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Abstract. The analysis of scientific and technical literature indicates the
responsibility of joints of prefabricated elements of buildings for structural safety and
reliability under the influence of static loads. According to numerous publications by
domestic and foreign authors, in frame buildings, the first signs of destruction appear
at the joints of elements due to stress concentration. It is possible that at the operation
stage the joints will not meet the requirements of reliability and durability due to a
number of reasons: the effect of non-design loads, the presence of defects in the
manufacture of the joint and installation (non-design reinforcement, cracks in
concrete, incomplete filling of joints, etc.). Therefore, ensuring the structural safety of
the building and operational suitability by strengthening joints at minimum cost is an
urgent task.

Key words: building constructions, reinforced concrete, plug joints, reinforcement,
steel cage, reinforced carbon fiber, reinforced stress-strain state, computer simulation,
calculated expressions of shear compliance.

In this paper, we consider the strengthening of the plug joint of reinforced
concrete columns for the perception of transverse forces as the most dangerous factor.
Experimental and theoretical studies of three options for strengthening the plug joint
under the action of transverse forces are: external reinforcement with a composite
material, a steel cage with and without prestressed clamps.

The results of field examinations have shown that in some cases in existing
buildings the plug joints do not meet the regulatory requirements for deformability due
to defects in the manufacture of the joint and during installation.

At the operation stage, the joints do not meet the requirements of reliability and
durability due to a number of reasons: the effect of non-design loads, the presence of
defects in the manufacture of the joint and during installation, non-design



reinforcement, cracks in concrete, poor-quality filling of wells and horizontal seam,
etc. This required the development of effective ways to strengthen them.

The theoretical and experimental studies conducted earlier [1, 2, 3, 4,] made it possible
to propose some options for strengthening the joint, which increased the bearing
capacity and stiffness. The first option is to install a clip from the angle irons with and
without prestressed clamps (fig. 1, a). Due to the compression in the area of separation
of concrete and the work of the angle irons crossing the seam, crack resistance, load-
bearing capacity are increased, and joint compliance is reduced. The second method
(Fig. 1, b) is the use of external reinforcement with composite materials based on
carbon fibers. The reinforcing effect is achieved due to the operation of carbon fiber
tensile in the area of separation of concrete

The study was divided into three stages: computer simulation, physical experiment,
development of calculated expressions.
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Fig. 1. Methods of reinforcing the plug joint of columns: a - a clip of angle irons and clamps from round
ordinary and prestressed reinforcement; b - carbon fiber composite canvas

The purpose of computer modeling of reinforced joints was to assess the
deformability of a plug joint reinforced with a steel cage under the action of shear
forces with and without prestressing of round rod clamps. An analysis of the effect of
the steel cage on the stress-strain state of the joint is presented.

The information scheme of computer modeling of reinforced joints is shown
in Figure 2.
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Fig. 2. Information scheme for computer simulation of a plug joint reinforced with a steel clip

The basic model of the design solution [2, 6] of fragments of columns with a

plug joint was adopted as the basis. It has the following characteristics:

— cross section 300x300 mm;

— longitudinal reinforcement 418 mm of class A400, monolithic in a well with a
diameter of @50 mm and a depth of 500 mm, which was framed by a spiral of
reinforcement of class B500 with a diameter of 3 mm;

— the length of the longitudinal reinforcement was 480 mm;

— transverse reinforcement &5 mm from steel of class B500 with a pitch of 100 mm.
Heavy concrete class B25.

Modeling clips. The holder was modeled by four-node finite elements of the
finite element-244 shell with the physicomechanical characteristics of steel. The
solution that creates the grip of the cage with the body of the column was modeled in
the form of rods finite element-256 working as friction elements. The design model of
joints reinforced with a steel cage is shown in Fig. 3.
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Fig. 3. The calculated model of the plug joint with amplification, performed by the FE method, the scheme
of modeling the solution using friction elements

Based on the data obtained during computer modeling of the joints of the
design solutions, the “lateral force — strain” relationship was constructed, shown in
Figure 4. As can be seen from this diagram, the joints reinforced with a steel cage have
deformability of 2.5 times less than the deformability of the plug joints of precast
concrete columns not reinforced. Horizontal movement at joints without reinforcement
averaged 25 mm, and joints reinforced not more than 13 mm.

