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ABSTRACT:

Generally selection and configuration of lateral load resisting systems are dictated
by architectural limitations. This study aims at evaluating the effects of different X-
bracing system configurations on limit state behavior of steel frames by means of
pushover analysis. First, 93 steel frame models with different bracing configuration
(adjacent bays, extreme bays,...), different story heights and different bay width
were designed according to AISC-ASD89 and Iranian code of practice for seismic
resistant design of buildings (standard N0.280,2™ edition). Employing pushover
analyses ductility factor, Overstrength factor, Response reduction factor (R) and
number and distribution of plastic hinges in the frames considered were estimated.
Finally, Obtained mean of R-values was compared to suggested value proposed by
2800 standard and proper bracing configurations for suitable nonlinear response
and plastic hinge distribution were identified. Results indicate that proper
configuration which is usually neglected in current codes and design process, can
significantly affect the response reduction factor, e.g., it maybe more than 1.5
times of suggested value but in other cases, especially medium-rise frames with
fewer bays, it is nearly half of the suggested value. This research suggests that
configuration of resisting system should also be incorporated in design codes if
proper behavior is to be expected.

Introduction

The ‘Response Reduction Factor’ (R) which is widely used in most of the seismic design
codes all over the world, is trying to compensate the effects of ductility of the system to withstand
seismic load. The ultimate capacity of each structural system depends on its structural
configuration and specifications, including type of bracing and size of bracing elements in case of
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braced frames. Consequently, the codes give various values of R depending on the lateral load
bearing system of the building. For example, some codes (IBC 2003) suggest a value of 5 for the
case of Ordinary Concentrically Braced Frame (OCBF), and a value of 6 for the case of Special
Concentrically Braced Frame (SCBF). This value in Iranian code of practice for seismic resistant
design of buildings is 6 (there are no Ordinary or Special classification). However, the R-values in
codes do not depend on the number of braced bays and their relative location, or even the overall
pattern of bracing while the number of braced bays in a frame is important considering their
effects on redundancy. Several analytical and experimental studies have been performed on braced
frames since early 70s, of which some experimental works will be briefly reviewed here.

Shaishmelashvili and Edisherashvili (1973) have done an experimental study on dynamic
characteristics of large-scale models of multi-story steel frame buildings with different vertical
bracings. They have tested some large-scale models of a 9-story building with 12 different bracing
schemes in free and forced (resonance) vibration states.

Suzuki et al. (Feb.1975) performed an experimental study on the elasto-plastic behavior of
tensile braced frames to obtain the restoring force characteristics of low-rise steel structures.

Wakabayashi and his colleagues (1980) did some experimental studies on the elasto-plastic
behavior of braced frames under repeated horizontal loading. In a part of those studies,
experiments of one story-one bay braced frames were conducted to investigate the hysteretic
behavior of this kind of steel frames whose braces were made of built-up H-shapes and whose
columns and beams were made of rolled H-shapes

Lee and Bruneau (2005) studied the energy dissipation of compression members in
concentrically braced frames by reviewing the available experimental data. Design and detailing
requirements of seismic provisions for CBFs were specified based on the premise that bracing
members with low KL/r and b/t will have superior seismic performance. However, they claimed
that relatively few tests have investigated the cyclic behavior of CBFs, and hence, it is legitimate
to question whether the compression member of a CBF plays a significant role as what has been
typically assumed implicitly by the design provisions.

One of the simplest methods for nonlinear analysis of complex structures is Nonlinear
Static Analysis, also known as pushover analysis. Despite its limitations, Pushover analysis could
provide valuable information about capacity of structures, demand deformation, discontinuity on
strength distribution and potential of energy absorption. To evaluate the seismic behavior and
determination of ductility factor, overstrength factor and distribution of plastic hinges in
structures with different x-bracing configuration, push over analysis is used in this research.

Numerical Analysis

Model description and naming convention

The analytical models selected based on typical practice of frames in Iran. The bay width
of models was considered as 5 meters and the heights of stories as 3 meters. Models with different
number of stories and bays were employed to consider the effect of X-bracing system placement
on R-factor, overstrength factor and plastic hinge distribution. In order to study these parameters,
frames with 3, 5 and 7 bays and 6, 12, 18 stories were modeled. The form of WS (X, Y, Z) is



used for naming the models, Where W is the number of bays, S is the abbreviation of span XY
and Z are the number of first, second and third braced bays respectively. For example, 3s (1),
means a three-bay frame in which the first bay is braced. Fig. 1 shows a sample of 12-story frame
and its naming based on naming convention used in this study.

Figure 1. 12stories-3s (1, 2)

Loading procedure on the models

Gravity loads were applied according to Iranian loading code and composite floor system
was assumed, seismic loading were applied according to Iranian seismic design code (second
revision) and soil type Il. Computation procedure of base shear is shown in the following table;
moreover, the response spectrum analysis was used for designing the models.

