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Abstract

Loop connections for precast concrete structures have various advantages in terms of ease of setting, high flexibility and strength. Despite the ad-
vantages, the widespread use of the loop connection in the construction industry is limited due to the lack of a design methodology in performance
standards. Several available design techniques outlined in various studies are empirical upper bound solutions based on experimental observations and
results that do not take into account all the factors that affect loop connection behavior and strength. However, the influence of the main parameters of
the loop connection cannot be ignored for detailed evaluation and decision making when designing these elements. In this regard, this article presents
the results of experimental studies of prefabricated monolithic beams with loop connections on self-stressing concrete and concrete on Portland ce-
ment. The distinctive features that affect the load carrying ability and the fracture behavior of such elements when using expansive concrete and con-
crete on Portland cement as a monolithic connection are revealed.
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OKCMEPUMEHTANBHBIE UCCNELOBAHUA COMPOTUBNEHWA U3rUBY
CBOPHO-MOHONUTHbIX BANOK C NETNEBbLIMX CTbIKOBbIMW COEAWHEHNAMU

A. 1. Bopoben, B. B. Typ

Pedhepar

MetneBoe coeamnHeHne Ans COOPHBIX Kene30DeTOHHbIX KOHCTPYKLMN MMEKT pasnuyHble NpeuMyLLecTBa, CBS3aHHbIe C MPOCTOTOM YCTaHOBKY,
BbICOKOM MMOKOCTBIO M MPOYHOCTBI0. HECMOTPS Ha JOCTOMHCTBA, LUMPOKOE MPUMEHEHWE NETNIEBOr0 COEAMHEHIUS! B CTPOUTENBHON OTPacii OrpaHiieHo 13-3a
OTCYTCTBUS| METOAOMOIMN NPOEKTUPOBAHIS! B HOPMaTUBHbIX JOKYMEHTaX. HeCKOMbKO [OCTYMHbIX METOAMK K MPOEKTUPOBAHWID, U3MOXEHHBIX B Pa3nn4HbIX UC-
CrefoBaHusX, NPELCTaBNStoT coboi AMMMPUYECKUE PELLIEHNS C BEPXHEN IPaHuLieil, OCHOBaHHbIE Ha SKCNEPUMEHTANbHbIX HABMOAEHNAX U pesynbTaTax, KoTo-
pble He Y4UTLIBAIOT BCe (hakTopbl, BIMSIOLLME Ha NOBEAEHE M MPOYHOCTb COEAMHEHNS. TeM He MeHee, BNNSHINE OCHOBHBIX NapameTpOB NETNIEBOr0 CoeavHe-
HUS! HENb35 UITHOPMPOBATb ANs [ETaNbHON OLEHK M MPUHSTAS PELLEHIS NPY NPOEKTPOBAHWM AaHHBIX ANIEMEHTOB. B CBA3M € 3TWM, B JaHHOI CTaTbe npeq-
CTaBEHbI Pe3ynbTaTbl SKCTIEPUMEHTASTbHBIX UCCTEN0BaHNIA COOPHO-MOHOMMUTHbIX Garnok ¢ NETNEBLIMU CTHIKOBLIMM COEAMHEHUSIMM Ha HanpsiratoLLEeM GeToHe 1
BeToHe Ha nopTnaHauemMeHTe. BbisBneHbl OTnnuMTENbHbIE 0CODEHHOCTM, OKa3blBAlOLLME BIUSHINE HA HECYLLYHO CMIOCOBHOCTL W XapaKTep Pa3pyLUeHns Takux

ANEMEHTOB NP UCNONb30BaHNW HanpAraroLLero 6eToHa 1 6eToHa Ha nopTnaHAUEeMeHTe B Ka4eCTBe 3aMOHONNYMBAHUA CTbIKOB.

KntoueBble cnoBa: neTnesble COeanHEHus, conpoTueneHue I/13FM6y, Hal'lpﬂraIOLLlMI;I GeToH, 6anoyHbIe ANEeMEHTI, XapakTep paspyLleHns.

