023 Eurocode 2
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