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Abstract

Introduction: Steel-concrete composite girders have been widely used in bridges, with the stability of the interface being
crucial. Shear connectors and reinforced concrete slabs play a key role as interfaces. Understanding the interaction
between the composite beam and slab is essential for predicting the overall system response. It is necessary to optimize
the connection between steel beams and reinforced concrete slabs in steel-concrete composite girders and facilitate their
assembly and installation on-site, emphasizing their pivotal role in upholding the structural integrity of composite systems.
The purpose of the study was to conduct an experimental investigation and a numerical simulation using the finite element
method. During the study, the following methods were used: examining the behavior of IPE and IPN perforated shear
connectors using push-out tests. The main objective was to analyze how the I-shaped perforated connector, concrete slab,
steel beam, and rebar affect the measured slip between the steel beam and concrete slab. To achieve that, specimens with
IPE80 or IPN80 shear connectors having circular or long cut holes containing 8 mm or 6 mm diameter steel bars were used
to enhance the connector’s resistance against uplift forces. The test setup follows Eurocode 4 guidelines, focusing on hole
shape and anti-lift rebar diameter parameters. The predominant failure modes were mainly dictated by the crushing of the
concrete slab. As a result, it was found that the hole geometry of IPE and IPN perforated shear connectors significantly
impacts shear load capacity and ductility. The long cut hole shape in IPE and IPN perforated shear connectors exhibits
superior ultimate load capacity but less interfacial slip compared to the circular hole. The IPE and IPN perforated shear
connectors demonstrated satisfactory ductility for all tested hole shapes, and the 3D finite element models are consistent
with the test results.

Keywords: composite beams, |-shaped perforated connectors, load-slip behavior, push-out test, ductility, finite element
method.

Introduction

In the pursuit of practical solutions for steel-
concrete connection challenges in composite
constructions, various types of connectors have been
explored to optimize connector quantity, strength,
cost effectiveness, and ease of on-site assembly.
While only a handful of types of connectors have
been endorsed by Eurocode due to their reliability
and ease of implementation for most structures
(Maquoi et al., 2010), limitations in shear strength
and fatigue under cyclic loads in composite bridges
have led to the exploration of alternative connectors.

Several alternatives, such as welded angles with
anti-lift rebars and perforated plates, have been
proposed to address these concerns (Bujnak, 2007).
Perforated plates were developed in Germany for
the construction of the composite bridge of Caroni
in Venezuela (Jarek, 2004). U- and I-shaped
connectors were developed by Viest et al. (1951).
In a previous work by Farid and Boutagouga (2021),
I-shaped connectors showed promise in their ability
to withstand shear forces and prevent vertical

separation, as illustrated in Fig. 1. When oriented
optimally, the I-shape demonstrated significantly
higher shear strength than other orientations but
exhibited minimal resistance to vertical separation.

This paper focuses on using perforated
I-connectors with anti-lift rebars to enhance vertical
separation resistance, improve the connector’s
ability to withstand shear forces, and prevent vertical
separation between the steel beam and concrete
slab. Unlike the U-connector, the perforated
I-connector displays consistent behavior in both
directions. It offers manufacturing ease through
transverse cutting of IPN and IPE profiles, similar to
the welding process for U-connectors.

Perforated shear connectors, known for their
high bearing capacity and ductility, are increasingly
favored in composite steel-concrete structures,
especially when other connectors lack sufficient
strength (Liu et al., 2021). Vianna et al. (2008)
conducted an in-depth examination of perforated
T-connectors, analyzing their performance in
relation to concrete slab thickness, compressive
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Fig. 1. IPE shear connectors studied in different orientations (Farid and Boutagouga, 2021)

strength, connector geometry, placement, and hole
configuration. They also compared the outcomes of
push-out tests with an analytical model proposed by
different researchers in a comparative study between
perforated plates and perforated T-connectors
(Vianna et al., 2009). Another parametric study on
perforated connectors demonstrated that increasing
the number of holes in the connector increases its
resistance. For each additional hole, there was an
average increase in resistance of approximately
5 %. It was deduced that the concrete cylinders
formed through the holes do not play a dominant role
in strength compared to other factors such as plate
bearing or slab reinforcement.