Introduction

Loop connections of precast concrete structural elements have been
the subject of research for several decades. Precast concrete buildings
experience significant damage during earthquakes, which is mainly con-
centrated around the joint areas due to inadequate connection systems
that tend to loosen during ground movement [1]. Inadequate anchoring
between precast concrete elements has been found to be a major source
of damage during several earthquakes around the world. The structural
behavior of precast concrete elements is determined by the mechanism
and resistance of the connections, which requires adequate load transfer
and ductility. Often the connections between precast concrete elements
are embedded with concrete without any mechanical connection, which
leads to a gap between the precast parts of the structure, which in turn
affects the performance of the structure due to partial load transfer [2—4].
Thus, mechanical connection is inevitable to achieve the monolithic behav-
ior of the precast concrete system. The reinforcement of precast concrete
elements sometimes itself acts as a mechanical connection, with the rein-
forcement of two precast concrete elements being connected in place [5].

Loop connections (U-shaped bars) are common in the construction
industry and are widely used to connect precast concrete elements where
the rebars are 180" bent, forming U-shaped bars, which are spaced apart
to ensure transmission of forces.

There are many studies on the behavior of a loop connection under
tensile and bending loads, but there is no systematic approach to its
design, as well as studies related to the use of self-stressing concrete as
a monolithic loop connection. In the light of the foregoing, this paper pre-
sents results of the experimental studies based on static tests of composite
beams with a loop connection on self-stressing concrete and OPC concrete
under the action of a bending, as well as their comparative analysis.

Experimental investigation

Test specimens. Despite of significant amount of experimental and
theoretical studies of loop joints both in tension and in bending [6-11],
there are still no studies that would study the effect of self-stressing con-
crete on the stress-strain state of such elements under the action of a
static load. The creation of an initial stress-strain state at the expansion
stage of the self-stressing concrete of the loop connection can contribute
to an increase in the crack resistance (stiffness) of the connection. Most
of the known analytical models for calculating the resistance of loop con-
nections are based on the results of experimental studies, so they are not
able to take into account the initial stress-strain state obtained at the
expansion stage of self-stressing concrete.

Based on the foregoing, experimental studies of the bending re-
sistance of loop connections on self-stressing concrete and OPC con-
crete were carried out.

As experimental specimens, composite beam elements of rectangular
section with dimensions b x h = 150 x 200 mm and a length of 2370 mm
with stirrups in the prefabricated parts of the beams were made and test-
ed. These beams were formed in two stages:

1) Precast parts of composite beams with length of the 1010 mm with loop
connections from reinforcement @10 S500 were made (see Figure 1a).

2) After 28 days of concreting the precast parts of the beams, the two
halves were assembled and the loop connections 350 mm width
were cast in place using self-stressing concrete and concrete on
Portland cement (see Figure 1b).

The construction of the experimental beams is shown in Figure 1.

A total of 10 test beams were casted (5 beams with loop connection
filled with OPC concrete and 5 beams with loop connection filled with self-
stressing concrete).
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Experimental beams with the loop connection on OPC-concrete were
made without transverse reinforcement in the connections themselves
(position 3 in Figure 1b).

The demolding of the experimental beams and control samples was
carried out after the concrete had gained demolding strength (average
compressive strength fem=11 MPa). The curing the of experimental
beams and control samples took place for 28 days in moist conditions
(control samples made of expansive concrete and loop connections of
beams were moistened every day).

The measurement of the longitudinal deformations the looped joint in
the experimental beams at the stage of hardening and the expansion of
the self-stressing concrete in moist curing conditions was made with
usage of the electronic an indicators with a division value of 0.001 mm on
the base of 600 mm (when measuring deformations along the lateral
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boundaries of the experiment of the beam). On each beam, 4 bench-
marks were installed on the top and bottom reinforcement (in the middle
section of the span (cast-in-place part of the beam). Figure 2 shown the
arrangement of the deformometers on the experimental beam.

