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ABSTRACT. Experimental data on the bearing capacity of damaged reinforced concrete beams with the
dimensions of 2000 x 200 x 100 mm, reinforced with prestressed metal casings, are presented. Damaging
in the form of through normal and crossing inclined cracks, as well as excessive vertical moving of the
beam were obtained during previous tests for the effect of high-level transverse alternating loads.

The authors of the article have developed a method and equipment for restoring and strengthening
damaged reinforced concrete beams using a casing. Beams are manufactured and tested in accordance
with the three-level design of an experiment.

Previously damaged and reduced to the ultimate (pre-emergency) state, the beams were strength-
ened with the declared method and equipment, and then retested. New data on the bearing capacity of
ordinary and damaged beams, as well as reinforced concrete elements strengthened with casings and
tested for the action of transverse forces and bending moments were obtained. The research results are
presented in the form of experimental-statistical dependences of the bearing capacity of the support
areas, deformability and crack resistance of the investigated elements on the ratio of the most significant
design factors and external factors. A comparative analysis of the influence of these factors on the main
parameters of the bearing capacity of ordinary as well as previously damaged and then strengthened
test beams is carried out.

The possibility and appropriateness of using the proposed method of strengthening reinforced
concrete beams damaged by through normal and cross-inclined force cracks in the conditions of an
existing production has been experimentally proved.

KEYWORDS: Through normal and cross inclined cracks, reinforced concrete beam damaged by force
cracks, prestressed metal casing, low-cycle alternating transverse load.
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1. INTRODUCTION

Every day, engineers are facing new problems related
to the increased seismicity of buildings and structures’
siting, their physical wear and tear, changes of their
functional purpose, increased load, etc. [I]. For this
reason, from time to time, they have to solve com-
plex technical problems related to the replacement or
strengthening of damaged structures [2]. Replacing
damaged reinforced concrete structures requires sig-
nificant labour resources, financial costs and a long
production stoppage. At the same time, the analysis
of the damaged critically important reinforced con-
crete spans of a structure showed, in general, that
during their operation, there are significant damages
to the protective concrete layer, reinforcement corro-
sion, the appearance and excessive growth of cracks,
unacceptable deflections, etc. [3, 4]. Therefore, the

authors [3] 4] recommend to strengthen them using
well-known traditional methods and restore the bear-
ing capacity.

Further experience has shown that the operation
and service life of damaged structures can be extended
by strengthening and renewing them during major
repairs and without stopping the technological pro-
cess [9].

Reinforced concrete structures can be reinforced
with new reinforced concrete or reinforced mortars,
which, in addition to increasing the weight and other
known disadvantages, have the following disadvan-
tages: the reinforcement system can usually work
with a damaged element only after the materials have
acquired the required strength in reinforced sections;
lack of full control over the joint functioning of the
damaged structure and the reinforcement system.
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Recently, the reinforcement of structures with glued
composite materials has been increasingly used [6].
However, the high cost of such materials, the lack of
direct control of reinforcement quality, the sensitiv-
ity to temperature effects, the possibility of a brittle
fracture, and the imperfections of existing methods
for their calculation hinder the possibility to use this
progressive method of reinforcing damaged structures.

During their operation, most span reinforced con-
crete structures are exposed to cyclic or low-cycle re-
peated and alternating loads that occur within the op-
erational level, and sometimes even exceed it. A load
reversal, its level and indefinite repetition during the
operation often lead to the consequences that are
qualitatively different from those obtained when cal-
culating for a constant load of one sign of maximum
intensity, which is the focus of most of the current
design standards. Strengthening of reinforced con-
crete beam structures damaged by through normal
and inclined cross-open cracks, during the operation
process carried to the limiting or pre-dangerous state,
under the action of high-level growing cyclic load with-
out stopping the production process using prestressed
metal casing is uncontested. However, the design of
such a reinforcement is controlled by the lack of a nor-
mative methodology and clear recommendations in
the proprietary technologies, which adequately reflect
the real stress-strain state of both the damaged struc-
ture and the reinforcement elements. This highlights
the relevance of this work.

It was experimentally established [7] that low-cycle
transverse alternating and intermittent load of high
levels does not only reduce the bearing capacity of pro-
totypes (reinforced concrete beams) to 20 % and their
crack resistance, but also significantly increases the
width of the opening of normal cracks and, especially,
oblique ones , the value of deflections up to 35 %, and
also change the nature of their destruction in compar-
ison with a one-time static loading of proportionally
increasing load.

It is obvious that for strengthening reinforced con-
crete structures carried to the limit or danger states
under such operating conditions, metal should be
used as one of the most studied materials with stable
strength and physical and chemical parameters that
are easy to control.

One can strengthen the construction by setting
additional reinforcement to the bare bearing rods of
the stretched zone, its prestressing “concrete” and
post-coating with concrete [§]. However, this method
provides, firstly, the compression of the stretched zone,
which leads to an increase in the resistance of this
part of the structure without strengthening the rest
of it. And, secondly, this method is unacceptable for
alternating or seismic loads.

The method [9] deserves attention, as it provides
for the fixing of the strengthening element in the
compressed zone of the reinforced concrete beam and
its further two-stage pre-compression before and after
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prestressing the strengthening element in the stretched
zone.

However, this method allows to strengthen only
normal sections of a solid reinforced concrete beam
(without any cracks) subjected to only an intermittent
transverse load or bending moment in the main ver-
tical loading plane and does not lead to an increase
in inclined sections and heel sections, in general, the
intermittent load action. And with intermittent trans-
verse loading (for example, during earthquake), this
method, conversely, can lead to a premature destruc-
tion both along the pre-stretched upper elements of
strengthening, normal sections, and along the crossed
inclined sections. There are no recommendations for
strengthening cracked reinforced concrete elements in
the work [9].

