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Abstract. The objects of study were specimens of various shapes and aspect ratios made of high-strength
modified concrete BO90-B100 with a modified elastic modulus of 55,000 MPa. This modulus significantly
exceeds the normative values specified in the building code SP 63.13330 when the concrete is loaded
beyond its ultimate state. The need for this study stems from insufficient research on the deformation
characteristics of high-strength concretes in extreme states (after reaching the ultimate load — with or
without subsequent unloading), as well as the inapplicability of classical microcracking theories (Berg,
Winter) to describe their behavior, which requires the development of new evaluation methods. Since high-
strength concretes fail brittly, the research methods included two approaches to loading specimens —
loading by stresses (standard method) and additionally by deformations up to the peak failure load with
subsequent unloading and holding (from 1 hour to 8 days); the elastic modulus was determined according
to GOST 24452 before and after loading, while microcrack development was monitored using ultrasonic
testing methods (through-transmission and surface sounding). Based on the research results, it was
established that during short-term holding (1 hour), the elastic modulus increased by 40-71 % (reaching
73,602-101,192 MPa) — this is explained by crack closure during specimen compression and the inertia of
the stress relaxation process, while strength decreased by 20 %. After holding =1 day, the elastic modulus
(49,684-57,683 MPa) and strength approached the initial values (6 %), despite visible damage to
specimens after initial peak load attainment. At the same time, the ultrasonic wave travel time and Poisson’s
ratio (0.21-0.26) remained practically unchanged up to 90 % of the failure load, which does not correspond
to classical microcracking development models. The main conclusions of the work: high-strength concretes
retain nearly linear deformation behavior even after reaching the ultimate state. These results cast doubt
on existing theoretical models describing crack formation processes and emphasize the importance of
accounting for stress relaxation in structural assessments, as well as the necessity for comprehensive
research on high-strength concretes.
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1. Introduction

This study investigated the behavior of modern high-strength heavy concrete under extreme
conditions. The objects of research were prism specimens in accordance with GOST 24452-2023 currently
in force in the territory of the Russian Federation with an aspect ratio of 1:4, and cylinder specimens with
an aspect ratio of 1:2.

High-strength concretes are currently widely used in both civil and industrial construction, including
in reinforced concrete [1, 3] and steel-reinforced concrete structures [4-5]. While the strength
characteristics of high-strength concretes themselves and the influence of various factors on them have
been studied to some extent, albeit insufficiently well, their deformation characteristics are significantly less
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studied, as noted by many authors [6-8]; as for research on the extreme states of high-strength concrete
behavior, such studies either do not exist at all or are isolated [9].

In which building structure operation scenarios is it necessary to know how concrete behaves in an
extreme state? Several definitions of the extreme state of concrete behavior have been proposed by various
authors [10—12]. First, let us define what we call an extreme state for this study. We will consider as extreme
a state where a specimen is uniformly loaded to the maximum load it can withstand under a given loading
method (the maximum load may differ under different loading methods), but is not brought to failure —
unloading is performed, after which we study how such high stress levels in the specimen affected its main
strength and deformation characteristics.

The relevance of the work lies in the fact that in certain scenarios, it is necessary to know the elastic
modulus characteristics of non-uniform concrete already having internal structural defects — microcracks;
and these are not necessarily structures operating at stress levels close to ultimate. In certain cases,
microcracks can appear in a structural element during the concrete hardening stage — these can be
shrinkage processes in reinforced concrete and especially steel-reinforced concrete structures, as well as
thermal deformations during the hardening of concrete in massive structures accompanied by significant
heat release and consequently the presence of a temperature gradient across the element's cross-section.

The use of a theoretical framework based on the fundamental research of Berg et al. [13], both in its
original form (c 1) and based on modified theories [14—16], does not yield reliable results — Formulas (2),
(3) respectively. Study [17] only processes previously obtained experimental data [18-20] without
proposing its own expression for predicting microcracking processes.
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where R?, R¥ are the parametric points of the conditional lower and upper levels of cracking relative to

the prismatic strength R;,; K. — empirical coefficient equal to 1 for heavy concrete.

In this regard, the A.A. Gvozdev Research Institute of Concrete and Reinforced Concrete (NI1ZhB)
set the goal of conducting extensive experimental-theoretical studies aimed at developing a standardized
methodology for experimentally determining crack formation limits in high-strength concretes, as well as
options for physical modeling of microcracks with assessment of their influence on the strength and
deformation characteristics of concrete specimens. In other words, sometimes it is necessary to understand
how a structure or structural element will behave after being subjected to loads exceeding design resistance
for some time and having potentially sustained damage in the form of microstructural failures.

