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SEISMIC BEHAVIOR OF BEAM-COLUMN CONNECTIONS IN HIGH
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Abstract: This paper presents, an analytical study carriedom High Strength Concrete
(HSC) building frames using a nonlinear dynamiclgsia computer program (IDARC-M).
The program was originally developed for the analyd normal R.C. frames and it was
modified to predict the response of HSC frame simés. Unlike most of conventional
investigations into HSC beam-column connectionss, Work considers such connections as
integral part of the studied ten-story HSC framkee Tnelastic behavior of an interior beam-
column connection in the first floor was studiedwhs found that the use of HSC improves
column capacity, enlarges rigidity of beam-colunuings, reduces the effect of lateral
reinforcement distribution in beams and columng] decreases the fundamental natural
period of the frame. The type of column supportoandation level has a great effect on the
drift of the studied building frame.

Keywords: High Strength Concrete, Beam-Column Connectioalabtic response, Seismic
Loading, Earthquake Resistant structures, Ductleff@mes.



INTRODUCTION:

Recently, the advancement of material technologly@oduction has led to higher grades of
concrete strengths. The use of High Strength Céa¢HSC) elements for concrete structures
has proven very popular, with strengths of concagiéo about 1500 kg/chused around the
world [1]. The main advantages of HSC include higls&rength and higher stiffness,
improved durability, cost efficiency, reduced creapd drying shrinkage, better impact
resistance and better resistance to abrasion [@veder, due to the variations in fracture
modes, microstructure and the differences brougbtiaby various additives, the empirical
design rules originally intended for normal stréngoncrete (strengths less than 500 kgjem
need to be re-evaluated [3]. Earlier experimenialestigations have shown that HSC
columns may behave in a ductile manner when sudgject moderate axial compression and
reversed cyclic bending [3-7]. For high axial coegsion, ductility is achieved with the use
of a greater amount of confinement steel. In tlaise¢ high-yield-strength steel (HYSS) may
be used to decrease the lateral steel content [2].

Concrete structures are inherently heavy and hbage the potential to induce substantial
inertial forces. HSC members, however, have thendisadvantage of reducing these inertial
loads following the reduction in member sizes agdiiction of the drift due to lateral loads,
especially seismic ones. After more than thirtyrgeaf the first seismic loading test carried
out by Hanson and Conner [8] on a beam-column jofna reinforced concrete moment
resisting frame, and after a great deal of expertalework, it is interesting to note that
recommendations for the design of beam-columngdmdifferent design standards still have
many discrepancies. These discrepancies can bé mmttibuted to the difficulties in
identifying the main parameters that affect the dwer of joints. Moreover, recent
earthquakes have strengthened the need for prepdgoncement of beam-column joints to
avoid structural collapse in large events and wichuirreparable damage in moderate events.
Reinforced concrete beam-column joints should retstudied in isolation, but must be
considered as an integral part of the building #astructure [1 and 9]. It is preferable,
however, that beam-column joints remain strong et energy will be dissipated in the
adjacent members rather than in such joints.

This paper aims to study the seismic behavior o€EH®am-column connections in building
frames. Seismic analysis was carried out for astery HSC frame using the nonlinear
dynamic analysis computer program “IDARC-M” [10].nlike most of conventional
researches into HSC beam-column connections, ritaesstigation considers such connections
as integral part of the studied ten-story HSC fraifiee maximum structure responses and the
inelastic behavior of an interior beam-column caioa in the first floor were investigated.
The studied parameters were the concrete stredgitrjbution of lateral reinforcements,
slight segregation of concrete in columns duringstauction, and the end conditions of the
supporting columns.

COMPUTER PROGRAM “IDARC-M":

The enhanced computer program IDARCS3 [11] was woailly developed for the nonlinear
dynamic analysis of R.C building frames and shealtsw The program idealizes the building
as a set of frames parallel to the loading direcéind inter-connected by transverse elements
to permit flexural-torsional coupling. The strugius modeled using end node degrees of
freedom (DOF) to simplify the problem within accalpie accuracy. All elements are
assumed to move with the same lateral displacemigmin the same frame to reduce the total
DOF of the structure. The modified version of gregram “IDARC-M” was developed by
Shaaban and Torkey [10] in order to be capabletteranalysis of HSC structures. The



moment-curvature envelopes, material modeling aystienc response modeling are detailed
in Ref. [10]. The program was verified by predigtithe response of different structural
elements to a reasonable accuracy [10, 11]. Inctimeent investigation, the program was
used to study the seismic behavior of HSC beamrmolconnections in building frames.