One of the first scientists in the Soviet Union, prof.
V. V.Pinajyan [I0], studied the possibility of using var-
ious equipment to strengthen the span reinforced con-
crete structures. In particular, he found that strength-
ening a damaged T-shaped reinforced concrete beam
under the load with a reinforced mortar “jacket” in-
creased its bearing capacity by 42 %, strengthening
the same beam with prestressed longitudinal steel rods
by 8 %, strengthening it using two devices described
above at the same time by 71 %, and strengthening
the beam only in the support areas with prestressed
U-shaped clamps by 10 %. For a more reliable con-
nection of an old concrete with the new one, the
author [10] recommends installing additional metal
ties to prevent their relative movement. He stated
that the strengthening of the tensile zone of the struc-
ture with prestressed longitudinal reinforcement in
the form of a truss rod is one of the most effective
methods. However, in the paper [I0], there are also
no recommendations for strengthening damaged struc-
tures in a dangerous or pre-dangerous state, under
the action of alternating cyclic loads.

This conclusion was confirmed by the tests [I1]
of reinforced concrete beams strengthened with pre-
stressed metal tightenings, which showed a simulta-
neous increase in their bearing capacity and stiffness
with raising the cross-section of the tightenings. The
author’s tests of strengthened two-span beams [I1]
showed that the prestressed tightenings turned the
beams into an eccentrically compressed element, and
also revealed the dependence of the redistribution
of internal forces in the beam on the value of com-
pressive forces from the tightenings. These tests also
confirmed the prestressing feasibility in the vertical
transverse bars. However, the author did not investi-
gate the more complex three-dimensional stress state
of reinforced concrete elements, damaged by through-
thickness cracks [I1].

A detailed qualification of the most common causes
and conditions of building structures, which empha-
sizes the necessity for their strengthening as well as
the methods of its implementation, is given in the
publication [I2]. Tt includes a complete set of various
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equipment for strengthening concrete structures, due
to which this book has become the ultimate know-how
source for many specialists in the field of reconstruc-
tion. However, the atlas of diagrams and drawings [12]
still does not contain any equipment for strengthen-
ing dangerous structures for the action of a cyclic
alternating increasing load.

The authors [I3] proposed a design of equipment
for strengthening a reinforced concrete beam with
a metal sheet glued to its lower edge and pre-stressed
horizontal elements in the form of two flexible tension
bars on the side surfaces, where the stress is created by
tightening (stressing) of the vertical elements anchored
in the upper compressed zone. However, with the help
of this structure, it is possible to strengthen only the
lower tensioned zone and the support sections of the
beam at a constant or intermittent cyclic transverse
load.

Original equipment for strengthening bent building
structures [T4] contains a rigid wave-like strengthening
element, stressed vertical stirrups, stressed reinforce-
ment and support rollers. The strengthening element
is attached at the ends and the points of contact with
the strengthened bending structure from the side of
the strengthened compressed zone. The longitudinal
stressed reinforcement is fixed at the ends of the struc-
ture, which is strengthened, and the support rollers are
between the stressed reinforcement and the stretched
edge of the structure.

This equipment makes it possible to strengthen the
upper compressed and lower tensile areas as well as
partially supporting sections, as a result of which its
bearing capacity increases, but under the action of
a transverse load of only one direction.

It is interesting to strengthen reinforced concrete
compressed and bent elements using steel sheets at-
tached to their sides with a bolt connection [15]. In
this work, the authors established the relationship
between the bolted joint and the beam bearing capac-
ity. Taking into account the cyclic nature of the load,
the authors [16, [I7] highlight the positive quality of
the equipment operation and the plastic nature of the
destruction of the strengthened structure.

Experimental studies [I8] of a steel strip strength-
ening, glued onto an undamaged reinforced concrete
beam, showed an increase of its bearing capacity by
up to 300 %. At the same time, the authors [I8] con-
tinue to study the end clamping of the tape in order
to use its strength more and prevent brittle fractures
of the beam.

The authors [19] tested four beams: the first one
was not strengthened; the second one was strength-
ened with a glued steel strip at the lower part in the
stretched zone; the third one was strengthened in
the compressed and stretched zones with similar steel
strips without gluing them to the body of the beam;
the fourth one was strengthened with the same strips
on the top and on the bottom, glued to the body of the
beam using an epoxy glue. All the strengthened beams

had the same ancho clamping of steel plates at their
ends. The bearing capacity increased by 130-160 %
and the deformability of the beams strengthened with
epoxy glue and the plastic nature of their destruction
decreased.

Experimental studies [20] of three reinforced con-
crete beams, strengthened with steel plates located in
the tension zone and fixed with end anchorages and
epoxy glue, have shown an increase of load-bearing
capacity by up to 48 %. And the publication [21] in-
dicated that the use of a similar strengthening equip-
ment (only with a different anchor design) resulted in
bearing capacity increasing by only 10 % as compared
to a beam without any strengthening.

According to the results of experimental studies
of a new strengthening equipment — an external rod
roller-truss system of reinforced concrete beams, the
authors [22] achieved an increase of bearing capacity
by up to 4.5 times and a significant deformability
decreasing.

At the moment of strengthening, the building struc-
tures are mainly under load, according to [23], the
reliability of the strengthened concrete element de-
pends on this value. As a result of the investigations
of the stressed state of reinforced concrete beams,
strengthened by lengthening of stretched reinforce-
ment bars under the load action, the authors [24]
proposed two new methods for assessing the reliability
of reinforced concrete elements.

The article [25] presents the modernization of the
truss analogy model in the design scheme of the sup-
port section of EC-2 beam, which includes two com-
pressed concrete columns with a variable falling gradi-
ent, whose angles are determined using the equilibrium
conditions and the theory of plasticity. At the same
time, the upper compressed column, as a rule, has
a lesser inclination as compared to the lower one. This
is understandable, taking into account the shear stress
increasing in the area of dangerous (critical) inclined
cracks. The proposed model provides a better coinci-
dence of the calculated values of shear strength with
the experimental data under the action of a transverse
load of the same direction, in comparison with EC-
2. However, the authors [25] do not indicate how to
apply their original model for calculating reinforced
concrete beams under alternating loads. So there are
more elements that have received damage in the form
of through normal and cross-inclined cracks.

