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The experimental technique and the experiment results on the influence of own stresses unevenly distributed over cross
section on materials strength and on scale effect are presented. The reasons for the occurrence and distribution of such
influence are analyzed. Based on the experiments results on fragile duralumin samples, the inevitability of influencing on
scale effect in concrete during compression stresses, which are caused by unevenly shrinkage over cross section was proved.
Possible reasons for the different (sometimes opposing) results of experimental studies of various authors on scale effect in
concrete in compression are explained. The influence of own stresses unevenly distributed over cross section on scale effect
in concrete during compression, depending on samples size and concrete age, is analyzed in detail.

Keywords: scale effect, own stresses, concrete strength, shrinkage, creep
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VY pobotax pi3HHX aBTOPIB pe3yJIbTaTH EKCIEPUMEHTAIBHUX JIOCIIHKEHb MaciiTabHOro edekTy npu BUIpoOyBaHHI Oe-
TOHIB, PO3UHHIB Ta IHIINX MOPUCTUX MaTepialiB HAa CTHCK HOCATH Pi3HHM, IHOI JOCUTD CynepewnBri, XxapakTep. Cipoou
MIOSICHEHHS OTPUMAaHHX Pe3yJIbTaTiB JOCHIIIKEHb MACIITAOHOTO eheKTy IPHBEINH 0 HEOOXITHOCTI BpaXyBaHHS PI3HOMAHIT-
HUX (aKTOpiB, IO SIKHX, O€3MepedHo, MOXKHA BITHECTH BIUIMB HEPIBHOMIPHO PO3IOIIJICHHX IIO IONCPEIHOMY Iepepisy
BJIACHUX HarpykeHb. HaBeleHO METOIMKY IPOBEICHHS eKCIIEPHMEHTY Ta pPe3yJIbTAaTH JIOCIIIB 10 BIUIUBY BIIACHUX HAIPy-
’KEHb, HEPIBHOMIPHO PO3MOALICHHX IO MONIEPEeYHOMY Iepepily, Ha MIIHICTh MaTepiaiiB Ta Ha MacmTabHuit edekrt. IIpo-
QHAJII30BaHO NMPUYMHKY BUHUKHEHHS NPOTWJICKHHUX 32 3HAKOM II0JIiB BJIACHUX HAIPYKEHb, HEPIBHOMIPHO PO3HOIIICHHX 10
MOMIEPEYHOMY TIepepi3y 3pas3ka, Ta iX MOXKIMBHUI BIUIMB Ha MAacIUTaOHUI e(ekT npu BUIpoOyBaHHI 3pa3ka Ha cTicK. Cru-
palOYNCh Ha PE3yJIbTATH JAOCII/IB 3 KPUXKUMH AIOPATIOMIHIEBUMH 3pa3KaMy JOBEICHO HEMHUHYYICTh BIUIMBY Ha MacIuTad-
HUii eeKT y OETOHI IPH CTHCKY HANPY)KSHb, BUKJIMKAHUX HEPIBHOMIPHOIO 0 MOIEpEeYHOMY Hepepisy ycankoro. Ha ocHoBi
pe3yibTaTiB eKCIEPUMEHTIB IHIINX JOCHIIAHHUKIB 110 3MiHi MIl{HOCTi OETOHY MOBITPSIHO-CYXOro 30epiraHHs y 4aci o0rpyH-
TOBAaHO 3MiHM HEPiBHOMIPHOCTI PO3MOJLTY BJIACHHX HAIPYXXEHb IO IIONEPEeYHOMY Iepepily BHACTIJOK HEpiBHOMipHOL
yCaiK{ 1 MOB3ydoCTi OETOHY B IonepedHoMy Iepepisi. [losBa pi3HHX 3a 3HAKOM HOJIIB HEPIBHOMIPHO PO3MOAUICHUX II0
MIONIEPEYHOMY IIepepi3y BIaCHUX HANPYKeHb y Pi3HI IPOMIXKH 4acy He TUIBKH BIUTUBA€E Ha MIITHICTb OETOHHUX 3pa3KiB IpH
CTHCKY, a i IpOsIBIIsiE B pi3Hil Mipi MacmTabHuit edext. [TosicHeHI MOXKIIMBI IPUYMHU Pi3HOMAHITHHX (IHOAI HaBITH IPO-
TUIISKHUX) PE3YJIbTATIB EKCIIEPUMEHTAIBHHUX JOCIIIIB Pi3HUX aBTOPIB 00 MAacIITaOHOTrO e)eKTy B OETOHI pH CTUCKY.
JleTanbHO NMPOAHAII30BAHO BIUIMB HEPIBHOMIPHO PO3HOAUICHHX IO MONEPEYHOMY Hepepi3y BIAaCHHX HaNpyXKeHb Ha Mac-
mtabHuil eekT y OETOHI IPU CTHCKY B 3aJIEKHOCTI Bill pO3MIipIB 3pa3KiB i Biky OETOHY.