The dependence "transverse force - displacement”
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Fig. 4. The diagram "force - deformation" of the plug joints of precast concrete columns

Setting the correct construction of the final model, achieving the
compatibility of the concrete structure with the clip is described further. When axial
compression in the process of lateral expansion of the joint, the cage was included in
the work, since the friction elements transmitted axial forces. Horizontal clamps began
to perceive the longitudinal force transmitted to the column, stretched. The following
picture was noted: the maximum tension occurred in the middle collar, since the
deformability of the element is concentrated in the joint area (results obtained in



previous studies). Here the first deformations took place. The nature of the distribution
of forces in the clamps is shown in Figure 5. Based on the above, it can be concluded
that the design works reliably. You can proceed to further computer modeling.

In the reinforcement angle iron, maximum stresses appear in the weld zone
and at the joints with the clamps, as shown in Figure 6.

Fig. 5. Mosaic of longitudinal forces arising in clamps
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Fig. 6. The distribution of shear stresses on the sample and clip

Computer simulation results

Samples of the first series. Here, the compression by transverse force was
taken as a variable parameter; the test was conducted on the effect of horizontal load.
The isofields of stresses and horizontal deformations of the finite elements of the joint
did not qualitatively differ from those presented above.

Compression efforts were taken in accordance with regulatory documents.
With an increase in the compression force, the following picture was observed:
displacements with a noticeable step decreased. At the same time, the pitch of the



horizontal clamps was varied. For convenience, we consider the case of prestressing
with a step of 30 cm clamps. The load was applied in stages. Figure 7 shows the
“strain — shear force” relationship at various compression levels. It is concluded that
crimping is effective during the operation of structures reinforced with a steel cage,
and prevents the formation of deformations in the early stages of loading. The
discrepancy in the numerical equivalent between the crimped and uncompressed joints
is about 70%. The average clamp located directly at the level of the plug joint takes
maximum effort, then the forces decrease and increase only at the level of the extreme
clamps.

From the graphs (Fig. 7) it can be seen that with an increase in prestressing,
deformations decrease, the joint is less susceptible to shear.

the dependence "transverse force - displacement”
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Fig. 7. The dependence "deformation - shear force™ at different levels of compression

Samples of the second series. Here, the distance between the clamps, which is
determined based on the height of the clip, as well as the values of regulatory
documents varying within 10-50 cm, was taken as a variable parameter. A linear
relationship is observed. With an increase in the step of the clamps, the forces
perceived by one clamp increased up to 1.5 times.

Samples of the third series, varied by the numbers of angle irons, and,
consequently, their stiffness. With increasing rigidity, the angle of movement
decreased. Based on the results, we decided to take angle No. 100 as having sufficient
rigidity.

The picture of the stress-strain state of the angle iron is important in assessing
the flexibility of the plug joint, since it is one of the main elements of the construction.

Suppose, that since under the action of the transverse force, the angle iron
undergoes a number of deformations (the resistance of the angle iron to shear and the
bending of the angle iron between the clamps) taken on the basis of theoretical
assumptions. It is necessary to make sure that such construction works correctly.



Figure 8 shows the operation of the angle iron with different compression:
with an increase in compression, the stresses in the angle irons decrease. A stress
concentration is observed at the locations of the clamps. The maximum work of the
angle iron occurs at the joint level, the main stresses are concentrated in this area. By
the action of the transverse force, the upper part of the angle iron to which the load
was applied begins to resist, trying to stretch, while the lower part, on the contrary,
contracts.
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Fig. 8. Distribution of the main normal stresses in the angle iron

When varying the stiffness of the angle of movement at the junction
decreased by 30%, it is concluded that the angle iron is only a deterrent and is included
in the work, after the clamps reach the yield strength.