DETAILS OF THE STUDIED HSC BUILDING FRAME:

The configuration and dimensions of the buildinglemstudy are shown in Fig. (1). A gravity
load of 1.0 t/riwas used for all floors. A typical lateral spactefween frames of 4.5 m was
chosen. The yield strength of longitudinal reintanent bars was considered to be 3600
kg/cnf while the lateral reinforcement was normal mildestwith yield strength of 2400
kg/cnf. A total of ten combination cases between theethfiit studied parameters have been
considered in the analysis as shown in Table @tudied Cases (1 to 4) comprise different
values of concrete cylinder strength. The latezalforcement for beams and columns in the
general case wasgB mm/m. This reinforcement was increased top80nm/m in certain

zones as shown in Fig. (1) to study the effectheflateral reinforcement distribution in the
study Cases (5 to 7) in Table (1). The slight sgafien of concrete, which usually occurs
during construction, was simulated in the studiesgd&s (8 and 9) by reducing ét zones 1
and 2 (see Table 1 and Fig. 1). The frame supgpcitumns were assumed to be fixed at the
base in all studied cases except for Case (10)enther columns were hinged. The El-Centro
earthquake record (1940) with Peak Ground Acceterabf 0.30g (g is the gravity
acceleration) was selected to represent a majtngeake input motion during the nonlinear
dynamic analysis.

ANALYTICAL RESULTS AND DISSCUSION:

Effect of Concrete strength

Table (2) summarizes the maximum responses oftthetsre for different values of concrete
strength. The results show that the fundamentairalgperiod of the structure decreases as the
concrete strength increases. This may be due tmthease in the structure stiffness with no
changes in the mass, since the element dimenstensoaaltered. In addition, the top floor’s
maximum lateral displacement was reduced with tfeeease of the concrete strength. For
example, Case (4,.f= 1200 kg/crf) achieved a reduction of displacement of 17% tkas
that of Case (1, = 500 kg/cm). In Cases (1 to 4), the maximum displacementem® than
0.5% of the total building height (0.005 H) (seélBa2). Concerning the first floor response,
little reduction in the story displacement was regd but smaller ratios of the story height
were recorded in all the four cases (much less h@d5 h). De Stefano et al. [12] suggested
that the onset of severe structural damage occpposmately at an overall (roof)
displacement of 0.01H. Hence, the damage levdienstudied frame cases is expected to be
moderate. This can be seen in the present anélgsisthe resulted overall structural damage
index given in Table (2). In the definition, thedex values between 0.0 and 0.4 indicate light
damages, the values higher than 0.4 up to 1.0ateliceavy damages while the index value
more than 1.0 means total collapse [11]. In thalyaed four cases, the index value lies
between 0.401 and 0.582 (see Table 2) which maybsidered as moderate damages.

Although the ultimate moment capacity of beams hais significantly increased by using
higher strength concrete as shown in Table (2),higber stiffness resulted in a smaller
deflection and this, in turn, allow to design ohder spans. Despite HSC is considered as a
brittle material, flexural member cast with HSC #ahgreater rotational ductility since it has
a lower depth of the neutral axis [13]. The momantrature hystereses for the first floor
beam are shown in Fig. (2) for different valuescohcrete strength (Cases 1 to 4). The



responses are depicted at the left-hand side ahttidle joint in the first floor (connection 1,
Fig. 1). The higher stiffness in the elastic zond the higher curvature in the post yield zone
are observed for higher concrete strength (Fig.TBe values of beam curvature ductility
summarized in Table (2) show the increase in dtyctilith higher concrete strength. The
value of curvature ductility was obtained as thioraf curvature at 80% of the ultimate
moment in the post peak region to the yield cumeafld, 14]. In seismic design, a beam
mechanism is preferred to a column mechanism amdotimation of beam hinges is assured
by having a strong column-weak beam system. Thexefogher rotational ductility of HSC
is considered as an advantage in seismic resistené design.

The story shear-displacement hystereses are shoftig.i (3) for the first floor. It can be seen
from the figure that there is no brittle shearueel occurred in all cases despite that the story
shear increases with the increase of concretegitrefihe moment-curvature hystereses for
central column at the first floor level are depicte Fig. (4). The column stiffness increases
as the concrete strength increases and for thestouiied values of concrete strength, the
column does not exceed the elastic limit. This b&rdorces the plastic hinges to be formed
in the beam, which is preferable. Priestley [15¢grsted that a brittle shear failure may
ensue, even if there has been some ductile respaohsiere is inadequate lateral
reinforcement at the critical section due to thgrddation in the concrete shear strength as
the curvature ductility of the section increasessuch case, the axial compression can play a
significant role in the closing of both flexuraldashear cracks. Park [16] reported that HSC
columns carrying high axial loads can have a markedction in cross section size and the
amount of longitudinal steel reinforcement can bigssantially reduced.