In the publication [26], a conceptual model is pro-
posed to predict the shear and flexural strength of thin
reinforced concrete beams with and without any trans-
verse reinforcement. The model takes into account the
shear perceived by a compressed strip of uncracked
concrete between the cracks, stirrups, if there are, and
the longitudinal reinforcement. A physical explana-
tion of the development of shear transfer mechanisms
and the contribution of each factors to the bearing
capacity of an element at the limit state are given.
There are simple equations to check the shear strength
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and to calculate the shear reinforcement. The pro-
posed model is confirmed by comparing its predictions
with the results of shear testing of prototypes under
the action of both concentrated forces and a uniformly
distributed load. Considering the plane stress con-
dition when determining the internal forces on the
support section in the indicated beams, it is necessary
to solve a statically indeterminate problem each time
the number of unknown quantities (stresses in main
and transverse reinforcement, normal and shearing
stresses in concrete of a conditional compressed strip,
its dimensions, projection length of a dangerous in-
clined crack, etc.) exceeds the number of possible
equations of equilibrium and strain compatibility. Ac-
cordingly, the authors [26] highlight these issues with
more details, and also describe their proposed design
model for beams with any cross section under the
action of an alternating transverse load.

The article [27] presents a model of a spatial truss
with a variable angle, based on the theory of plasticity,
taking into account the uneven distribution of longi-
tudinal reinforcement along its sides. The proposed
model is developed in stages: firstly, for a polygonal
cross-section with an arbitrary number of sides, includ-
ing arbitrary longitudinal reinforcement ratios and the
corresponding slopes of concrete columns with an al-
ternate angle, and then a simpler and more common
case of a rectangular cross-section with two typical
longitudinal reinforcement coefficients and two corre-
sponding slopes of the columns with alternate angles.
For practical design purposes, the results of this model
are illustrated by normalized strength twisting curves
of reinforced concrete elements, taking into account di-
mensionless reinforcement coefficients. The proposed
model provides a good agreement between the cal-
culation results and the experimental data of other
authors. The operating experience of reinforced con-
crete frame elements shows that, in general, there are
four internal stresses: bending, twisting, transverse
and longitudinal moments. At the same time, bend-
ing moments and shear forces prevail in the parts of
a flat framework. Therefore, the model [27] should
be used for the general case of stressed state of a re-
inforced concrete element, with additional external
reinforcement in the form of a prestressed casing.

There is also a practical interest in the article [28],
which presents the results of experimental and numeri-
cal researches of L-shaped beams, made of lightweight
aerated concrete LWFC, under a combined load. An
experimental program was implemented that included
tests of five L-shaped beams. A numerical model was
also developed to simulate the stress-strain state of
seventeen LWFC L-shaped beams. The effect on the
breaking moment of the shear depth (M/Vd), the ra-
tio of the twisting to the transverse force (T/Vd), the
width of the flange to the side thickness (B/b), and
the coefficient of transverse reinforcement p,, were
studied. Under the combined loading of the elements
with a large shear span (M/Vd > 2), an increase in
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their strength was observed with a decrease in the
M /Vd ratio and, conversely, a decrease of the bear-
ing capacity by 67 % with an increase in the T'/Vd
ratio. When testing prototypes with a small shear
span (M/Vd < 2), with an increase in the T/Vd ra-
tio, their strength decreased by 28 %, and the nature
of their destruction also changed. In addition, un-
der combined loading, with increasing the relative
width of the flange by 1.7 times, the breaking load
increased by 24 %, and with increasing p,, > 1,2 %,
the nature of samples’ fracture changed from plastic
to brittle. However, without an appropriate design
of the experiment, the authors [28] did not have the
possibility to study the mutual influence of the fac-
tors on the bearing capacity of these elements, which
obviously took place. This limitation also applies to
a variable load, during the study of the stress-strain
state of L-shaped beams made of LWFC lightweight
concrete with a combined load of the same direction.
The scientific work [28] also does not have any recom-
mendations for the calculation and strengthening of
damaged structures if it is necessary.

From the review of publications, it can be concluded
that in the national design standards and well-known
proprietary technologies, there are no clear recom-
mendations for calculating the combined action of
span reinforced concrete structures, which are dam-
aged, carried to the limit or in dangerous states, with
elements of their strengthening.

The analysis of these publications showed that the
existing methods of strengthening span reinforced con-
crete structures have the following common features:

o fixing strengthening elements on the damaged ele-
ment;

e creating prestress in them in the longitudinal and
vertical transverse directions.

The disadvantages of these methods and equipment
for strengthening reinforced concrete beam structures
are:

e strengthening, mainly, of normal (more often) and
inclined (less often) sections of a solid reinforced
concrete beam on the action of only constant trans-
verse load in the main plane. Under the action
of a variable transverse load, most of the existing
methods and equipment can lead to a premature
failure of the investigated elements;

e inability to restore or increase, if it is necessary,
the bearing capacity of dangerous or carried-to-
the-limit-state beam structures under the action of
alternating cyclic or pulsating loads of high levels
and seismic effects.

A comparison of the experimental data on the bear-
ing capacity of concrete beams, both the ordinary
and the ones strengthened with a metal casing, dam-
aged by normal through and cross-inclined cracks
under the action of a low-cycle alternating high level
load with the calculation results using the existing
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proprietary technologies showed, in general, their un-
satisfactory convergence for both the ordinary and
the strengthened test beams. At the same time, the
main part of publications is devoted to determining
the bearing capacity of normal sections of ordinary
and strengthened structures with metal elements ac-
cording to the first and the second groups of limit
states, while the strength of their inclined sections
and bearing sections, in general, are still unstudied.