However, it is important to note that having at
least one hole is crucial to ensure proper behavior
and prevent undesired uplift. The study also revealed
that the uplift remained controlled and consistent in
magnitude for all perforated connectors (Candido-
Martins et al., 2010). Ahn et al. (2010) introduced
a modified shear strength equation, considering
perforated plates and rebar spacing based on push-
out tests. Costa-Neves et al. (2013) explored eight
new specimens featuring innovative geometries
such as the I-Perfobond and the 2T-Perfobond,
alongside an analytical model that accounted for
connector geometry and reinforcing bars through
holes. This included a comparison of experimental
results with analytical models for perforated I- and
T-shaped shear connectors.

A model developed by Su et al. (2014)
overlooked the effects of specimen size and friction
on the structural performance of the connector
with a perforated plate. An analysis of the failure
mechanism of perfobond rib shear connectors
revealed a consistent occurrence of brittle failure
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in these connectors. Zheng et al. (2016) conducted
a study with 21 push-out tests using circular and
oblique hole perforated connectors, comparing
these results against 10 shear resistance equations
from the literature. Allahyari et al. (2018) used 90
literature records to develop a Bayesian neural
network model that expresses the shear strength of
perforated connectors with bars. Kim et al. (2018)
examined the behavior of perforated Y-shaped
shear connectors with double-row bars using push-
out tests. Their investigation focused on exploring
connector spacing, quantity, and three variations of
single and double-row specimens. Zhao et al. (2018)
conducted an experimental study involving 18 deeply
anchored PBL shear connectors within reinforced
concrete slabs. The findings highlighted that the hole
diameter in the perforated steel plate, the diameter
of reinforcing bars, and the transverse reinforcement
ratio significantly influenced the bearing capacity. To
address the challenges of installing reinforcements
within circularly perforated connectors, Wang et
al. (2018) proposed creating vertical sections in
perforated plates to facilitate implementation and
further study the behavior of this connector.

Methods

Composite constructions with steel and concrete
have proven to outperform any other type of
construction, particularly for main structures such
as commercial buildings, residential buildings, and
many bridges. They offer greater stiffness and
strength to steel, as well as improved ductility.

This study explores the behavior of IPE and
IPN perforated steel shear connectors, specifically
those perforated with either circular or long cut
holes, as depicted in Fig. 2. Experimental tests were
conducted to analyze and compare these connector
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types with regard to their shear strength, ductility,
and failure modes.

Specimen preparation

The composite beams under investigation
consisted of a HEB160 steel beam connected
to a reinforced concrete slab with dimensions of
36 x 32 x 12 cm®. The slab was reinforced with 498
reinforcements in two directions, as illustrated in
Fig. 3. The connection between the steel beam and
the concrete slab involves either IPE8O or IPN8O
profile perforated shear connectors placed within
circular and long cut holes with diameters of 6 and 8
mm, respectively, passing through the perforations.

All selected specimens adhered to the standard
dimensions outlined in Eurocode 4 (2006)
specifications (Fig. 4). This study used conventional
concrete for the concrete slab material.

Material properties

Steel

Steel coupons were cut from the IPE80 and IPN80
webs and underwent standard coupon tensile testing
to establish the stress-strain curve of the connectors.
The specimen dimensions aligned with those typical
for tensile tests on metallic materials (Aegerter et al.,
2011). From these tests, crucial material properties
such as yield strength and ultimate tensile stress of
the connectors were determined and are detailed
in Table 1.

Table 1. Mechanical properties of the connector

Type f, (MPa) f, (MPa)
IPE80 238 358
IPN80 247 385

Fig. 3. Push-out specimen preparation
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Fig. 4. Specimen dimensions (mm)

Concrete

The concrete mixture proportions for the slab
were determined using the Dreux-Gorisse method
(Dreux and Festa, 2007). All push-out specimen
slabs were horizontally cast following Eurocode 4
standards, ensuring the elimination of friction at the
steel-concrete interface by oiling the HEB flanges
before casting the slab.

During the concrete casting process, three
cylinders of concrete measuring 160 mm in diameter
and 320 mm in length were formed from the same
concrete mixture. These cylinders underwent
compressive strength testing on the same day as
the push-out tests were performed. The results of
the tests are detailed in Table 2.