In the present work, the column cross section gceinforcement were not altered with the
increase of the concrete strength. As a resuledaation of the applied axial force to the
strength ratio was achieved and, in turn, highemerat and ductility capacity of the column
could be obtained. Hence, it can be consideredthigastrong column-weak beam theory is
achieved in the analyzed frame.

Effect of Lateral Reinforcement

The studied HSC building frame was analyzed ushrget different arrangements for the
lateral reinforcements for beams and columns inctivenection zones as shown in Fig. (1)

and given in Table (1). In Case (5), the colummgbis only were increased to 28 mm/m at
zones 1 & 2. Similarly, the beam stirrups only werereased to 108 mm/m at zones 3 & 4
in Case (6). Both beam and column stirrups weresased to 108 mm/m at zones 1, 2 ,3

and 4 in Case (7). The concrete strength in abass set to be 1200 kgferithe responses
of the studied frame cases were identical in theetlcases as given in Table (2). These
responses were similar to the response of Cases{@y 508 mm/m stirrups in the beam and

the column. Hence, there is no effect due to theemse of lateral reinforcement.

Kovacic [17] carried out experimental and analytistudies on heavily loaded HSC
compression members and he found that ductility adete can be satisfied by providing
additional ties. Mendis and Kovacic [18] proposedesv formula to calculate the spacing of
lateral reinforcement by modifying the present isgaents in AS3600 [19]. Priestley [15]
concluded that with lightly reinforced beams josracking may develop if the principal
tension stress in the joint is more than 028fid the beam-column joints with high shear
stress levels tend to fail in shear regardlesshhefamount of transverse reinforcement. The
reason for failure is the principal compressiorestr and it is thus more logical to limit this
directly, rather than through the shear stregsich does not recognize the influence of axial



compression. Priestley [15] suggested a limit &f'Q.for the principal compression stress.
Then, HSC can significantly reduce the chance oftjoracking or the failure due to the
principal compression stress.

Design recommendation in different standards cabrbadly classified in two main groups.
One group such as Eurocode8 [20] and NZ3101 [2%E lheir recommendations on the
behavioral parallel angle steel truss and diagooatrete strut transfer mechanisms proposed
by Park and Paulay [22]. The second group includi@i318-1995 [23] and AlJ-1994 [24]
base their design recommendations on a confinerréetrion and tacitly recognizes that
transverse reinforcement does not enhance thegbear strength.

The results of the present analysis suggest teatise of HSC and the low level of the axial
force to strength ratio increased the joint strieragid reduced the compression stresses. This
prevents the joint cracking and shear failure faydhe failure in this frame to occur due to
beam flexural ductility. Therefore, no more enhanests could be obtained by the increased
lateral reinforcement, which agrees with the seamodip of design standards [23 and 24].

Effect of Slight Segregation of Concrete

Although the construction of HSC involves strictafity control programs to ensure perfect
compacting and placing, the effect of slight segtieq of concrete, which may occur during
the construction of columns, was studied for irder&wo cases for analysis were performed
with reduced concrete strength in the bottom apdt60 m of each column (zones 1 and 2 in
Fig. 1). In Case (8), the reduced strength wasnasduo be as low as 40% of the original
strength, while in Case (9), it was assumed to @ @s given in Table (1). The resulted
fundamental period was increased in both casesiv@n gn Table (2). This indicates a
reduction of the structure stiffness that led toremnease in the maximum lateral displacement
of top floor of approximately 8% in Case (8) and b#&Case (9) compared with Case (4). The
maximum moments transmitted to the columns wereeased leading to some cracks in the
upper floor columns, which carry lighter axial fescas reported in the computer output and
not shown here. As the original strength was cansidl as 1200 kg/cinand due to the large
capacity of the cross section, no yielding occuirethe column as shown in Fig. (5) and the
plastic hinges were formed in the beams. Moreawer,overall damage index was increased
to be 0.48 in Case (8) and 0.411 in Case (9) idst€Q.401 in Case (4) as given in Table (2).
This slight effect of the segregation may be owethe very high value of concrete strength,
so that 40% of this value is 480 kgfmvhich is very close to the upper limit of normal
strength concrete. Therefore, it can be stated tiatuse of HSC reduces the risks of
unfavorable effects of segregation.