The purpose of this scientific work is an experi-
mental and theoretical study of the bearing capacity,
crack resistance and deformability of reinforced con-
crete beams, strengthened by prestressed metal cas-
ings, damaged by through normal and cross-inclined
cracks under the action of a high-level low-cycle al-
ternating load to improve the existing and to develop
new physical and mathematical models of the bearing
capacity of normal and inclined sections of damaged
spans of reinforced concrete structures, strengthened
with the indicated metal casings under the action of
the described load.

Research objectives:

e to develop an original method of restoration and
strengthening of reinforced concrete beams dam-
aged by through normal and cross-inclined cracks
and an equipment for its implementation;

e to study the stress-strain state, bearing capacity,
the opening width of normal and inclined cracks, the
deflections, the destruction nature of ordinary solid
and concrete beams strengthened with prestressed
metal casings, which were severely damaged and
were almost destroyed during previous studies un-
der the action of static and low-cycle high-level
alternating load, using the designed experiment;

e to evaluate the influence of the main structural fac-
tors on the bearing capacity of the bearing sections
of the studied ordinary and damaged reinforced con-
crete beams strengthened with prestressed metal
casing, on their crack resistance and deformability
using experimental-statistical dependences formed
from the data of a full-scale experiment;

e to carry out a comparative analysis of the influence
of the main design factors on the specified parame-
ters of ordinary solid and damaged reinforced con-
crete beams strengthened with prestressed metal
casings, taking into account the action of static and
low-cycle alternating loads.

2. TECHNIQUE OF EXPERIMENTS,
MATERIALS AND EQUIPMENT

In the Odessa State Academy of Civil Engineering
and Architecture, complex experimental studies of the
bearing capacity of the bearing sections of reinforced
concrete span structures under complex stress state
are being carried out [7, 29H3T].

To achieve this goal, the authors of the article
have created a method and equipment [32] to restore

and strengthen a reinforced concrete beam in a pre-
dangerous state due to its division by through nor-
mal and cross-inclined cracks (Figure [I)) into separate
blocks connected with each other by longitudinal and
transverse reinforcement under the action of alter-
nating cyclic or high-level pulsating load, as well as
strengthening of an ordinary span reinforced concrete
structure that, although being in a satisfactory tech-
nical condition, can reach the specified state under
seismic effects. The task was solved by two inventions
united by a single concept:

a)a method of restoring and strengthening a damaged
reinforced concrete beam by fixing the strength-
ening elements on it with the subsequent creation
of pre-stress in them and its three-sided (beam)
compression;

b)an equipment for restoring and strengthening a dam-
aged beam, which has longitudinal and transverse
vertical and horizontal elements interconnected and
pulled together by threaded couplings (Figure [2)).

The following factors were variable at three levels
in the experiment:

x1 — the relative shear span (the distance from the
support to the action line of the concentrated force),
a/hg =1, 2,3 at hg =d = 175mm,;

x9 — concrete grade C, MPa, C16/20, C30/35,
C40/50;

x3 — coefficient of transverse reinforcement: the
outer metal casing pf.,(A240C) = 0,0046; 0,0105;
0,0263 at ps., (Bpl)=0,0016; 0,0029; 0,0044 inside
the beams;

x4 — the level of transverse load in reinforced concrete

beams of the first (ASD) and second series (A) 7y 2
= 0,5; 0,65; 0,8u prestressing level in the casing
elements 7,y = 0,25; 0,50; 0,75 in the third series
(D).

Coeflicients of upper and lower longitudinal rein-
forcement pl/s = p1s = 0,176 for all the types of the
beams. Coefficients of the upper and lower additional
reinforcement of damaged reinforced concrete beams
in the form of prestressed casing elements from the
angle beams 25 x 25 x 4mm p.; = pe; = 0,0191, at
lo = 9hg; hg = 175mm and b = 100 mm for ordinary
reinforced concrete beams.

These factors can influence the characteristics of
the stress-strain state nonlinearly. Therefore, it was
reasonable to approximate the dependence of the last
factors by polynomial experimental-statistical models
of the second degree [33] [34], with z; normalized to
non-dimensional —1 < z; < +1. For this purpose,
a 4-factor 2" order 25-point design of the experiment,
namely the Box design (B4, close to D-optimal, [34]
35]) was carried out.

Each full-scale experiment of the first (ASD), sec-
ond (A), and third (D) series was provided with two
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FIGURE 1. Fixation of the formation and development of through normal and cross-inclined cracks in the experimental
reinforced concrete beams with small (A), medium (B) and large (C) shear span.

twin-beams with four supporting sections. The pro-
totype beams of the third series (D) were the same
beams from the first series (A), which were damaged
and divided into separate blocks by through normal
and coss-inclined cracks (A), brought to the limit state
during the previous tests of the effect of high-level
alternating loads (Figure , and which in the third
series (D), were restored and strengthened by the
patented method and equipment [32].

The prototypes — reinforced concrete beams — were
reinforced with two flat welded frames. Heavy con-
crete of the above grades with granite crushed stone,
with a fraction of 5-10 mm, and quartz sand, with
a fineness modulus of 1.5, were used to make these ele-
ments. Portland cement, grade 500, without additives
was used as a binder. To reduce the water-cement ratio
in order to improve the workability of the concrete mix-
ture and to shorten the concrete strength time, com-
plex additive Relaxol-Super M (ISO 9001N204.156.26)
at a 1% rate of the cement weight in terms of the dry
substance was used in all the experiments.