Kurouogi ciioBa: macuiraOuuii edekT, BIacHi HAMpy»KeHHsI, MiLHICTh OETOHY, ycaJiKa, ITOB3Y4iCTh
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Introduction

The scale effect is substantiated by the statistical the-
ory of strength: the larger sample size, the greater prob-
ability of a destructive defect [1-6]. At the same time,
various results of experimental studies were obtained
(especially for concretes, mortars and other porous ma-
terials): in some experiments in larger sizes samples ob-
tained less strength; in other experiments in larger sam-
ples there was greater strength; in some cases, in sam-
ples of different sizes there was almost no difference in
strength [7, 8, 9, 10, 11].

Such experimental results led to necessity to consider
various factors influencing scale effect. One of such
factors can be considered as influence of unevenly dis-
tributed own stresses over section.

Review of the research sources and publications

The first experiments on own stresses influence (un-
evenly distributed over cross section) were performed
on samples of epoxy resin [1]. Cylindrical samples with
a height of 60 mm and a diameter of 30 mm were made
of epoxy resin in layers in three stages. Samples each
series consisted of two groups, which differed from
each other in the sign of their own stresses fields. Sam-
ples of the first group were made starting from the inner
layers. First, the first inner layer of sample was filled,
and then it hold time for 10 days. After attainment of
sufficient strength inner layer, it was loaded with com-
pressive force and the next second layer was filled
around it. After 10 days, both layers (inner and middle)
were loaded with a larger compressive force. Thereaf-
ter, last third outer layer was filled. Subsequently, first
series samples had gained strength for 10 days, and then
central compression was tested.

Second group samples were made in reverse order.
The first was filled with outer layer of cylindrical sam-
ple. After 10 days, after reaching outer layer of suffi-
cient strength attainment, it was loaded with compres-
sive force and then filled middle layer. After 10 days,
both layers were loaded with compressive force and last
inner layer was filled.

After unloading, own stress field was created in sam-
ples of first group where sample internal part (core) was
compressed and outer layers were stretched. The field
of own stresses arose with opposite signs in second
group samples: outer layers were compressed, and in-
ner, on the contrary, stretched. It should be noted,
strength of all layers in each sample was different due
to different terms of their hardening during manufac-
ture.

The disadvantages of the experiment, which are
caused by manufacturing technology of samples and
could insignificantly affect experiments results, include
stepwise (layer-by-layer) own stresses field creation. In
addition, epoxy resin is an aging material, and in differ-
ent layers there were different hardening periods of
epoxy resin.

Despite these disadvantages, experiments results con-
firmed the effect of their own unevenly distributed
cross-sectional  stresses on material  strength.
First group samples strength was larger than strength of
the second group samples, despite the fact that outer

layers of first group samples have less strength than
second group samples due to different hardening peri-
ods [1].