Table 2. Compressive strength of concrete

F_, (MPa) Average F_,, (MPa)
30.453 30.454
30.289
29.866
31.208

Test setup and loading procedure

A concentrated monotonic load was applied
to the top section of the HEB160 in the push-out
specimens, as illustrated in Fig. 5. This load was
applied using a calibrated hydraulic jack connected
to an electric pump with a capacity of 500 kN. To
measure the relative displacement between the
HEB160 and the concrete slab, a linear variable
differential transformer (LVDT) linked to a data
acquisition system was placed at the top center of the
HEB160. Two rigid steel plates, each 20 mm thick,
were used to distribute the load uniformly. One was
placed between the HEB160 and the hydraulic jack
to spread the load across the entire HEB160 cross-
section, while the other was positioned beneath
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the concrete slabs to provide a firm base. The test
procedure adhered to Eurocode 4 (2006) standards.
The load was initially applied incrementally in steps
of 10 kN, ranging from 0 to 80 kN (equivalent to 40 %
of the expected failure load), and then reduced to
10 kN (5 % of the expected failure load). Following
this, a loading cycle between 10 and 80 kN was
repeated 25 times to eliminate any inconsistencies
in the test setup. The load was then continuously
increased until failure occurred.

Results

The push-out tests investigated how IPE and IPN
perforated shear connectors behave in composite
girders. The main goal of this study was to analyze
the load-slip behavior, ultimate shear capacity, and
failure modes of the I-shaped perforated connectors.

I-shaped perforated connectors with a circular
hole

The behavior of IPE and IPN perforated shear
connectors with circular holes was examined
during the initial experimental tests. The specimens
under study were labeled as follows: IPE6C and
IPN6C, denoting those with a 6 mm diameter of
anti-lift rebar, while IPESC and IPN8C represented
specimens with an 8 mm diameter of anti-lift rebar
(Fig. 5). Additionally, Fig. 6 illustrates the load-
slip characteristics of these tested IPE and IPN
perforated connectors featuring circular holes.

The findings indicate that IPE and IPN perforated
connectors exhibit similar behavior, as illustrated in
Figs. 6 and 7. Notably, IPE perforated connectors
demonstrate marginally higher strength and ductility
than their IPN counterparts. All specimens displayed
remarkable ductility, meeting the 6 mm slip ductility
limit. Failures occurred at slip measurements of
13.12 mm and 15.80 mm for IPE6C and IPE8C, and
12.98 mm and 12.58 mm for IPN6C and IPN8C,
respectively. The diameter of the anti-lift rebar
significantly impacts shear resistance, as evidenced
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Fig. 5. Testing procedure

200 - —— IPE6C

— IPN6C
180 o

160—.
140—.
120—.
100—.

80—.

60 -

Applied load per connector (KN)

40

20

0

T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14
Slip (mm)

Fig. 6. Load-slip curves for IPE80 and IPN80 connectors with 6
mm rebar and a circular hole
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Fig. 7. Load-slip curves for IPE80 and IPN80 connectors with 8

mm rebar and a circular hole

by a decrease in load capacity with increasing rebar
diameter in perforated connectors. Specifically,
IPE6C and IPE8C failed at maximum loads of
186.92 kN and 165.52 kN per shear connector, while
IPN6C and IPN8C failed at 169.39 kN and 160.90 kN
per shear connector, respectively. Initial cracks
appeared on the outer surfaces of the concrete slabs
at a load of 115 kN per shear connector.

The initial cracks did not propagate deeply within
the concrete slabs due to a 6 mm diameter anti-lift
rebar. In IPE6C and IPN6C specimens, the anti-lift
rebar effectively delayed the failure of the concrete
slab. However, using an 8 mm diameter anti-lift rebar
led to brittle concrete failure, accelerating crack
propagation. In all cases of perforated connectors
with a circular hole, the failure mode stemmed from
concrete cracking and crushing, as seen in Fig. 8.

I-shaped perforated connectors with a long cut hole

Subsequent experimental tests examined
the behavior of IPE and IPN perforated shear
connectors featuring a long cut hole. This
investigation explored how the hole shape
impacts shear capacity, failure modes, and load-
slip behavior. The specimens under scrutiny were
labeled as follows: IPE6N and IPNG6N, denoting
those with a 6 mm diameter of anti-lift rebar, while
IPE8SN and IPN8N represented specimens with an
8 mm diameter of anti-lift rebar.

As shown in Figs. 9 and 10, IPE6N and IPESN
connectors exhibited ultimate shear capacities
of 192.65 kN and 170.70 kN per connector, with
ultimate slip capacities of 13.26 mm and 16.72 mm,
respectively. Conversely, for IPN6N and IPN8N,
the ultimate shear capacities were 172.30 kN and
168.89 kN per connector, with ultimate slip capacities
of 12.68 mm and 10.81 mm, respectively. All the
examined specimens notably exhibited reasonably
robust ductile behavior.