To restore and strengthen reinforced concrete beams
damaged by forceful cracks, special equipment was
made for its implementation with this method, and
a special power plant was certified for another ex-
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periments. The load was applied in cycles according
to a four-point scheme using a DG-50 hydraulic jack
and two spreader beams with two concentrated forces
in steps: (0.04-0.06) F,;; until the first normal and
oblique cracks appeared, and then in the interval of
(0,08-0.12) F until failure in the first series (ASD)
or up to a given 7 level of the alternating load in the
first and other cycles, and subsequently, until the limit
state or destruction in the final stage in the second
(A) and the third (D) series. The load period was 15
minutes with all the measurements carried out at the
beginning and at the end of each load step.

Monitoring the concrete deformations of the com-
pressed area and tensile reinforcement, as well as the
level of prestressing in the metal casing was carried
out using dial indicators, and vertical displacements —
by Aistov’s flexometer.

3. BASIC MATERIAL AND RESULTS

The test results of experimental reinforced concrete
prototype-beams of the first (ASD) and second (A)
series showed that their deformation, cracking and
destruction occurred according to the rules of struc-
tural mechanics and were predictable. Normal cracks
appeared first in the action area of maximum bending
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FIGURE 2. Metal prestressed casings for strengthening continuous (A) and ordinary single-span (B) damaged
reinforced concrete beams; cross bar (clamp) (C) and cross-section of a reinforced beam (D)

1 — longitudinal horizontal strengthening element; 2, 6, 7 — threaded metal rod; 3 — supporting element; 4 — nut screw;
5 — transverse vertical strengthening element; 8 — threaded socket; 9 — transverse horizontal strengthening element;

10 — damaged beam; 11 — threaded socket.

moments. With further increasing the transverse load,
the normal cracks developed into the depth of the
beam, their opening width increased and new normal
cracks appeared. Further increasing the static step
load led to a further development of normal and in-
clined cracks with the predominant opening of inclined
ones, and consequently to a beam fracture of the first
(ASD) series along dangerous inclined cracks.

Prototype beams of the first (ASD) and second (A)
series were designed to be of almost equal strength
along normal and inclined sections, but so that their
fracture would occur, nevertheless, along inclined sec-
tions at the final destructive stage of the shear load
and related bending moments.

When the sign of the half-cycle of the beam load of
the second (A) series changed, the previously formed
normal and oblique cracks were completely closed
under the action of compressive stresses in the pre-
viously extended (in the previous half-cycle) area.
And vice versa, in the previously compressed area of
“pure bending” in the next half-cycle, the new normal
cracks appeared, which connected with the previous
normal ones, forming visible through cracks. And

in the bearing areas with the direction change of the
half-cycle, new oblique cracks appear, crossing the pre-
viously formed oblique cracks at the angle of nearly
90°, which is explained by the direction of the main
tensile stresses.

Increasing the levels of alternating load, the height
of normal and the length of oblique dangerous cracks
gradually increased, the bond between the concrete
and the longitudinal and transverse reinforcement
deteriorated, concrete decompaction occurred and its
strength decreased, simultaneously, the crack opening
width, deformability of prototype beams and relative
movement of their individual blocks increased. The
fracture of the beams of the second (A) series at high
levels n > 0,8F),;; was, as a rule, fragile and mainly
in the support areas.

The restoration and strengthening of the damaged
beams in the second (A) series using the stated meth-
ods and devices [32] made it possible to align them,
give them their original shape, and then significantly
strengthen them. As a result, their bearing capacity
significantly increased, which confirms the reasonabil-
ity of applying the specified invention in practice.
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Strength (bearing capacity) of the investigated
elements can be represented by the following
experimental-statistical models:

Y (V) = 98 — dlay + 122 + 63 + 1627 — Ta
— 5x§ —Txize  (kN),

the coefficient of variation v =5.2% (1)

Y (VSP) = 80 — 33z + 1322 + 623 — 214 + 212
(kN), v=5.8%
(2)

— 1295% — 5;10% —Tx129

v (V;]%p) = 148 — 322, + 1720 + 222 — 822

—10x122  (kN), v=5.3%

3)

where V.17, V537 — breaking shear force with statis-
tical step-increasing and low-cycle alternating loads,
respectively, in ordinary reinforced concrete beams
according to [7];

Vuejfp — breaking shear force of reinforced concrete
beams of the second series (A) damaged by normal
force cracks, strengthened with a prestressed metal
casing according to [32], under the action of a low-
cycle high-level alternating load at the values of design
factors.

The presented adequate experimental-statistical de-
pendences allow to comprehensively evaluate
both the individual influence of each factor on the
studied output parameters and the effects of factors’
interaction, and also compare the value of this influ-
ence on ordinary reinforced concrete beams under the
action of a static step-increasing and low-cycle alter-
nating high-level load and reinforced concrete beams
strengthened with metal prestressed casing, damaged
and separated by force cracks into separate blocks
under the action of a similar load. The geometric
interpretation of the bearing capacity of the support-
ing sections of the prototype beams can be partially
shown in Figure [3]

Among the design factors, the relative span size of
the shear has the greatest influence on the bearing
capacity of the bearing sections (Figure . In gen-
eral, the decreasing strength of inclined sections of
reinforced concrete beam structures with increasing
their shear span according to a nonlinear law, found
n [36], and [29H3T], is confirmed.

The next largest influence is the concrete grade.
With increasing the grade from C16/20 to C40/50,
the bearing capacity also increases according to a non-
linear law (Figure [3b).

A similar situation is observed with increasing the
transverse reinforcement coefficient ps,, (Figure .
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The influence of an increase in the level of transverse
load 7 from 0.5 to 0.8 turned out to be negative with
its alternating character only for ordinary beams of
the second (A) series (Figure [3d).

The analyses of dependencies [IH3] show that they
are qualitatively the same type and the influence of
design factors as well as the low-cycle load factor is
qualitatively similar. The differences are in quantita-
tive values.