Samples of the fourth series. The diameter of the bar rods 12, 16, 20 mm was
taken as a variable parameter. The calculation results are not presented, since this
factor, in the accepted variable limits, does not affect the displacement at the junction.
The differences in movements were insignificant and ranged from 0.5 to 1.8%.

Based on the data obtained, the following conclusions have been made. The
results that illustrate the features of the stress-strain state of the joints and necessary
for creating the calculated expressions of shear compliance, optimizing the physical
experiment are presented.

The main elements of the cage are vertical angles and horizontal clamps with
and without prestressing.

- The stress concentration was observed at the joint level, the most included in the
work were the clamps installed at the level of the seam, as well as along the edges of
the cage.
- It is sufficient to install prestressed clamps in places of stress concentration, if the
clamps are not prestressed, they must be installed more often along the entire height of
the clip.



- Steel angle irons prevent the separation of the protective layer of concrete; the
geometric dimensions of the angle iron are an important factor. According to the
results of numerical studies for a physical experiment, angle iron No. 100 was chosen.
Experimental research.

In total, 4 experimental samples were observed, the characteristics of which
are similar to the joints considered in computer modeling. Grade of monolithic
solution is M60O0.

The steel clip was made of angle irons No. 100, to which clamps were made
of round reinforcement with a diameter of @16 mm in increments of 100 mm. The
tension of the rods was carried out by tightening the nuts with a torque wrench. The
voltage level was additionally controlled by strain gauges.

After a static test of joints reinforced with a steel cage, for 2 samples at the
level of the seam, as shown in Fig. 1b, Sika Wrap carbon canvas was glued 15 cm
wide in two layers, with preliminary preparation of the concrete surface and further
impregnation of the fabric, during gluing, with the SikaDur 330 polymer composition.

The characteristics of the gain elements are shown in Table 1.

Table 1
Model Strengthening Parameters

tension the distance

force between the
bars
PJ-S-1 Ot 0,1m
Py-S-2 the steel cage 1t 0.3m
PJ-S-3 1.5t 0,3m
PJ-S-4 2t 0,3m
PJ-S-2* external 0 0,15m
PJ-S-3* reinforcement 0 0,15m

Comments: *- previously tested samples

For a shear test, a power plant with HJ-50 hydraulic jacks was used.
Deformation of the joint seam was recorded by dial gauges hour-type indicator-10.
The stress-strain state of the steel cage was determined at each stage of loading by load
cells mounted on clamps and angle irons as shown in Fig. 9.
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Fig. 9. Types of prototypes prepared for testing

When loading the elements with transverse force, the first crack appeared in
the seam. It passed along the surface of the mortar-concrete contact. The load level for
all four samples reinforced with a cage was about 140 kH, regardless of the
compression force. A further increase in load led to the formation of cracks in the
concrete, inclined to the longitudinal axis. One of the important tasks of these
experimental studies was to assess the nature of the deformation of the steel cage.

According to the results of the experiment, it was evident that the angle irons,
as well as the transverse thrusts, are included in the work after the appearance of
cracks in the concrete column. The presence of transverse compression provided an
earlier inclusion of the cage in the work during shear. The clamp, which was at the
level of the seam, turned out to be the most loaded, which led to significant
deformations (Fig. 10) and loss of pre-tension of the strap during unloading of the
sample. The lack of symmetry in the strain of the clamps at the extreme points of the
ferrule is explained by the formation of cracks and uneven bending of the angle irons.

The nature of the strain of the clamps of the sample PJ-S-1 is shown in Fig.
10 in the form of the dependence “transverse force - relative strain. The view of the
destroyed samples is hown in Fig. 11.
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Fig. 10. The graph of the dependence “transverse load - relative strain™ in the sample PJ-S-1.