The failure mode in all specimens of the perforated
connectors with a long cut hole was due to concrete
cracking and crushing. The early cracks observed
on the surface of the concrete slabs started around
the connector located in the middle of the slab at a
load of approx. 155 kN per connector. The cracks
are due to perforated rebar and the strength of the
concrete slab, as shown in Fig. 11.

Analytical bearing capacity of I-shaped perforated
connectors

Several analytical models have been proposed
to estimate the bearing capacity of perforated
connectors. Zheng et al. (2016) classified the
equations proposed in the literature into three
categories: the first is based on the resistance of
the steel bar passed through the hole, the second
is based on the strength of the reinforced concrete
slab, and the third is based on the shape and
distribution of the holes. Leonhardt et al. (1989)
proposed the first analytical model with a simple
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Fig. 8. Failure of IPE6C, IPE8C, IPN6C and IPN8C specimens
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Fig. 9. Load-slip curves for IPE80 and IPN80 connectors
with 6 mm rebar and a long cut hole
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Fig. 10. Load-slip curves for IPE80 and IPN80 connectors
with 8 mm rebar and a long cut hole

Fig. 11. Load-slip curve for IPE80 and IPN80 connectors with 8 mm rebar and a long cut hole

equation that only considers the resistance of the
concrete slab, as shown in Table 3. Oguejiofor and
Hosain (1994) proposed a more elaborate equation
that considered the slab and connector resistances
by considering the concrete strength and section,
as well as the steel connector strength and section.
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Medberry and Shahrooz (2002) adjusted the
coefficients of the equation proposed by Oguejiofor
and Hosain (1994). They considered the details of
the geometry of the connector, such as the height
and width of the perforated connectors. Verissimo
et al. (2006) derived a modified equation to evaluate
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the shear capacity of perforated connectors, based
on the work of Oguejiofor and Hosain (1994). This
modified equation was proposed based on the
results of push-out tests and statistical analysis.
Al-Darzi et al. (2007) proposed an analytical model
that estimates the shear capacity of the perforated
connector based on the results of a parametric study
they conducted using a finite element-based model
of push-out tests.

Additionally, the equation for estimating the
bearing capacity must consider not only the steel
bar passing through the cut hole, but also the shape
of the push-out specimen, the geometry of the cut
connector, and the properties of the materials used
(Ahn et al., 2010). Zhao and Liu (2012) proposed an
equation that considers the anchoring of the concrete
in the hole, the contribution of the reinforcement
passing through the hole, and the effect of the
confinement on the strength of the concrete. Zheng
et al. (2016) proposed a model to estimate the shear
capacity of circular and long-cut hole perforated
connectors. To adapt the model to different hole
geometries, they proposed replacing the d? and d_?

variables in Eq. 7 with 4A/mm and 4A /11, respectively,
as shown in Table 3.

An estimate of the load-bearing capacity of
IPE80 and IPN80 perforated shear connectors
was made based on the analytical models
proposed in the literature. The obtained results
are listed in Table 4.

As shown in Table 4, the shear capacity of
perforated connectors obtained from the analytical
models provided in the literature is very dispersed
and cannot effectively predict the shear capacity
of IPE and IPN perforated connectors. The closest
models are those by Leonhardt and Verissimo, as
shown in Table 5. Based on analytical equations
analysis, none of the equations account for all
parameters affecting shear strength simultaneously.
New equations must be developed to consider the
geometry and resistance of the concrete slab, as
well as the transverse reinforcement. This should
also include all dimensions of the perforated plate,
such as length, height, and thickness, along with
the mechanical characteristics of the material used.
Finally, the area of the perforated section and the

Table 3. Analytical models for the bearing capacity of perforated connectors

Authors Equations
Leonhardt et al. (1989) v, =2,23 Af, (1)
jiof Hosai 2

8993?)'0 or and Hosain Vy = 4,5kt fo +0,91 4, f, +3,31nd* [ 1, @)
Medberry _
o Shabrooz (2002) Vi =L66nA[f, +0,9 4, f, +0,74Tbh, [ f. +0,413b L, 3)
Verissimo et al. (2006) A h

v, =31,85.10° (Ai}o,m Ao + 4,04(3Jhtfc +2,37nd”\[f, (4)

cc

Al-Darzi et al. (2007)