Thus, the bearing capacity of inclined sections of
prototype beams, expressed through the breaking
shear force V,,, increases based on their average values
— 98, 80 and 148 kN:

o decreasing the relative shear span a/hy from 3 to 1
increased the bearing capacity of the first (ASD),

second (A) and third (D) series by 84, 83 and 43 %,
respectively;

e increasing the concrete grade from C16/20 to
(C40/50 increased the bearing capacity by 24, 33
and 23 %, respectively;

e increasing the amount of transverse steel reinforce-
ment pg,, from 0.0016 to 0.0044 increased the
bearing capacity by 12 and 15 %, respectively.

Increasing the number of prestressed transverse
clamps of the metal casing py,, from 0.0046 to 0.0263
did not affect the value Vue}”p , apparently due to the
effect of the combined work of all the prestressed
elements of the metal casing and the previously dam-
aged reinforced concrete beam, partially restored by
a three-sided compression.

The change in the prestressing levels no f in the case
elements from 0.25 to 0.75 did not affect the strength
of the support sections of previously damaged and
then strengthened experimental beams with an alter-
nating transverse load (Figure .

Factors 1 and x5 significantly interact with each
other. So, with simultaneously decreasing the value
of the relative shear span a/hg and increasing the
concrete grade C, there is a noticeable V,, increase.
The presence of quadratic effects of the factors, z7,
23 and 7% , with the signs that are opposite to the
direct influence of these factors, indicates that beyond
the change in the studied factors (a/hg > 3, C >
40/50 MPa, pgy > 0,0044), their further increase won’t
lead to significant changes in the bearing capacity of
the prototype bearing sections.

An analysis of the obtained experimental data
showed that low-cycle repeated loads reduce the bear-
ing capacity of the bearing sections of reinforced con-
crete beams, on average, by 8 %, according to [31],
and low-cycle alternating ones by 18 %, as compared
to the bearing capacity of similar beams, tested for
the action of a static, step-increasing load.

As illustrated in the field experimental studies, the
bearing capacity of concrete beams damaged in previ-
ous experiments and strengthened with a prestressed
metal casing [32], increased, on average, by 51 %, as
compared to ordinary reinforced concrete beams of the



VOL. 61 NO. 6/2021

Bearing capacity of damaged reinforced concrete . ..

A Vu, kN CS%S; Psw=0.0029;
Prw=0.0105; 7, ,=0.65;
200+ N=0.5; p;;=0.0176;
P|f=0.0191; lO=9h0;
180+ hy=175mm; b=100mm.,
160+
140+
120+
100+
80 +
60 +
X,
"1 "o" "
1 2 3 alh,
(A).
J Vo kN
20T a/hy=2; C 33s; 1,,=0.65;
180+ N6=0.5; p=0.0176;
p=0.0191; 1,=9h,;
1604+ hy=175mm; b=100 mm.
[ _ ‘ ®
140+ — D
120+
ASD
100+
80 +
60 + <
"oq" "o" nyn ‘3
0.0016 0.0029 0.0044 psw(Bpl)
t } ——
0.0046 0.0105 0.0263p1w(A240C)

(c).

| Voo kN
a/hy=2; psw=0.0029;
2004 v :
P=0.0105; n, ,=0.65;
1801+ N6:=0.5; p;s=0.0176;
p"‘=0.019]; 10=9h0;
1604 hy=175mm; b=100 mm.
D
140+ /
120+
ASD
100+ — -—
’ L L
80+ ¥ '\
<
60 +
r :
"_1" "0" "1"
} —
C16/20 C30/35  C40/50 C,
MPa
(B).
A Vu, KN
150+
[~ ) ® ®
140+
130 a/hy=2; C%s; psw=0.0029;
1201 Prw=0.0105; p,;=0.0176;
p=0.0191; 1)=9h,;
1104+ hy=175mm; b=100 mm.
100 p * —\— ="
90 4 ASD __|
A
80 -t G * e -—
"_1" "0" "1" 4
o
0.5 0.65 0.8 M.
[] 1 | I —
L) I L
0.25 0.5 0.75 Mof

(D).

Y= = =X ASD - experimental data of statically loaded reinforced concrete beams by K. Albu, D.

Danilenko, Yu. Syomina [7];

00— - —0O A — experimental data of cyclically loaded reinforced concrete beams by K. Albu [7];
@——@ D — experimental data of damaged reinforced concrete beams strengthened with a metal
casing under cyclic loading by D. Danilenko [32].

FIGURE 3. Influence of the relative shear span (A), concrete grade (B), amount of transverse reinforcement (C),
shear load levels and prestressing in the case members (D) on the bearing capacity of the bearing sections of the test
members before their fracture.
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first series (ASD), which indicates the high efficiency
of the reinforcement.

The vast majority of the test beams fractured along
inclined sections in both or one (more often) shear
spans. The destruction criterion of the prototypes
was the achievement of ultimate deformations in the
concrete or reinforcement with clear signs of plastic
deformations in them, excessive opening (up to 1 mm
or more) of oblique (more often) or normal (less often)
cracks, a significant increasing of the sag of spans
(f = 155l0), no increase or some decline (up to 15 %)
in the pressure gauge indications of the power plant
pumping station.

It has been experimentally proven that the main
reason for the decreasing bearing capacity of the
prototype-beams under the action of low-cycle re-
peated and alternating loads is the structure rupture
of the concrete, especially in the support areas, its
decompaction and partial loss of its bond to the steel.

The greatest increase of permanent deformations
in concrete and transverse reinforcement is observed in
the first two or three cycles and, as a rule, it stabilized
by the fifth or sixth cycle at load levels n = 0-0,65.

The failure of reinforced beams of the third (D) se-
ries began with a gradual prestress loss in compressed
case elements, opening of previously formed cracks,
relative movement of individual blocks and excessive
deformations of case elements, and ended with the flu-
idity of the reinforcement stretched in this cycle and
a shape loss of the casing strengthening the supporting
area.