Effect of Supporting Conditions

To check the effect of supporting conditions, thieCHframe was analyzed assuming that all
columns are hinged at their bases with concreemgth of 1200 kg/cf(Case 10, Table 1).
The results are reported in Table (2) showing aisggnt increase in the fundamental period
to be 0.967 (sec) which is very close to that teslin Case (2) with concrete strength of 700
kg/cn?. In addition, the first story displacement wasstically increased from 9.47mm in
Case (4) with fixed base to be 34.73 mm which mgmes 1.16% of the story height
(0.0116h). Although the top floor displacement \abso increased to be 127.90 mm, it is still
less than 0.5% of the total height (0.005 H). Therall damage index became 0.645, which
indicates heavy damage level. The maximum momeatsmitted to the column top at first
floor level was drastically increased, becausehef zero moment at the hinged base (see
Table 2), but the column did not exceed the eldsti¢ as shown in Fig. (6-a). The beam
moment-curvature hystereses are given in Fig. (@+gre the very large curvature was
observed while the curvature ductility was slighthcreased (see Table 2). The shear-



displacement hystereses for the first story arectlgbin Fig. (7). It is interesting to note that
a softer story response was observed comparedthéthof Case (4, 1200 kg/&rshown in
Fig. (3-c).

CONCLUSIONS:

This paper described the nonlinear dynamic analgkia ten-story high strength concrete
frame performed using the modified computer progiARC-M [10]. The following
conclusions can be drawn:

The computer program is capable of predicting &isnsic response of HSC building
frames including the inelastic behavior of beamiomt connections in such frames.

As the concrete strength increases, the stiffnésthe structure increases and its
fundamental period decrease. As a result, the maxitateral displacement of the frame
structure is reasonably decreased.

Flexural members cast with HSC exhibit greatertiatal ductility resulting in higher
curvature ductility for beams. In addition, HSC mopes column capacity and enlarge
rigidity of beam-column joints. As a result, no )m@nhancements could be achieved by
increasing the lateral reinforcement in the presardy case.

Segregation of concrete reduces the column stdéfnasd increases the lateral
displacement but the use of HSC reduces its hargfifieitts.

The hinged base of the supporting column drasyi¢aireases the first floor drift and
increases the damage level.
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Table (1): Description of the Studied Parametets@ase Studies

Studied Parameters
Case | Cylinder strength| Slight segregatiof | ateral reinforcement End
Number f ., kg/enf f* ¢, kglcnf condition
1 500 |} @ - 5¢ 8/m Fixed
2 700 | @ - 5¢ 8/m Fixed
3 1000 | @ - 5¢ 8/m Fixed
4 1200 | @ - 5¢ 8/m Fixed
5 1200 | @ - 10 ¢ 8/m (zones 1 & 2) Fixed
6 1200 |} @ - 10 ¢ 8/m (zones 3 & 4) Fixed
7 1200 | @ - 10 ¢ 8/m (zones 1,2,3 &4) Fixed
8 1200 0.4 x 1200 = 48¢ 5¢ 8/m Fixed
9 1200 0.6 x 1200 = 72 5¢ 8/m Fixed
10 1200 | = - 5¢ 8/m Hinged
f* ¢ is the reduced value of.fapplied at zones 1 and 2 (see Figure 1)
Table (2): Maximum Responses for Different Casealigt
Case To N\ Ay Damage My, o M.
Number| (sec) (mm) (mm) index (t.m) (t.m)
1 1.051 122.40 10.33 0.582 19.74 2.99 12.48
2 0.971 114.68 11.44 0.437 19.6% 7.99 14.97
3 0.880 112.57 10.41 0.420 20.0§ 8.41 16.20
4 0.836 102.68 9.47 0.401 20.54 10.7B 16.99
5 0.836 102.68 9.47 0.401 20.54 10.7B 16.99
6 0.836 102.68 9.47 0.401 20.54 10.7B 16.99
7 0.836 102.68 9.47 0.401 20.54 10.7B 16.99
8 0.896 110.58 9.77 0.481] 20.54 10.7B 18.97
9 0.867 107.02 9.28 0.411 20.2] 10.5D 18.34
10 0.967 127.95 34.72 0.645 20.81 11.48 36.$3
Note:

T, = Fundamental period (sec)
A; = Top floor Max. displacement (mm)
A; = First floor Max. displacement (mm)
Mp = Ultimate moment in beam (t.m)

Mo = Curvature ductility for beam

= 80% of curvature at ultimate moment/ cunvatat yield



M = Maximum moment in column (t.m)
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Fig. (1): Dimensions and Configurations of the Amald Ten-story Building Frame