V, =2.53.107"0 A/, =7,59.107'0 4, 1, +7,62.10*htf, +255,310  (5)

Ahn et al. (2010) V, =3,14htf, +1,214,, f, +2,98nd> [1. (6)
Zhao and Liu (2012) v, = 1,38( J2 _dsz)fc +1724d3fy @)
Zheng et al. (2016) 4 2

Vv, = 1,76(3,8(XS)3 (A—4) [ +1,584, f, (8)

Table 4. Analytical models for the bearing capacity of perforated connectors

Hole . Analytical shear load capacity (kN

shape Specimens ] 5 3 y A : y ( 6) - -

Circular IPE6C 195.89 114.01 223.84 174.94 259.76 137.57 241.26 257.26
IPN6C 166.54 114.57 223.74 178.32 259.85 137.96 241.26 257.26
IPE8BC 195.89 114.01 223.84 174.94 259.76 137.57 406.96 424.94
IPN8C 166.54 114.57 223.74 178.32 259.85 137.96 406.96 42494

Long cut IPE6GN 195.89 121.87 225.61 180.57 262.05 144.64 389.45 295.89
IPN6N 166.54 122.42 225.51 183.94 262.14 145.03 389.45 295.89
IPESN 195.89 121.87 225.61 180.57 262.05 144.64 517.14 494 .29
IPN8N 166.54 122.42 225.51 183.94 262.14 145.03 517.14 494.29
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Table 5. Comparison between the calculated shear resistance and experimental results

of IPE and IPN perforated connectors

Ultimate shear load using the equations (kN)
Hole shape | Specimens | Leonhardt et al. Verissimo et al. Experimental
P P (1987) Exp/Eq (2006) Exp/Eq uItimaF;e shear load
Circular IPE6C 195.89 0.95 174.94 1.07 186.92
IPN6C 166.54 1.02 178.32 0.95 169.39
IPESC 195.89 0.84 174.94 0.95 165.52
IPN8C 166.54 0.97 178.32 0.90 160.90
Long cut IPE6N 195.89 0.98 180.57 1.07 192.65
IPN6N 166.54 1.03 183.94 0.94 172.30
IPESN 195.89 0.87 180.57 0.95 170.70
IPN8N 166.54 1.01 183.94 0.92 168.89

dimensions and resistance of the rebar passing
through the holes should be considered.

Numerical modeling of push-out tests

To verify the experimental findings, a 3D finite
element model for the IPE and IPN perforated shear
connectors in push-out tests was developed using
ABAQUS software (Fig. 12). Due to the symmetry,
only half of the push-out test specimens was
modeled. The three-dimensional C3D8R eight-node
solid brick elements with reduced integration were
used to mesh the concrete slab, the steel beam, the
IPE80 and IPN80 perforated shear connectors, and
the anti-lift rebar. The T3D2 two-node mesh element
was used for rebar. The advantage of using a truss
elementis that the perfect bond can easily be defined
by embedding the steel bars in a host region, such
as a concrete slab in our case. The rigid base was
modeled using the R3D4 discrete rigid element.
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Figs. 13—14 depicts the non-linear stress-strain
characteristics of concrete and I-connectors under
compression and tension. The Concrete Damage
Plasticity model from a material library (Barbero,
2023) was employed. The material dilation angle
was set to 31, and an eccentricity value of 0.1 was
used. Additionally, a ratio of 1.16 between biaxial
compressive strength and uniaxial compressive
strength was adopted, while the tensile-to-
compressive meridian ratio was established as
0.667.

The contact pair method defines the “surface-
to-surface” contact between the concrete slab,
IPE80 and IPN80 perforated shear connectors, and
rebar. In experimental push-out tests, the surface
of the rigid base in contact with the concrete slab
is generally greased to reduce friction. In our finite
element model, frictionless contact interaction was

Fig. 12. Finite element mesh of the specimen
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4 applied to the surfaces of the rigid base and concrete
Hress a, slab. A tangential interaction was used for the

interface between the I-shaped connector and the
reinforced concrete slab, with a coefficient of friction
set at 0.20. Reinforcing bars were located inside the
concrete slab, as shown in Fig. 15. Integrated stress
(embedded constraint) was applied to the rebar and
slab.