Table 1- Base shear and slash force computation

2800 Standard 6 STORY 12 STORY 18 STORY
T=0.05xH** (sec) 0.698 1.176 1.594
B:2.5f(ool.lsj¥;)§3? B<25 1.999 1176 1154
C=ABI/R 0.1166 0.0825 0.0673
V=CW (ton) 74.8 107.1 133.5
F=0.07TV (ton) 0 8.82 14.91

The design of steel structures was according to AISC-DSA89. The effective length of
braces for out of plane buckling is considered equal to 0.67; this value for in plane is 0.5. IPE
sections were used for beams and IPB section were provided for columns and also double L
sections were employed for braces. Material properties assumed compatible with ST-37 steel

grade.



Pushover Analysis: Load pattern and hinge specifications

FEMA-356 was used to conduct displacement controlled pushover analyses. The reverse
triangular loading pattern or first mode compatible pattern, where applicable, was considered.
During the analysis, the location of plastic hinges and the analysis termination criteria were
controlled. Properties of hinges in each element were defined according to geometry, material
mechanical properties and applied forces in the elements. All of these specifications were derived
from FEMA-356. Axial - moment interaction hinges (P-M hinge) were used for columns and axial
hinges was assigned to brace elements (P hinge).

Numerical results

The results of two-dimensional nonlinear analyses were depicted as base shear versus roof
displacement. Some information was derived from the curves that are important for computation
of strength factor and response reduction factor, such as yield displacement, yield base shear,
ultimate base shear and ultimate displacement. Figure 2 shows base shear versus roof
displacement for 12-story frame and different configuration of X-bracing as a sample. At the end
of curves, a kind of degradation is noticeable.
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Figure 2. Base shear vs. roof displacement for 12-story frame and different configuration of X-
bracing



In previous research effects of bracing configurations were not studied beyond elastic
response as presented here. Computation of R can be carried out using the following method but
there are some essential values to be derived first. These values include: yield and ultimate

displacements shown respectively by D, and Du; also yield force and elastic strength demand
force which would be presented by Fy and Feg notations respectively. R estimation can be

performed by defining two factors: strength demand reduction factor, R, and overstrength factor,
Q . Figure 3 shows parameter derived for evaluation of R-values (Uang, 1991, Behbahani, 1996,).
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Figure 3 Parameters used in R evaluation

Effects of different bracing configuration on response reduction factors in line with
overstrength factor can be summarized in table 2. Comparison of response reduction factors for
the models studied in this research are displayed in figs. 4 to 6. Considering the figure better
performance of adjacent braced bays behavior especially when they are placed as close as possible
to the middle bays is evident.



Table 2. Computed R-values and overstrength factors for different bracing configurations

6 story - X Brace 12 story - X Brace 18 story - X Brace

Span | mitial Stiffees| R | OS ||  Span | mitalstifines] R | OS Span | Mital Stiffess| R | 08
35-(1) 998 |6.16 [1.19]] 35-(1) 3.60 381 (117 || 3541 212 479 116
35-@2) 1022 |6.19 |119]] 35-(2) 387 | 417 119 35@) 224 481110
35412) | 2233 |6.36 |123] 35 (1.2 9.21 578 124 | 35 (12) 4.80 6.02 | 1.30
55 {1,2) 2503 714 (119 55 {1,2) 985 636 | 115 55-(1,2) 564 6.02 | 1.19
55 {1,3) 18.66 569 (119 55 H1.3) 7.56 528 | 115 55-(1,3) 424 492 | 1.15
85 {1,4) 1841 563 120 55 {1.4) 7.66 6.15 (134 | 55(1.4) 432 500 |1.15
55 {1,5) 1841 |7.25 |1.42[| 55 (15) 724 | 577 [133 [ 55 1.5) 242 494 118
85 (2,3) 2394 6.87 (121 55 {23) 9.89 727 | 115 [ 55 £©.3) 6.88 7.50 122
55 (2.4) 1940 | 592 |121]] 55 (24) 778 | 626 [ 116 I 55.04) 147 5191116
55(25) | 2047 |653|124[ 55 (25) 726|469 [107]| 55 o5 437 488 111
75 1.7) 1796 | 669 |[121] 75 (L.7) 708|587 116 75 a7 208 2641107
7S {2.6) 1884 |6.76 |124| 75 (26) 703 [ 6341297565 YUY 203 111
75435) | 2063 |7.40|123[ 75 (35) 7.60 632 [ 1.18 | 75 a's) 2.49 2161113
75412) | 2363 |85 |124] 75 (12) 9075 [ 7.42 [1.16 [ 75 7g o 681 5111109
723 | 2498 [se@[125] B3 [ wst 767 [113[ 750 Y 550 110
| 250 [se[126] sEa] 1180 (a7 11350 =38 071115
7s(1239] 3930 [7m[124f750.239] 1706 866128 oo T775T129
7S(134| 3372 |6®2[118[|7S(1.34)] 1440 [796 128 o prni— o T
7S49] 3197 (62511975 (.a5] 1438 [795[128 ko T3
7s.04n| 2624 |5%@[124f75 (1.4D| 1061 | 634]1.28 fo oot ve5 116