The testing of the experimental beams was carried out with usage
one hydraulic jack (load capacity 250 kN) after the concrete of the loop
connection had gained at least 28-day strength. The load to the experi-
mental beam was applied through the traverse at two points according to
the scheme - a simply supported beam loaded with two forces. Such an
arrangement of the hydraulic jack was adopted in order to obtain a zone
of pure bending in the looped joint of the precast part of the beam. Test
schemes for experimental beams are shown in Figure 3.
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Figure 1 - Construction of experimental precast and cast-in-situ beams
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Figure 2 — Scheme of benchmarks arrangement on an experimental beam for measuring deformations
at the self-stressing stage of concrete of a loop connection (BI EC - BV EC)
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Figure 3 — Scheme of loading and arrangement of measuring instruments during static testing of experimental beams

Reinforcement

The reinforcement of the experimental beams was made with steel
bars (@10 S500). As a stirrup of the precast parts of the beams, steel
bars @6 S500 were used to create a spatial frame. Steel bars @8 S500
(beams Bl EC — BV EC) were used as transverse reinforcement of the
loop connections. Properties of reinforcement are presented in table 1.

Table 1 - Properties of reinforcement

Modulus of
Strength  |Diameter|  Yield stress elasticity Position
grade @, mm level, MPa Esx103, in figure 1
MPa
6 587,1 200 2
S500 8 616,7 200 3
10 649,4 200 1
Concrete

The selection of the nominal concrete composition was adopted tak-
ing into account the achievement of self-stress (except for the composi-
tion of beams B-1 PC - B-5 PC).

To achieve self-stressing of concrete, expanding additives CSA 20
were used (loop joint of beams Bl EC — BV EC). The concrete mixture
was prepared in a revolving-drum concrete mixer, followed by casing in
the formwork and compaction with a deep vibrator.

Tables 2 and 3 resent the values mechanical properties of concrete,
which was utilizing to casting of experimental beams. These results were
obtained by the testing standard specimens at the time immediately be-
fore the loading.

Table 2 - The main properties of the concrete of the precast parts of the

beams
Element Beam signification fﬁ)lcllé’b;’ f;\,/In’PC:l Eem, GPa
BI EC, BII EC,
Concrete of the B1PC_B-5pc | 289 213 31,5
precast parts of the
experimental beams | pj EC-BVEC [34,8| 306 | 350

Notes. fseure, — mean cube compressive strength; fom, ¢y, — mean
concrete compressive strength based on cylinders (@150, h=300mm).

Table 3 - The main characteristics of concrete loop connections at the
time of static testing

fcm fcm I.:ree Self-
Element Beam  |fooube,| ,' Ecm, Llneqr siresses
name |MPa [FT%| @ |GPa|Expansion, ;
MPa [MPa 7 % fcex, MPa
Concrete BB-15PFE:C_ 37,1130,7(25,0{32,1 — —
loop con-
nections %'VEEC‘ 29.959,1|16,6(34,1| 0,95 28

Notes. fem, pizma — mean concrete compressive strength based on
prisms hardened under conditions of elastic restraint (100x100x400mm);
fem, cy.. — mean concrete compressive strength based on cylinders hard-
ened without axial elastic limitation (@150, h=300mm); fcex — mean self-
stresses grade based on prisms (100x100x400mm); ecef — strain free
expansion based on cylinders (2150, h=300mm).
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Results obtained from experimental studies

Based on the value of the fixed longitudinal deformations by the
time of the static test, the self-stress values of the concrete of the loop
connection (beams Bl EC — BV EC) were determined, which are present-
edin Table 4.

The cracking loads and failure loads recorded during static tests are
presented in tables 5 and 6.