After the test, the PJ-S-2 and PJ-S-3 samples were reinforced by external
reinforcement with Sika Wrap carbon cloth, a sheet width of 150 mm and a double
layer winding of the column body in the weld area as shown in Fig. 1. The purpose of
the test was: to determine the degree of increase in the bearing capacity of the
destroyed samples and the impact on the deformability of the joint of the external
reinforcement with a composite material.

Fig. 11. Type of destroyed samples after testing

It should be noted that the upper and lower fragment of the column were
reinforced to a height of 15 cm of the maximum inclined crack of separation of
concrete of the protective layer, the joint itself was not strengthened. Almost
immediately after the load was applied, a shift occurred. When the transverse force
reached 50 kN, the horizontal displacements in the seam were 3 mm for the first



sample, 1.5 mm for the second. The amplitude of horizontal deformations of the joint
reached 3-4 cm during destruction of the samples. A further increase in load led to an
increase in displacements, the development of cracks formed during previous tests,
and the appearance of new ones. In general, bulging of a web of carbon fiber material
was observed due to the high pressure in the concrete of the structural body. Cracking
over the entire body of the column, the further development of inclined cracks in the
detachment of concrete of the protective layer of the structure occurred under the
reinforced elements and amounted to 45 cm in the upper fragment, 25 cm in the lower
one.

Destruction of the structure occurred when transverse force of 300 KN was
reached, due to the stratification of the fibers of the reinforcing element, rupture in the
angle irons of the columns, the stress concentration in the angle irons of the column,
the type of destroyed samples is shown in Figure 12. In the two samples, that were
tested according to different load-applying schemes, Q was applied in the plane of the
previous load, the first sample in the plane perpendicular to the previous load. Despite
this, the samples were destroyed in the same way. The only difference was that the
deformability of the first sample was 25% higher than the second.

a)

Fig. 12. Type of destroyed samples a) PJ-S-2 *, b) PJ-S-3 *

The analysis of the obtained experimental data shows that the plug-in joints
reinforced by the presented methods have a two-, three-fold safety margin. However,
for each gain option there are advantages depending on the loading mode and
operating conditions. Fig. 13 shows the comparison of experimental data for 3 joints.
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Fig. 13. The dependence "transverse force - displacement" for the joints.

From the graph in Fig. 13 it is seen that the joint reinforced with carbon fiber
has the maximum potential energy of destruction, which can positively affect the
seismic resistance of the precast-monolithic frame. Given the low complexity of the
performance gain, this method becomes the most attractive, but it is worth considering
the high cost of the material.

Strengthening the steel cage with clamps without prestressing led to a
maximum increase in the bearing capacity of the joint up to 3 times, an increase in
crack resistance due to compression of the stretched zone of concrete of the protective
layer, and to increased stiffness. Compliance decreased 2.66 times. Since the distance
between the clamps and the prestress in them were taken as a variable factor, it was
concluded that the bearing capacity and serviceability of the joints with a distance
between the clamps of 30 cm and the maximum possible prestressing of them is
comparable to samples in which the distance between the clamps was taken to be 10
cm and there was no prestress. Therefore, it is more economical to use a steel cage
with prestressed clamps, as this saves steel. Savings for one clip is amounted to 7.1 kg.

The destruction of samples reinforced by external reinforcement occurred due
to the delamination and rupture of the canvas fibers in the angle irons of the columns,
the concentration of stresses in these areas due to the destruction of concrete from
separation. In this case, horizontal deformations of the joint reached 30 mm at the time
of fracture of the samples. The graph shows that the joint, reinforced with carbon fiber
canvas, has the maximum potential energy during destruction, which can positively
affect the seismic resistance of the frame. Given the low complexity of the
performance gain, this is appropriate. The bearing capacity of such samples increased
2.5 times in comparison with the joints of the design solution, however, such



reinforcement was not significantly affected by the flexibility of the joint, since such
reinforcement only allowed to prevent separation of the protective layer of concrete,
while the shift along the contact surface of the “concrete-mortar” occurred almost

from the very beginning of loading.

An analytical description of the calculated expressions of shear compliance of
the reinforced plug joints of reinforced concrete columns is given below in Table 2.
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