Later, experiments were performed on effect of une-
venly distributed cross-sectional stresses on second se-
ries samples strength, which completely eliminates first
series disadvantage. Experiments to determine influ-
ence of own stresses on material strength were per-
formed on cylindrical samples made of fragile (silicate)
aluminum alloy with a diameter of 30 mm and a height
of 60 mm. Samples of one group were made by ordi-
nary technology: cast in steel molds and their cooling
began with outer layers. Thus, after equalizing temper-
ature with complete cooling in cross section of samples,
outer layers were compressed and inner stretched.

Second batch samples were made in steel molds of
same size as the previous ones. Steel tubes with a diam-
eter of 6 mm were mounted on samples axis. The molds
were located in cylindrical asbestos thermal insulators
in the middle of which were electric heating coil
mounted. Before a duralumin was filled, an electric
heating coil had turned on and the steel mold had been
heating to the duralumin melting point. During casting
of duralumin and further sample cooling, water was
supplied through the tube and, therefore, sample cool-
ing had begun from middle layers. Thus, after complete
sample cooling, its inner layers were compressed and
outer stretched.

The experiments confirmed own stresses effect on the
strength of duralumin: samples strength cooled from
the central layers was on average larger than 20% of
samples strength of ordinary (natural) cooling [12].
Considering that in large-sized samples own stresses
(unevenly distributed over cross section) would have
larger values than in smaller ones (and, as a conse-
quence, the decrease in strength is more intense), it
could be drawn conclusions about influence of own
stresses on scale effect.

To confirm own stresses influence on the scale effect,
experiments were performed on different sizes samples
with opposite signs fields of own stresses. The experi-
ments were performed on cylindrical samples with di-
ameters of 30 and 50 mm and a height of 60 and 100
mm, respectively, made of fragile aluminum alloy.

After filling molds were cooled from middle, which
provided own stresses field, which is opposite to stress
field in samples of ordinary cooling. The experiments
results confirmed logical justifications for own stresses
influence on the scale effect: in samples with opposite
natural distribution of own stresses over cross section,
samples with a larger diameter showed larger strength

[3].

Definition of unsolved aspects of the problem

Thus, the influence of unevenly distributed cross-sec-
tional own stresses on scale effect in concrete has not
been studied.

Problem statement

The goal of the research is to determine own stresses
effect (unevenly distributed over cross section) on scale
effect in concrete.
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Basic material and results

The appearance and change of own stresses (unevenly
distributed over cross section) in concrete are much
more difficult than in metals.

The difficulty of unevenly distributed cross-sectional
stresses caused by shrinkage on concrete strength stud-
ying effect is that intensity and shrinkage distribution
in cross-section largely depends on concrete sample’s
storage conditions.

When storing samples in an air-dry environment,
shrinkage begins and flows much more intensely on
sample surface and gradually spreads to its inner layers.
With greater reduction due to more intense concrete
shrinkage in sample's outer layers the on its surface
there are shrinkage tensile stresses, which in turn com-
press concrete in sample's inner layers (core) and create
conditions for cracks on the sample surface.

In initial period of shrinkage when sample is loaded
with compressive force, sample outer layers are not
compressed until the external load reaches a value that
can compensate for their own tensile stresses.

The sample internal part, compressed by its own
stresses until an external force is applied, has higher to-
tal stresses when loaded with compressive force than
outer layers, since self-stresses in inner layers consist
of stresses from the action of the compressive external
load with same sign. Therefore, strength of whole sam-
ple should determine its more intense inner part. How-
ever, inner part, although overloaded, is located in a
clip made by underloaded outer layers.

As a result, in general, such sample should withstand
more external compressive load than the sample with-
out own stresses field. Well-known and confirmed by
numerous experiments, there is the effect of increase in
strength during concrete drying, associated with a more
intense manifestation of above own stress distribution
over sample cross section.

In the stressed state of concrete sample, in the above,
there is a concrete creep in tension outer layers, which
leads to their elongation and in inner layers of creep
from compression, which reduces them. In parallel, the
shrinkage gradually moves to sample's inner layers and
eventually reaches the sample central part. During this
period, shrinkage intensity in outer layers decreased
compared to initial, and the concrete surface of sample
increased in size due to creep from tensile stresses.