The degrees of freedom of the rigid base
reference node are all constrained. In this analysis,

E : _ : ; . .
. : Strain £, an imposed displacement is applied to the lower
+ surface of the IPE80 and IPN80 perforated shear
& e . .
v bm connectors, as shown in Fig. 16.
Fig. 14. Stress-strain relationship for I-connectors . The numerical results obtained Were compared
and reinforcement steel according to Eurocode 3 (1993) with the results of the experimental tests.

Fig. 15. Interaction and constraint conditions of the specimen Fig. 16. Loading of the specimen

47



Architecture and Engineering

Volume 9 Issue 3 (2024)

The comparison in the figures shows that the 3D
finite element model established during this study
can effectively predict the push-out strength and
load-slip curve for push-out tests with perforated
IPE80 and IPN80 connectors.

Figs. 17-20 compare the load-slip curves of
the specimens with IPE and IPN perforated shear
connectors obtained from the experiments with those
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predicted by the proposed finite element analysis. The
results show good agreement between the experimental
data and the finite element analysis. However, after
reaching the ultimate load, the numerical curves
diverge from the experimental curves. This discrepancy
is attributed to differences in concrete mix standards
across countries and the concrete material modeling
used in the finite element analysis.
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Fig. 19. Comparison of test and FE results for IPE80 and IPN80 connectors with 6 mm rebar and long cut hole
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Fig. 20. Comparison of test and FE results for IPE80 and IPN80 connectors with 8 mm rebar and long cut hole

Conclusions

Eight push-out tests were conducted to examine
the shear strength, ductility, and stiffness of IPE
and IPN perforated shear connections in composite
slabs. Based on the experimental results, several
conclusions can be drawn:

e The geometry of the holes in IPE and IPN
perforated shear connectors significantly impacts
the shear load capacity and ductility.

e Thelong cut hole shape in IPE and IPN perforated
shear connectors, which is more easily executed on-
site, exhibits superior ultimate load capacity but less
interfacial slip compared to the circular hole.

e The shear strength of IPE perforated
connectors is comparable to that of IPN perforated
connectors, with a slight advantage observed for IPE
perforated connectors.

e IPE and IPN perforated shear connectors
demonstrate satisfactory ductility across tested hole
shapes.

e Increasing the diameter of the passing rebar
from 6 mm to 8 mm for IPE connectors results in
a 12 % decrease in load capacity but a 25 % gain
in ductility. On the other hand, for IPN connectors,
the load capacity decreases by approx. 5 % when
the perforating rebar diameter increases from 6 mm
to 8 mm for the hole types studied.

e The perforating rebar plays a crucial role,
particularly in resisting uplift, meeting 10 %
recommendation Eurocode 4, and contributing
to shear resistance in the composite slab.

¢ The existing analytical equations for estimating
the load capacity of perforated connectors do not
consider all the parameters that simultaneously
affect shear strength.

e The equations proposed by Leonhardt and
Verissimo are the closest to the experimental results
for estimating the load capacity of IPE and IPN
perforated shear connectors.

e The experimental results were compared
with the outcomes of the finite element analysis,
demonstrating good agreement for all push-out
specimens. The mean difference in the ultimate
shear resistance observed was 1.15 %.
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AHHOTaUuA