The deflections of the investigated beams before
their destruction can be characterized by the following
experimental-statistical dependences:

Y (fP) = 6 4 1.521 + 0.6525 + 0.7x3 + 0.3524
—0.52% +0.27173 v=>55% (4)

(mm),

Y (fS5P) = 7.2+ 2.121 + 0.8z5 + 0.823 + 0.4z,

—0.522 (mm), v=>53% (5)

¥ (f257) = 1324+ 6621 — 072 + 08505 — 082,

+ 1.52% 4 0.423 4 0.6z123 — 0.82124 + 0.92924

—0.6z3z4 (mm), v=51% (6)

which show that the vertical movement of the beams
in the first (ASD) series of experiments, on average,
were (1/263) of the calculated span Iy, the second (A)
series — (1/280) Iy, and the third (D) series — (1/119)
lp at this load. At the same time, the action of the
low-cycle alternating load increased the deflections
of the prototype-beams in comparison with a single

statistical step-increasing load by 20 %.

712

The use of a prestressed metal case for strength-
ening beams damaged by low-cycle alternating load
increased not only their bearing capacity by 1.85 times,
but also deflections by the same amount. The graphic
figure of deflections before the beam destruction and
their dependence on the factors is illustrated in Fig-

ure @l

The opening width of normal cracks in the “pure
bend” area can be represented by the dependencies [7]
Bl and in Figure [5}

e (Wiifﬁf) = 0.14 + 0.0221 + 0.032 + 0.013

+0.0524 + 0.0122 — 0.0322 + 0.0222 + 0.012 23
+ 0.01z124 + 0.022224 + 0.012324
v="62% (7)

(mm),

erf
—0.01244+0.0221224+0.022123 —0.01z124 +0.012273
v=21.6% (8)

v (Wm”) — 0.06 + 0.0421 + 0.0225 + 0.0123

(mm),

As the expressions|[7]and [8|show, the presence of the
prestressed metal casing restrains the development of
normal cracks in the middle of the beams and reduces
the width of their opening, on average, by 2.3 times.

The opening width of inclined cracks in the bearing
areas of the studied elements can be represented by
experimental-statistical dependences and is shown in

Figure [6}

Y (WEP) = 0.35-0.0621—0.032—0.0123—0.14x4

crl

— 0.01$1$3 — 0.031‘2334 — O.O2x3x4
v=10.4% (9)

(mm),

V (W/5P) = 0.6340.0521 +0.0529+0.0625+0.2474

cr2
—0.0222 + 0.0222 4 0.022% 4 0.11z125 — 0.03z1 23
— 0.06x314 v=11.5% (10)

(mm),

v (W’e“’p) — 0.5040.2021 —0.0125—0.0525—0.0924

crf
+0.0322 —0.03z1 25 —0.0421 24 v=284%
(11)

An analysis of expressions [7] [8] [9} [L0] and [LI] shows

that the opening width of inclined cracks in ordinary
beams is 2.5 times greater than the opening width of
normal cracks under a single static load. The action
of low-cycle high-level alternating load increases the
opening width of the inclined cracks by 4.5 times.
The use of a prestressed metal frame allowed not
only to increase the bearing capacity of investigated

(mm),
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Y= = =X ASD - experimental data of statically loaded reinforced concrete beams by K. Albu, D.
Danilenko, Yu. Syomina [7];

O— - —0O A — experimental data of cyclically loaded reinforced concrete beams by K. Albu [7];

@——@ D — cxperimental data of damaged reinforced concrete beams strengthened with a metal
casing under cyclic loading by D. Danilenko [32].

FIGURE 4. Dependence of the deflections before the destruction of investigated beams on the value of the relative
span of the shear (A), the grade of concrete (B), the amount of transverse reinforcement (C), the levels of transverse
load, prestressing in the case elements (D).
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casing under cyclic loading

by D. Danilenko [32].

(D).
Y= = =X ASD - experimental data of statically loaded reinforced concrete beams by K. Albu, D.
Danilenko, Yu. Syomina [7];
O— - —0O A — experimental data of cyclically loaded reinforced concrete beams by K. Albu [7];

@——® D - experimental data of damaged reinforced concrete beams strengthened with a metal

FIGURE 5. Influence of the relative shear span (A), concrete grade (B), the amount of transverse reinforcement (C),
the levels of transverse load and prestressing in the case elements (D) on the opening width of normal cracks in the
investigated elements before their destruction.
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Y= = =X ASD - experimental data of statically loaded reinforced concrete beams by K. Albu, D.
Danilenko, Yu. Syomina [7];
O— - —0O A — experimental data of cyclically loaded reinforced concrete beams by K. Albu [7];

@—@ D - experimental data of damaged reinforced concrete beams strengthened with a metal
casing under cyclic loading by D. Danilenko [32].

FIGURE 6. Dependence of the opening width of inclined cracks before beam destruction on the size of the relative
shear span (A), concrete grade (B), amount of transverse reinforcement (C), levels of transverse load and prestress in
the casing members (D).
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beams, damaged and divided into separate blocks,
by 1.85, but also to reduce the opening width of
inclined cracks by 21 %, which is another advantage
of the applied strengthening method of damaged span
structures.

The projection length of dangerous inclined cracks
on the horizontal axis of the beam is represented by
expressions and is shown in Figure [7}

}A/ (l/exp) =201+ 53x1 — 1923 — 4x122 — 237123

crl
(mm), v=85% (12)

¥ (15577) = 173 + 4021 = 1625 + 1924 — 162125

v=289%
(13)

— Tr1x3 + ldz124 — 112374 (mm),

As the dependencies [12] and [13] show, the average
length of the projection of a critical inclined crack un-
der a low-cycle alternating load decreases in compari-
son with a static single load by 14 % due to a fatigue
failure of the concrete in the compressed area and the
destruction of the protective layer of the concrete on
the supports.