Sample inner layers (core), continuing to shrink from
shrinkage in size, compress the outer layers, and them-
selves gradually move to a stretched state. Characteris-
tically, this process is enhanced by the resulting reduc-
tion of sample's inner part due to creep during compres-
sion in shrinkage initial period.

During this period, when loading such a sample with
compressive force, outer layers are overloaded, and to-
tal load in them consists of its own stresses and stresses
caused by action of compressive external load. The
outer layers have no clamps and, therefore, naturally,
sample collapses at a lower load than sample without
its own stresses.

Based on the changes in distribution of own stresses
in the cross section over time due to the shrinkage and
creep of concrete, it is possible to draw a conclusion

about the possible decrease in concrete strength over
time. This conclusion is confirmed by the experimental
results by S.A. Mironov, shown on the Figure 1. A tem-
porary decrease in strength of concrete is observed for
concretes of both natural hardening and steaming [13].
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Figure 1 — Changes over time concrete strength
in the experiments of S.A. Mironov

After some time, concrete shrinkage attenuates
throughout cross section, after which relaxation of its
own tensile stresses in the sample middle (core) and
compressive stresses in its outer layers begins to ap-
pear. Thus, the difference between stresses values in
outer and inner layers is reduced and, as a consequence,
negative effect of unevenly distributed own stresses
over cross section on compressive concrete strength is
reduced. During this period there is increase in concrete
strength.

Diagrams of the change in cubic compression
strength of some samples concrete are shown in
Figure 1. Repeated decrease in concrete strength can
also be additionally caused by relaxation of structural
own stresses [14]. Such a decrease may not be at all or
it may be insignificant depending on tested samples
concrete properties: gravel size, water-cement ratio,
hardening conditions, storage conditions, etc.

Summarizing the analysis stresses shrinkage effect
unevenly distributed over cross section on concrete
compressive strength, it can be concluded that the in-
trinsic stresses first increase the strength of concrete,
then there may be temporary decrease in strength, fol-
lowed by increase in compressive strength. After the at-
tenuation of its own stresses and the gradual attenuation
of deformations caused by creep, there may be a grad-
ual decrease in the concrete strength, over time. These
conclusions are fully confirmed by the experiments of
S.A. Mironov and others.

The diagrams could have a different form depending
on the timing of determining concrete strength during
experiments. When constructing diagrams on four
points (and not on eight points, as in the experiments of
S.A. Myronov) according to the results obtained in the
experiments of V.I. Sytnyk and Yu.A. Ivanov [15] re-
peated increase in strength concrete is not observed in
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Figure 1 (1a). Such conclusions are confirmed experi-
mentally. In the experiments of V.I. Sytnyk and Yu.A.
Ivanov, in all considered concretes, mortars and cement
stone, the strength gradually decreases over time after
reaching the maximum (Fig. 2).
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Figure 2 — Changing concrete strength (1),
mortar (2) and cement stone (3)
over time in the experiments
V.I. Sytnyk and Yu.A. Ivanov [15]

In almost all experiments, when the concrete reaches
maximum strength, a temporary slight decrease in
strength is observed. In the future, strength increases
slightly, then slowly and gradually decreases over time
[13].

The opposite effect will occur at water saturation of
concrete samples, because process begins with moistur-
izing outer layers. Swelling of concrete causes, respec-
tively, appearance of compressive stresses in sample’s
outer layers and tensile stresses in inner layers. During
this period, when compressing such a sample, outer lay-
ers that are not in holder will be overloaded and there-
fore sample will begin to collapse from outer layers.
As a result, strength of the water-saturated concrete
sample will be less than strength of same sample with-
out its own stresses caused by swelling.

When storing samples in an air-dry environment, the
gradual decrease in concrete compressive strength after
reaching the maximum value; in smaller sizes samples
begin earlier than in larger sizes samples due to the fact
that shrinkage in samples of smaller sizes is more
quickly aligned over the cross section.