7S(156)| 3249 |648 121751156 1431 |7.89 130 = - Sl
7S(16.7)| 3070 |7.80 |132[7s1.67)| 1363 | 752|128 || (156} 877 1709138
7S (23.4)| 3680 |8® |127||7s234| 1711 | 850|126 | o167 873 748|152
7s 45| 3377 |87 [132|7s245| 1506 |810|125| > 234| 1201 781 127
7S (246)| 2988 |7.36 |136|75246)| 1065 |583 116 > (4| 914 7.50 |1.45
7S256)| 3322 |860|132[|75256)| 1506 | 836|120 >+246)] 669 4.56 | 108
75426.7)| 3357 |7.79|132|75267| 1501 | 811|126 | 01256} 943 6.18 | 1.17
7S345)| 3975 |85 |128[ 7S (3.45)| 1712 |853 126 || °+26.7})] 935 6.11 117
7S (356)| 3515 |7.40|134|[75356)| 1505 |812|125[| (G40 1203 [762 124
7S (36.7) 31.05 6.13 (121 7S {3.6.7) 14.71 7.96 | 126 [| 75 «3.5.6) 9.42 6.29 1.20
75S46.7)| 3354 |651 12075 46.7)] 1474 | 796|127 | =A36.7) 9.32 629 1.21
75(46.7)| 933 612 | 117

unit: ton,cm
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Figure 4. Computed R-Values for six-story frame and different braced bays
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Figure 5. Computed R-Values for 12-story frame and different braced bays
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Figure 6. Computed R-Values for 18-story frame and different braced bays

Discussion and conclusion

Considering the obtained results, it can be concluded that:

when the number of braced bays increases, yield displacement in all models decreases due
to increase of initial lateral stiffness of the model; furthermore when the braced bays are
close; yield displacement in considered models would decrease. This is important when the
structure behaves in its linear phase because the adjacent braced bays configuration could
decrease overall lateral displacement and minimize the cracking of non load-bearing and
nonstructural elements. Placing the braces in the middle bays would also decrease the yield
displacement. For example, the minimum yield displacement for the six-story frame in the
case of 7s(1,2,3) equals 3.7 cm. This value for the same fame but different bracing
schemes like 7s(3,4,5), 7(2,3,4), 7s(2,3), 7s(3,4), 7s(1,2), 5s(2,3), 5s(1,2), 3s(1,2) would
consequently be 7.8, 8.5, 8.9, 9.1, 9.4, 8.2, 8 and 8.8 cm. Moreover, when the distance
between two braced bays increases, the ultimate displacement of structures would also
increase, and vice versa. In addition, one can conclude, it is beneficial to put numerous
adjacent braced bays in the middle bays of structures in the case of low-rise structures.

When the braced bays are close, the initial stiffness increases, on the other hand when the
number of stories increases, because of increase of top story displacement, initial stiffness
decreases which in turn could affect the R-value. For example, in the case of six-story
frame with 7s (3, 4, 5) configuration, R value equals 5.5. This value for 12 and 18-story
frames are 6.96 and 5.93, which is lower than the average of six-story frames R factor.

Increasing the number of stories in frames with less braced bays make the response
reduction factor significantly lower than the value suggested in the building codes. For



example, in the case of 12-story frame and 3s (1) configuration, this value is 3.8 and for
18-story frame and 7s (2,6) scheme, response reduction factor reaches 4. This subject
indicates that using fewer braced bays in taller structures may not satisfy the requirement
of seismic codes. Proposed response reduction factors could not be reached in braced
frames with lots of unbraced bays between braced bays especially in high-rise structures.
For example, in 18-story frame with 7s(1,4,7) configuration or 7s(2,4,6) configuration R
equals 4.9 and 4.6 consequently which is lower than the code suggested value, while when
adjacent bays are braced, in the middle bays, this value will be approximately 1.30 times
of the Iranian code suggested value. As another example, in case of 18-story frame with
7s(2,3,4) configuration, the response reduction factor is 7.8 which is 1.3 times of Iranian
code of practice for seismic resistant design of buildings (2800 standard).

e |t is suggested in order to satisfy the proposed values in building codes, the braced bays
should be as close as possible and it is better to place them in the middle and adjacent
bays. Moreover, it is recommended to avoid unbraced bays between braced bays in high-
rise buildings.

e In the case of low-rise buildings, it is apparent that by placing of braced bays as close as
possible, R factor could reach nearlyl.5 times of proposed values. This could lead to over
design in these cases, also overstrength factor will be affect by braced bays location.
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