As for normal-strength concretes, according to the classical theory of Berg (which, incidentally, does
not contradict research by American specialists from Cornell University under the guidance of Professor
Winter [18-20] conducted in the 1960-1970s — most subsequent theoretical studies are based on these
experiments), microcracks in concrete begin to develop approximately after reaching 0.4—-0.5 of the failure
load (which to some extent corresponds to the level of design concrete resistance), and closer to stress
levels of 0.7-0.8 of the failure load, the intensity of microdamages increases significantly. The different
levels of microcrack formation according to Berg and Winter can be graphically represented in Figs. 1 and 2.
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Figure 1. a) The dependence of the total length of microcracks on the stress level (Winter);
b, c, d) the dependence of volumetric deformations, ultrasound transmission time,
and Poisson’s ratio on the stress level, respectively (Berg): grey — decompression
of the least stable structures; green — compaction of the material; yellow — development
of micro—fractures; orange — Intensive development of micro-fractures; red — a sharp increase
in the length of microcracks.

The research presented in this article is a part of the extensive work described above. The impact of
micro-fractures of the concrete structure on the modulus of elasticity at stress levels close to the destructive
load was evaluated.

2. Materials and Methods
2.1. Materials Employed

Experimental studies were conducted on high-strength self-sealing heavy concrete B90-B100 on
standard materials used in the Russian Federation (Portland cement, sand, crushed stone, active mineral
additives, complex additives). The initial modulus of elasticity of concrete was 55,000 MPa. This particular
composition with a modified modulus of elasticity was chosen relative to the one given in SP 63.13330
(43,000 MPa), since concretes of classes higher than B80 are usually used in high-rise construction and
there an increase in the modulus of elasticity is almost always critical and the use of concretes of such
classes with a conventional modulus of elasticity is not entirely rational [21, 22]. Sika additives were used
directly in this composition, but concrete with the same characteristics can also be obtained with analog
additives.

2.2. Test Methodology

From the prepared mixtures, specimens were molded: cubes with dimensions 100%x100%x100 mm,
150%x150%150 mm for determining cube compressive strength according to GOST 10180 and GOST 31914,
prisms 100%100x400 mm, prisms 150%x150x600 mm, and cylinders @150x600 mm. Fig. 2 shows the types
of tested specimens (the research discussed in this article was conducted only on the specified specimens,
but in a larger comprehensive study, specimens with greater variability of geometric dimensions were tested
— in addition to the above-mentioned prisms and cylinders, studies were performed on cylinders of all
diameters 70, 100, and 150 mm, as well as on specimens with various cross-section to height ratios from
1:2 to 1:4). The measurement base included tensometry, dial indicators, portable deformometer, ultrasonic
devices of surface and through action. Mechanical and digital dial indicators were used when determining
the modulus of elasticity in accordance with GOST 24452, at 70 % of the destructive load they were
removed and measurements were performed using tensometry and removable deformometers based on
the Demec principle.
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Figure 2. Description of the test mode for determining the modulus of elasticity
after operation in an extreme state in the axes stress level — test time.

Testing was conducted on 5 reference specimens (of each standard size), on which the modulus of
elasticity and destructive load (R1) were determined in accordance with GOST 24452, 5 specimens that
were loaded with deformations and used to obtain the descending branch and determine the peak load
value sustained by the specimen (R2) — typically this load is somewhat less than that obtained in standard
testing according to GOST 24452, and 4 specimens of various standard sizes, which were first loaded with
deformations up to the peak value of destructive load, then unloaded, held for a certain time, and
subsequently tested for modulus of elasticity and then to failure (R3). The obtained results were compared
with the values of modulus of elasticity obtained on these same specimens at the beginning of the
experiment. The general testing scheme is shown in Fig. 3.

Figure 3. Description of the test mode for determining the modulus of elasticity
after operation in an extreme state in the axes stress level — test time.

Loading by deformations was performed because high-strength concretes behave elastically almost
up to failure, which occurs instantaneously and is accompanied by a sharp crack — essentially an explosion.
Determining the peak load without specimen failure and consequently obtaining the descending branch in
the o — ¢ graph is a rather complex task, and solving it by trivial methods is far from always possible [23,
24].

