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A displacement/damage controlled seismic design method for MRFs with concrete-filled

steel tubular columns and composite beams

*
Dionisios N. Serrasl, Konstantinos A. Skalomenosz‘ and George D. Hatzigeorgiou1

1School of Science and Technology
Hellenic Open University
Patras, GR-26335, Greece

2Department of Civil Engineering, School of Engineering
University of Birmingham
Edgbaston, Birmingham, B15 2TT, United Kingdom

Abstract: A displacement/damage controlled (DDC) seismic design method for composite
(steel/concrete) frames, consisting of circular concrete-filled steel tube (CFT) columns and composite
beams (steel beams connected with concrete floor slabs) is developed in this study. The proposed seismic
design method controls displacement and damage in a direct way for all seismic performance levels
including the one near collapse. More specifically, through empirical expressions this method can
estimate the inter-storey drift ratio (IDR) of a designed structure and evaluate the damage index (DI) of
critical members for a given seismic intensity. A reduced number of design iterations is achieved while
the computationally demanding non-linear time-history analysis can be avoided. The necessary empirical
expressions of the design method are derived by means of statistical and sensitivity analysis of a large
response databank consists of IDR and DI that cover all the way from elastic behavior to final global
dynamic instability and collapse. This response databank is created by performing extensive parametric
incremental dynamic analyses of many composite framed structures of the kind considered here under
many seismic motions and different soil types. Design examples reveal that the DDC design method
successfully estimates the targeted IDR for the desired seismic performance level as well as controls the
DI in critical beam-to-column joints in order to avoid a soft-storey failure mechanism or partial loss of
structure. Compared to all steel framed structures, the composite frames considered here exhibit a better
seismic performance with beams and columns exhibiting a 20% lower DI. The low-damage performance
of composite frames is mainly emphasized as the number of storeys increases, while both the IDR and DI
tend to fall within lower performance levels than those of the corresponding all steel frames for the same

seismic intensity.

Keywords: Composite Frames; CFT columns; Composite beams; Performance-based Seismic Design;
Damage control
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1. INTRODUCTION

Concrete-filled steel tube/moment resisting frames (CFT-MRFs) are high-performance seismic-
resistant building structures that effectively combine the large ductility of steel tubes and confined infill
concrete of CFT columns with the highly energy-dissipative beam-to-column connections of the MRF
structural system [1-6]. This enables engineers to adopt smaller seismic design forces to satisfy the same
ductility demands with the conventional structures, resulting in more economical structures with smaller
cross-sections [7, 8]. In such seismic design approaches, methodologies that offer a direct control of
damage at both the component-level (e.g., critical members) and global-level (e.g., storeys) are very
important to evaluate the level of inelasticity expected in the structure for the various levels of seismic
intensity as well as support the design of structures that can efficiently absorb the seismic loads at high

intensity levels.

It is well known that in earthquake-resistant design of structures, some degree of damage in the
structural members is accepted because the cost of a structure designed to remain elastic during a seismic
event would be very high. The main performance objectives of current seismic design codes, such as the
EC8 [9], are the provisions for life safety (strength checking) and immediate occupancy (deformation
checking). During the last 30 years or so, performance-based seismic design (PBSD) methods have
emerged [10, 11], which employ the concept of displacement or local damage control in conjunction with
the strength requirements to increasing earthquake actions. Through specific performance levels, the
acceptance limits for the inter-storey drift ratio (IDR) and/or the member ductility or plastic rotation of a
structure should be satisfied for the various seismic intensity levels. According to the force-based design
(FBD) methods (e.g., EC8 [9]), deformation requirements should always be checked at the final stage
since strength requirements have been satisfied at the starting stage of the design. According to the
displacement-based design (DBD) method [12-15], only strength requirements should be checked since
deformation requirements are automatically satisfied. By combining the advantages of FBD and DBD
methods, a recent PBSD method namely the hybrid force/displacement-based design (HFD) method
estimates drift and ductility demands through a deformation-controlled behavior factor q (or strength
reduction factor) [16-18]. On the basis of well-known damage indices (Dl), a seismic design method
called the direct damage-controlled design (DDCD) method has been recently developed for the seismic
design of planar steel MRFs [19]. The method employs DI as the main design parameter and thus damage
is controlled at the global and local level in a direct manner. A seismic design method, therefore, should
deal with the deformation control (hence damage reduction) of both structural and non-structural
components in a fashion that is familiar to engineers. This would be realistic if IDR and local damage are
directly used as evaluation parameters within the preliminary design procedure of a structure and not only

checked at the end of the design process through nonlinear time-history analysis. This is needed even
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more for CFT-MRFs, where little systematic investigation on their seismic behavior has been carried out,
and for which according to EC8 [9], the selection of seismic design forces and performance objectives for
their preliminary design is based on those for steel structures, thereby ignoring the enhanced performance
arising from the composite action of both concrete and steel materials [7, 8].