The distance between normal cracks in the “pure
bend” area is characterized by the dependencies [14]
and is shown in Figure [8

% (lifl-ezp) =68 — 621 + 2x9 + 3x123 (mm),
v=51% (14)

¥ (15557) = 70.9 — 2,150, + 1932, — 1.750
v=47% (15)

(mm),

Dependencies state that the average distance
between normal cracks does not depend on the type
of the load. At the same time, the influence of the
relative shear span a/hg (X; factor) has noticeably
decreased with an alternating load.

In the available references, there are no experimen-
tal data on the bearing capacity of damaged reinforced
concrete beams strengthened with a metal casing ac-
cording to the proposed method [32]. The strengthen-
ing of damaged beams, divided into separate blocks
by normal and crossed inclined cracks, is achieved by
compressing them from three sides with prestressed
elements.

In this work, a comprehensive analysis of the test
results of ordinary reinforced concrete beams [7] un-
der the action of a single static and low-cycle trans-
verse alternating loading, as well as damaged beams
strengthened with the indicated casing [32], under the
action of the same load, is carried out.
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The increase in bearing capacity and the decrease
in deformability of span reinforced concrete structures
strengthened by other methods are also noted in [15]
20, 22H24]. Scientific works [I5] 17, [37] deal with
increasing crack resistance of reinforced elements.

As you can see, the results, obtained during the
experimental study, do not contradict the usual ideas
about the operation of reinforced concrete beams
strengthened with metal elements, and, in general,
confirm the effectiveness of the proposed reinforce-
ment system.

4. CONCLUSION

(1.) The possibility and practicability of using the
proposed method of restoration and strengthening
reinforced concrete beam structures, which were
damaged and divided into separate blocks by nor-
mal and crossed inclined cracks, with the use of
three-sided compression and equipment for its imple-
mentation, secured by the patent for invention [32],
under the action of increasing static, cyclic alter-
nating, seismic, pulsating and other dynamic load,
were experimentally proven.

(2.) The integrated approach to the experimental and
theoretical study of the stress-strain state of ordi-
nary, restored and strengthened span reinforced con-
crete structures damaged by through power cracks
using prestressed metal casing, made it possible, for
the first time, to make a reliable quantitative and
qualitative assessment of the influence of structural
factors and external factors on their bearing capac-
ity, stiffness, crack resistance and other properties,
both separately and in interaction with each other;
essentially clarifying the physical model of the oper-
ation of these structures under static and low-cycle
alternating loads. In particular, it was found that
the bearing capacity of the investigated elements
increases nonlinearly:

e decreasing the relative shear span a/hg from 3 to
1 in the indicated series ASD, A, D increased the
bearing capacity by 84, 83 and 43 %, respectively;

e increasing the concrete grade from C16/20 to
(C40/50 increased the bearing capacity by 24, 33
and 23 %, respectively;

e increasing the amount of transverse steel rein-
forcement pg,, from 0.0016 to 0.0044 in-
creased the bearing capacity by 12 and 15 %,
respectively;

o decreasing the level of low-cycle alternating load
7 from 0.8 to 0.5 increased the bearing capacity
by 5 %;

e decreasing the relative shear span a/hy and in-
creasing the concrete grade C.

(3.) A low-cycle repeated load reduces the bearing
capacity of the bearing sections of ordinary rein-
forced concrete beams, on average, by 8 % [31], and
low-cycle alternating one by 18 % [7].
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Y= = =X ASD - experimental data of statically loaded reinforced concrete beams by K. Albu, D.
Danilenko, Yu. Syomina [7];

00— - —0O A — experimental data of cyclically loaded reinforced concrete beams by K. Albu [7];

@—@ D — experimental data of damaged reinforced concrete beams strengthened with a metal
casing under cyclic loading by D. Danilenko [32].

FIGURE 7. Influence of the relative shear span (A), concrete grade (B), amount of transverse reinforcement (C) and
levels of transverse load and prestress in the casing members (D) on the projection length of inclined cracks of the
investigated elements before their destruction.
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Y= = =X ASD - experimental data of statically loaded reinforced concrete beams by K. Albu, D.
Danilenko, Yu. Syomina [7];

O— - —0O A — experimental data of cyclically loaded reinforced concrete beams by K. Albu [7];

@——® D - experimental data of damaged reinforced concrete beams strengthened with a metal
casing under cyclic loading by D. Danilenko [32].

F1GURE 8. Dependence of the distance between normal cracks before the beam destruction on the value of the
relative shear span (A), concrete grade (B), amount of transverse reinforcement (C), levels of transverse load and
prestress in the casing members (D).
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(4.) The bearing capacity of damaged reinforced con-
crete beams strengthened with a prestressed metal
casing [32], subjected to alternating load, increased,
on average, by 51 % as compared to ordinary rein-
forced concrete beams tested for a one-time static
load, which indicates the high efficiency of the rein-
forcement.

(5.) The action of a low-cycle alternating load in-

creases the deflections of the prototype-beams in
comparison with the action of a one-time statically
step-increasing load by 20 %.
The use of a prestressed metal frame to strengthen
the damaged beams increases their bearing capacity
and reduces their deflections by 1.85 times under
low-cycle alternating load as compared to the same
indicators for ordinary solid beams under a single
static load.

(6.) The opening width of normal cracks in the mid-

dle of the investigated beams of all series does not
exceed the permissible values and ranges from 0.02
to 0.22.
The average value of an inclined crack opening at
operational load levels in the test beams does not
exceed the permissible values, and before the de-
struction, it fluctuates within the range of 0.35 to
0.63 mm. At the same time, the use of a prestressed
metal casing reduces the opening width of inclined
cracks, on average, by 21 %, and normal ones by 2.3
times.

(7.) The average length of the horizontal projection of
a critical inclined crack under a low-cycle alternat-
ing load decreases in comparison with static single
loading by 14 % due to the fatigue failure of the
compressed area of concrete and softening of its
protective layer on the supports.
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