The determination of the microcrack initiation level in concrete was carried out according to the
classical method of Professor Berg (Fig. 1b, c, d). For this purpose, at each loading stage, the specimens
in the press were subjected to ultrasonic testing using ultrasonic testing devices. Both surface and through
sounding were performed (see Fig. 4a) using UK-1401 and Pulsar 1.0 devices, respectively. During through
sounding, a wet contact was used, so to ensure experimental purity, the device was rigidly fixed to the
specimen, not removed, and measurements were taken in one section at the center of the specimen.

For surface sounding, 12 control points were marked on the lateral surface for conducting 6
measurements (using the UK-1401 device) — 3 vertically and 3 diagonally at angles from 45 to 70° to the
horizontal. Fig. 4b shows a specimen brought to peak destructive load (immediately unloaded after
reaching it) for subsequent elastic modulus testing. As can be seen from the figure, the specimen retained
its shape but sustained several damages (chips and cracks) visible to the naked eye. On different
specimens, these damages varied in appearance but were mostly concentrated at the edges, although
some specimens exhibited vertically oriented cracks extending almost the full height of the specimen.

Fig. 3 indicates various holding intervals for the specimens to allow stress relaxation to occur.
According to the results presented in the following section, the significant influence of stress relaxation is
evident. The destructive load R3 also differs from loads R1 and R2, as shown below.



Magazine of Civil Engineering, 19(1), 2026

Figure 4. a) A cylinder sample brought to a destructive load during testing, but not destroyed;
b) Ultrasonic sounding systems for the sample.

3. Results and Discussion

During the testing, ultrasonic monitoring could be conducted right up to specimen failure (up to 0.98—
0.99 of the destructive load). However, through-transmission testing using the specified equipment yielded
no results — the ultrasonic wave transit time remained virtually unchanged until specimen failure, possibly
due to the orientation of microcracks in the specimen.

The pattern of changes in the ultrasonic transit time graph during measurements from one side up
to stress levels of 0.6 of the destructive load closely resembles classical research (referring only to the
qualitative behavior of the curve). Beyond the 0.6 stress level, the curve does not change direction, and up
to loads approaching 0.9 of the destructive load, the ultrasonic wave transit time remains unchanged (see
Fig. 5b).

Even at stress levels from 0.9 up to failure, there was no sharp decrease in ultrasonic transit time
that would indicate a rapid increase in micro-failure volume. All this suggests qualitatively different behavior
of high-strength concrete under loads entering the nonlinear region.

In Fig. 5a, using one of the specimens as an example, the development of volumetric deformations
under load is shown — here the differences from classical theories are even more pronounced, as the curve
never reached a plateau. The Poisson’s ratio was recorded to vary from 0.21 to 0.26 (the graph of Poisson’s
ratio variation versus stress level is shown in Fig. 5c).

As previously mentioned, attempts to use formulas from both Berg’s classical theory [13] and
modified versions [14—15] for predicting microcrack development processes in concrete failed to yield
positive results. Below are the results of determining microcrack formation boundaries using Formulas (1)
and (2); other tested expressions showed even greater discrepancies with experimental results.

RO v

According to Formula (1): =< =0.537; —<< =0.862.
R, R,
R? R

According to Formula (2): =< =0.857; —<<=1.107.
Ry Ry,

Berg’s formula, as can be seen, gives too low values for the parametric points R?,.. and RY,., although
the proposed theory’s description indicates its applicability to high-strength concretes with strength classes
up to 100 MPa. Formula (2) shows a lower microcrack formation boundary much closer to the experimental
results, but when determining the upper boundary, a mathematical error occurs (value greater than 1).
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Figure 5. a) The dependence of volumetric deformations on the stress level; b) the dependence
of the transit time on the stress level; c) the dependence of the Poisson’s ratio on the stress level.

According to the test results, the following values of the modulus of elasticity were recorded after the
concrete reached its ultimate load and various holding periods after unloading before reloading, compared
with the initial modulus of elasticity determined directly on the same specimen.

Ep = 53,000 MPa — average initial modulus of elasticity for the group of specimens.

Epvi = 59,141 MPa, E; = 1.71 Eb (101,192 MPa) — modulus of elasticity determined almost
immediately after reaching the failure load followed by unloading (stress relaxation holding period was
about 1 hour). Specimen: cylinder @150%x300 mm.

Epn2 = 52,335 MPa, E> =1.41 Eb (73,602 MPa) — modulus of elasticity determined almost immediately
after reaching the failure load followed by unloading (stress relaxation holding period was about 1 hour).
Specimen: cylinder @150%x300 mm.