BBeaeHue: B COOPYXEHNV MOCTOB LLIMPOKO MCMOMb3YHTCS CTanexene3obeToHHbIE COCTaBHbIE Garnku, Npy 3TOM peLuatoLLee
3Ha4YeHne nMeeT cTabunbHOCTb cThbika. CoeauHUTENbHbIE 3reMeHTbI, paboTatolLime Ha CABUT, U Kene300eTOHHbIE NMnTbI
UrpatoT KIIOYEBYKD pONb B KayecTBe coefuHuTenei. Ons Ttoro 4Tobbl CNporHo3vpoBaTh OOLLYH peakuuio CUCTEMBI,
Heo6X0aMMO NOHVMaHWe B3auMOAENCTBUS MEXAY COCTaBHOW Gankor 1 nnuTon. TpebyeTcs onTMMU3NpoBaTb COEAMHEHNE
cTanbHbIX 6anok 1 ene3obeTOHHbIX MINT B CTanexene3obeToHHbIX COCTaBHbIX 6ankax 1 06nerd4mTb nx cOopKy 1 yCTaHOBKY
Ha MecTe, aKLEHTUPYs BHMMaHME Ha UX KIKYEBOW Ponu B NOAAEPXKAHUN CTPYKTYPHON LIENOCTHOCTU KOMOMHMPOBAHHbIX
cucteMm. Lenb uMccnepoBaHUA — BbIMOMHUTL 3KCNEPUMEHTANbHOE WCCNEAOBaHWE WM YUCIIEHHOE MOAENUPOBaHUE C
MCMNONb30BaHNEM METOAA KOHEYHBIX 3NeMEHTOB. B xoae nccneqoBaHmsa MCNonb3oBanvcb criefyolme MeToabl: 3yYeHune
noeeaeHus1 NepdopMpPOBaHHbIX COeaAMHUTENbHBLIX ariemMeHToB IPE 1 IPN, paboTalowmx Ha CABUN, C MOMOLLbIO UCMbITaHWIA
Ha BblaaBnuBaHue. OCHOBHOW 3afavelt 6bINo NpoaHanM3nMpoBaTh, Kak I-o6pasHbiin NepdOpPMPOBaHHbLI COeAUHUTENbHbIN
aneMeHT, 6eToHHasi NnuTa, cTanbHas 6anka u apmaTypa BNUSIOT Ha BENUYUHY CKOMBXEHUS MEXAy cTarnbHoW Gankon
n GeToHHOM nnuUTON. [Ons 3TOoro ucrnonb3oBanucb obpasubl C coeauMHUTenbHbIMU arnemeHTammn IPESO unu IPN8O,
paboTaloWwumMy Ha COBWN, C KPYrMbIMW OTBEPCTUSMU U ONIMHHBIMU OTBEPCTUSIMU C NPOPE3bI0, COAEpXKaLLMMU CTamnbHble
CTEPXHW AMaMeTPOM 6 1 8 MM, C TEM YTOObI NOBLICUTL CONPOTUBIEHNE COEANHUTENBHOTO 3NEMEHTa K BO3AENCTBUIO CUI
oTpbIBa. VcnbiTaTtensHas ycTaHOBKa COOTBETCTBYET pekomeHaaumnsm EBpokoaa 4, npu 3Tom ocoboe BHUMaHWE yaenseTcs
dopme oTBepcTMS U AnameTpy apmaTypbl, paboTatollelt Ha COMpOTUBIIEHME CUNaM OTpbiBa. TuMbl paspyLUeHus Obinu
rmaBHbIM 06pa3om 06ycrnoBneHbl paspylieHnem GeTOHHOW nnuTbl. PedynbraTbl: ObINO YCTAHOBMEHO, YTO reOMeTpus
OTBEPCTU B nepdopupoBaHHbIX coeanHuUTernbHbIX anemeHtax IPE u IPN, pabGotatmowmx Ha cOBur, OkasblBaeT
CYLLECTBEHHOE BMMSIHWE HA MNAcTUYHOCTb M CMOCOOHOCTb BbIAEPXKMBATH CABUrOBblE Harpysku. [nvHHOe oTBepcTue C
npopesbio B NepdoprpoBaHHbIX coeauHuUTenbHbix anemeHTax IPE u IPN, paboTatowmx Ha casur, obecnednsaeT bonee
BbICOKYH0 NMpeferbHYyH HECYLLYIO CMOCOOHOCTb, HO MEHbLLEE CKOMNbXEHME MEXAY NOBEPXHOCTSAMM MO CPABHEHMIO C KPYTTbIM
oTBepcTuem. MNMepdopurpoBaHHbie coeanHuTemnbHble anemeHThl IPE 1 IPN, paboTatowme Ha caBur, NPoAeMOHCTpUpoBanu
YOOBMETBOPUTENBHYIO MNACTUYHOCTL AMS BCEX PACCMOTPEHHbIX (DOPM OTBEPCTUI, @ TPEXMEPHbIE KOHEYHO-3NIEMEHTHbIE
MOZENu CornacyTcs ¢ pesynsrtataMmy UCTbITaHWIA.

KnroueBble cnoBa: cocTaBHble 6anku, |-O6p83HbIe nepgopmnpoBaHHbIE COEANHUTENbHBIE 3IEMEHTbLI, CONPOTUBIIEHNE
cOBUTY B 3aBUCUMOCTU OT HaArpy3ku, ucnbitaHne Ha BbiaaBnnBaHue, nnacTtM4HOCTb, METO4 KOHEYHbIX 3NNEMEHTOB.
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