The graph of the change in concrete strength over
time in different sizes samples is shown in Figure 3.

Figure 3 clearly shows different variants of the
strength ratio in the different sizes samples depending
on concrete age in which the tests were performed.

The numbers that indicate curves in graphs corre-
spond to edges size of the tested cubes in centimeters.
The age numbering of concrete in which test sample
were tested corresponds to the numbering given in Ta-
ble 1 and Figure 3.
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Figure 3 — Characteristic graphs of changes
in concrete strength over time

Table 1 — Test results of different sizes cubes

for strength in MPa
Authors of Edges of the cube size (cm)
| researchers | 5 | 7 10115 | 20130
1 |Skramtaev B.|13 |12 |11,5 |- 10,0 |-
2 |Kvirikadze 0}24,6 25,2 |24,4 {23,3 |22,8 |-
(1 series)
3 |Kvirikadze O{16,8 |17,9 | 18,1 [17,5 16,9 |-
(2 series)
4 | Lermit R. - - 19,8 121,2 (21,2 {19,3
5| Tsiskreli G. |- - - 32,0 132,5 (30,0

The own stresses influence on scale effect under com-
pression is confirmed by numerous experiments. Some
results of experimental studies are shown in table 1 and
for clarity are duplicated in Figure 4.
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Figure 4 — Experimental data on the influence of
scale effect on the concrete compressive strength
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At the age of concrete ¢, (Fig. 3) a large-scale effect
is maintained: with increasing sample size decreases
concrete strength. When testing concrete at the age of
t2, t3 and 4 there are strength ratio different variants in
samples of different sizes: in some cases, with increas-
ing sample size concrete increases strength, in some
there is no effect of sample size on concrete strength).
In the age of concrete exceeding the term ¢4, the oppo-
site scale effect is observed — with increasing sample
size, concrete compressive strength increases.

Some authors have obtained the results of experi-
ments in which concrete strength in cubes with an edge
of 5 cm or 7 cm is less than in larger sizes cubes. This
phenomenon was most often explained by insufficient
compaction of concrete in manufacture of samples or
that small samples dry quickly and there is not enough
moisture to hydrate cement. At the same time, there are
the results of experiments in which strength in cubes
with an edge of 10 cm and 15 cm (in the table, the ex-
periments of R. Lermit and G.D. Tsiskreli) is less than
in larger samples. These deviations can be explained by
own stresses influence on concrete strength (scale ef-
fect).

It should also be noted that tabular results do not
cover all the ratios of concrete strength in samples of
different sizes. For example, in the experiments of
I.S. Karol’ and others [16] in four series (430 cubes
with edge sizes of 20, 15, 10 and 7 cm) of different
manufacturing conditions (storage) obtained the lowest
strength in samples with edge size of 10 cm. Graphs of

concrete strength over time, while maintaining the gen-
eral shape, can also change the ratio depending on con-
crete preparation technology, storage conditions, and
more.

The various factors influence on the experiments re-
sults of scale effect in concrete was analyzed in detail
by O.P. Kvirikadze [6]. The analysis was conducted on
our own experiments, as well as on different research-
ers’ experiments results. The author gives recommen-
dations on experiments performance on determinate of
scale effect of concrete at compression. The influence
of own structural stresses (caused by shrinkage or
creep) on concrete strength largely coincides with in-
fluence of unevenly distributed cross-sectional stresses
[14]. It is almost impossible to separate (determine) the
influence degree of both stresses.

Conclusions

The influence of unevenly distributed over cross sec-
tional compression stresses on scale effect in concrete
is analyzed and substantiates and explains the variety
of experimental studies results of concrete, mortars and
other porous materials by different authors.

The influence of the scale effect in concrete tensile
strength has not been studied enough. The experiments
were most often made by bending or splitting. Samples
were most often made in a horizontal position, which
also negatively affects test results.
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