Table 4 - The values of self-stress at the moment of stabilization of the
expansion

Beam designation The values of self-stress ace, MPa

BIEC 1,69
BIIEC 144
BIIlEC 1,85
BIVEC 2,05
BVEC 2,05
Table 5 - Resullts of static tests of composite beams with a self-stressed
loop joint
Beam Fcr/z, Mcr, Fu/2, Mu, .
designation | kN [kN-m| kN [kN-m Failure mode
BIEC |4,90 | 3,33 [24,85/16,90
BIIEC |4,90] 3,33 |24,80|16,86
Compressed concrete failure in
BINEC |7,40]5,03|2510(17,07 the precast part of the beam
BIVEC | 7,40 |5,03 |24,05/16,35
BVEC |7,40 5,03 (23,90/|16,25

Notes. Fcf2 — cracking load; Mc — cracking bending moment;
Fu/2 - failure load; My - failure bending moment.

Table 6 - Resullts of static tests of composite beams with looped joint on
OPC- concrete

Fed2,| Mer, | Ful2,| My, :
Beam name N Tnm ! kN TkNem Failure mode
B-1PC |240]1,63 |22,40|15,23
B-2PC |240 (1,63 |22,40({15,23
Crushing of the concrete
B-3PC |[240]1,63(21,40({14,55 core inside the loop
(loop connection area)
B-4PC |240]1,63|22,05/14,99
B-5PC |240]1,6323,30|15,84

Composite beams with looped joints filled by the self-stressing
concrete (beams Bl EC - BV EC). The first flexural cracks appeared in
all beams under load equal 0.2..0.31 Ftotu. It should be noted that the first
cracks developed simultaneously in the precast parts and cast-in-suit
concrete of the beam. Flexural cracks were distributed in near the same
distance along the length of the beam span. Depth of the cracks ob-
served about 50% of the height of the cross-section. It should be noted
that in the cast-in-suit part (in the zone of the looped joint of the beam),
cracks at the time of formation developed to a bottom part of the beam
section (up to 15-20% of the height of the beam cross-section).

Cracks at the contact of precast parts and cast-in-situ concrete in all
beams were formed at a load equal to =0.4 Fitu. (except for beam BIl EC
(=0.3 Ftotu.)), which may indicate the presence of compressive stresses
at the contact between precast and monolithic parts which are formed at
the stage of concrete self-stressing in the loop joint. It should be noted

that these cracks, as the load increased, developed along the com-
pressed reinforcement.

Cracks width at the contact of the precast and monolithic parts o
f the beam under the applied loads had the largest value during static
tests and under load close to the ultimate, the crack opening exceeded
wy=1,7 mm.

As the load increases, cracks developed and achieved near 88% of
the cross-section height in all experimental beams.

The failure of all experimental beams occurred by the crushing of the
compressed concrete in the precast part (under the applied concentrated
force).

Self-stressing concrete contributes to the creation of the initial stress-
strain state, which, in turn, affects the behavior of the beam during static
tests.

Composite beams with looped joint filled with OPC-concrete
(beams B-1 PC - B-5 PC). The first flexural cracks developed in all
beams under load equal 0.10..0.11Ftu. It should be noted that the first
cracks developed at the contact of the precast and monolithic parts of the
beam, which at the time of formation reached 60..86% of the cross-
section height. Cracks were distributed along the length of the span with
approximately equal steps (see Figure 5). At the moment of formation
cracks reached 15..50% of the height of the cross-section. It should be
noted that in the monolithic part (in the zone of the looped joint of the
beam), cracks at the time of formation developed to a lower height of the
beam cross-section (up to 20-50% of the height of the beam cross-
section).

As the load increased, cracks at the contact of precast parts and
monolithic part in all beams (except for B-3 PC) developed along the
compressed reinforcement.

As the load increased, cracks reached approximately 90% of the
cross-section height in all experimental beams.

It should be noted that the critical crack was formed as a flexural
crack outside the section of the direct insertion of the looped joint. As the
load increased, the critical crack went around the looped joint on both
sides of the joint. A compressed core is formed inside the loop connec-
tion, and the connections transfer tensile forces to the precast parts of the
beam.