Enz = 54,314 MPa, E; = 1.06 Eb (57,683 MPa) — modulus of elasticity determined on an unloaded
specimen after a free-state holding period of 8 days. Specimen: cylinder @150x300 mm.

Evs = 57,778 MPa, E4 = 1.00 Eb (57,967 MPa) — modulus of elasticity determined on an unloaded
specimen after a free-state holding period of 3 days. Specimen: prism 150%150%x600 mm.

Eps = 52,042 MPa, Es = 1.00 Eb (51,994 MPa) — modulus of elasticity determined on an unloaded
specimen after a free-state holding period of 1 day. Specimen: prism 150x150x600 mm.

Analysis of these results shows that with short holding periods after reaching the failure load, despite
accumulated damage, the concrete’s modulus of elasticity significantly increased by 1.4 to 1.7 times. This
may be related to the deformation mechanics of high-strength concrete under extreme loads — nearly linear
deformation until failure, minimal accumulation of internal defects (microcracks) and their closure at even
higher stress levels, and certain inertia in the relaxation process of internal stresses after removing
compressive load. These results are new and previously unpublished.

With holding periods of one day or more, significant relaxation of internal stresses occurs in the
specimen, and the obtained modulus of elasticity values become close to the initial modulus (6 %). Such
results are also extremely unusual since the already failed specimen retained its basic initial deformation
characteristics.

A crucial aspect in this case is the duration of the holding period sufficient for the residual post-
unloading stresses to relax. Its exact value depends on many factors, primarily the concrete mix
composition; thus, it may differ for each concrete type. In this experiment, several scenarios of post-loading
holding periods were considered, and one day can be taken as an averaged, sufficient period for the
relaxation of all internal stresses.

If we compare the already destructive loads, in particular R1, R2, R3, the generally expected results
were recorded in qualitative perception, but the quantitative figures are somewhat unusual:

R1 = 88.2-99.5 MPa is the average destructive load during testing according to GOST 24452,
depending on the type of sample;

R21 =92.3 MPa, R31 = 72.7 MPa — cylinder @150%x300 mm; exposure time is 1 hour;
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R22 = 92.5 MPa, R32 = 80.6 MPa — cylinder @150%x300 mm; exposure time is 1 hour;
R23 = 96.4 MPa, R33 = 94.7 MPa — cylinder @150%x300 mm; exposure for 8 days;
R24 = 85.3 MPa, R34 = 83.3 MPa — prism 150x150x600 mm; exposure for 1 day;
R25 = 89.0 MPa, R35 = 87.0 MPa — prism 150x150%x600 mm; exposure for 3 days.

Analyzing these results, it can be seen that all tested samples show a decrease in load R2 relative
to load R1 by 6 %, and load R3 relative to load R2 by 20 % for short exposures of an hour, and only 2 %
for exposures of more than a day. To summarize, with short exposures, there was a significant increase in
the modulus of elasticity but at the same time a significant decrease in the strength of concrete. At
exposures of more than a day, all data stabilized, approaching the initial results. These results are of great
interest and confirm one of the most important roles of the stress relaxation process in concrete. Research
needs to be continued on different types under different test scenarios.

4. Conclusions

A series of experimental studies were conducted to determine the main deformation characteristics
of high-strength concretes after their operation in the post-peak state, where creating such conditions for
concrete itself represents a separate complex engineering task that was incidentally solved during this
work. The research was performed on concrete specimens with compressive strength class B90-B100 and
modified modulus of elasticity of 55,000 MPa. Based on the results of this work, several important
conclusions can be drawn. Firstly, it allows for an assessment of the applicability of established approaches
used to describe the deformation process of concretes.

— Classical theories for determining the level of microcrack formation and their derivatives
describing the behavior of high-strength concretes are not fully applicable to high-strength
concretes (more detailed studies on microcrack appearance in high-strength concretes will be
presented in a separate article).

— Secondly, new results were obtained for the investigated mix composition, which can, however,
be extrapolated to other modern modified high-strength concretes:

— High-strength concretes can demonstrate nearly linear behavior not only up to high stress levels
close to failure but also after reaching their failure load (exceeding the limit state).

— No significant reduction was observed in the modulus of elasticity measured on unloaded
specimens after they reached their limit state.

— The duration of concrete specimen holding after reaching their ultimate failure load significantly
affects the modulus of elasticity determined on unloaded specimens. Moreover, with short
holding times, a sharp increase in the modulus of elasticity was recorded.

— These results are of great interest and confirm one of the most important roles of the stress
relaxation process in concrete. Research needs to be continued on different types under different
test scenarios.
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