At the same time, this crack width is related with yielding of the rein-
forcing bars. However, this was not considered in the experiments. It
should be concluded that the width of the crack opening increases due to
the compliance of the concrete core enclosed within the loop. The failure
of all experimental beams occurred when the concrete core was crushed
inside the loop (looped joint).

Differences in the behavior of precast and cast-in-suit beams
with a loop connection on expansive concrete and concrete on
Portland cement under the action of bending loads

The results of experimental tests are stable and repeatable. This
conclusion is based on the fact that practically unchanged positions of the
sections were observed in which flexural cracks were formed and the
trajectories of their development (see Figures 4 and 5).

Based on the results of experimental studies of precast and compo-
site beams with a looped joint on self-stressing concrete and OPC-
concrete, a comparative analysis of the bending resistance and stiffness
characteristics of these beams, recorded under the action of bending
loads, was carried out. The results of comparison of deflections and rela-
tive deformations of tensile reinforcement and compressed concrete
recorded in the course of static tests of all experimental beams are shown
in Figures 6 and 7, respectively.

Based on the results of the comparative analysis presented in Fig-
ures 6 and 7, all experimental beams demonstrated the same behaviour
at the initial stages of loading. However, composite beams with a looped
joint filled with self-stressing concrete have a greater resistance (see
Tables 5 and 6) and a lower bending stiffness under the ultimate load,
compared with beams with a looped joint filled with OPC-concrete. Also,
the usage of expansive concrete for filling of the looped joint increases
crack resistance.

It is worth noting that precast and cast-in-suit beams with a loop con-
nection on self-stressing concrete failed against the compressed concrete
in the precast part (see Figure 4), while the failure of identical beams with
a loop connection on Portland cement concrete occurred as a result of
crushing of the concrete core inside the loop (see Figure 5).
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Figure 4 - Cracks patterns for composite beams with a self-stressed loop joint
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Figure 5 - Cracks patterns for composite beams with looped joint on OPC- concrete
Based on the results of the comparative analysis presented in Fig- It is worth noting that precast and cast-in-suit beams with a loop con-

ures 6 and 7, all experimental beams demonstrated the same behaviour ~ nection on self-stressing concrete failed against the compressed concrete
at the initial stages of loading. However, composite beams with a looped in the precast part (see Figure 4), while the failure of identical beams with
joint filled with self-stressing concrete have a greater resistance (see  a loop connection on Portland cement concrete occurred as a result of
Tables 5 and 6) and a lower bending stiffness under the ultimate load,  crushing of the concrete core inside the loop (see Figure 5).

compared with beams with a looped joint filled with OPC-concrete. Also,

the usage of expansive concrete for filling of the looped joint increases

crack resistance.
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Figure 6 — Relation “moment - deflection” for tested beams (beams Bl EC - BV EC, B-1 PC - B-5 PC)
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Figure 7 - Relation “moment — strains” for tested beams (beams BI EC - BV EC, B-1 PC - B-5 PC)

Conclusion

This paper presents the results of experimental studies of the bend-
ing resistance of the composite beams with a looped joints filled by self-
stressing concrete and OPC-concrete. After analyzing the results of tests
of beams under the action of a bending moment, as well as investigating
the effect of self-stressing concrete of a looped joint on cracking and
bearing capacity, we can draw the following preliminary conclusions:

1. The use of looped joints makes it possible to ensure the joint opera-
tion of individual precast parts of elements in a fairly wide range of
loading.

2. The difference between the use of self-stressing concrete and con-
crete on Portland cement as a monolithic loop connection of compo-
site beams is the failure mode. Self-stressing concrete contributes to
the creation of a single structure consisting of precast parts with
looped joint. This conclusion is confirmed by the fact that the failure
occurs by the crushing of the compressed concrete of precast parts
of elements, while the failure of composite beams with a looped joint
filled with concrete on Portland cement occurs by crushing the con-
crete of the compressed core enclosed between the loop connec-
tions. It should be noted that the deformability and strength under the
action of a bending moment in loop connections on expansive con-
crete is higher than on concrete on Portland cement.
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