Within the framework of DBD, methods that aim to control damage have been proposed for reinforced
concrete structures [20] but they are based on the assumption of single-degree-of-freedom systems as
DBD method dictates. In general, methods have been proposed in regard to the deformation or damage
evaluation and assessment of composite steel/concrete structures [21-23] but without explicitly taking into
account design characteristics and properties of the structures in their damage evaluation process. Thus, a
damage-controlled seismic design framework cannot be fully supported at the preliminary phase of the
structural design. The above methods do not always describe in a direct way the stability (or strength) of
the frame under seismic loads and most of them do not rigorously account for structural system behavior
and can give misleading results, particularly when dealing with nonlinear behavior at the onset of
structural instability [24, 25]. Recent research studies have been focused in quantifying the structural
characteristics of composite structures or the seismic intensity of ground motions through empirical
expressions for estimating the deformation and damage. For example, Skalomenos et al. (2015) [7]
conducted an extensive study investigating the seismic inelastic behavior of regular planar CFT-MRFs
with steel | beams and developed simple formulae for the direct estimation of seismic displacements and
local ductility demands for those types of structures. Kamaris et al. (2016) [26] studied the seismic
behavior of CFT-MRFs with steel | beams to quantify their damage through simple expressions,
combining the most used DI of the literature for local damage with the characteristics of the frames.
However, these researches have considered the displacement and the DI as evaluation parameters

separately and not as a combination within a preliminary seismic design framework for any limit state.

In this paper a displacement/damage controlled (DDC) design method for the seismic design of plane
CFT-MRFs with composite beams (steel IPE beams connected with concrete floor slabs) is established
within the existing framework of current seismic design codes and guidelines. In order to establish the
method, two extensive parametric studies are conducted by considering a large number of CFT-MRFs (48
of them) under 50 seismic motions for soil types B and D (25 for each soil type). The response of these
frames is obtained by nonlinear dynamic analyses with the aid of RUAUMOKO analysis program [27]
and a response databank is created. Thus, empirical expressions are developed to estimate the IDR and DI
via a statistical analysis procedure and are used in the framework of a design flowchart. A further
investigation is conducted by comparing results from the proposed expressions with those at performance
levels defined in SEAOC [10, 28] and useful findings are obtained. Design examples are presented for
illustration purposes and for demonstrating the advantages of the method. Generally, the main advantages

of the proposed method are: i) dimensioning of the composite structural members so that displacement
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and damage are controlled at various performance levels in a direct manner that does not require global
analyses and thus, reduces the design iterations; and ii) damage control locally and/or globally is
accomplished through simple parameters that quantify the strength and stiffness of the buildings, thus
nonlinear time-history analysis for seismic performance assessment as in [19] is not required. Finally, the
DDC based designs of a three-storey and six-storey composite frames are compared with the damage-
controlled based design of the corresponding all steel frames at various performance levels [26]. The
results indicate a lower DI for the members and a better control of displacements in the composites
structures. The proposed expressions are generally satisfactory for the type of plane composite structures
considered in this study founded in the associated soil types. The design method is promising and can be

extended to other type of structures, structural systems and soil types with the same rationality.

2. DESCRIPTION AND DESIGN OF COMPOSITE STRUCTURES

A total of 48 regular composite plane moment resisting frames are investigated in-detail for soil types
B and D, covering a wide range of structural characteristics, such as the number of stories (ns) with values
of 3, 6,9, 12, 15 and 20, number of bays (ns) equal to 3, yield steel stress (fy) with values of 275 and 355
MPa and compressive concrete strength (f;) with values of 30 and 50 MPa. The storey height and bay
width of all frames are h =3 m and b = 6 m, respectively. As shown in Fig. 1(a), the examined frames
consist of circular concrete filled-steel tube (CFT) columns (Fig. 1(b)) and composite beams (steel beams
connected with concrete floor slabs) of 15 cm thickness, as shown in Fig. 1(c). Further information about

the calculation of the effective width of composite beam (berr) (Fig. 1(c)) can be found in Ref. [29].

v

best
t
X I tslab

IPE

I 3m

6m Section 1-1

(a) ® (©

Figure 1: (a) A typical composite MRF, (b) circular CFT column section and (c) composite beam section (steel beam

connected with concrete slab).

Capacity design considerations have been taken into account by satisfying at every joint the relation

ZMRC 21.3-ZMRb, where XMgc and XMpg, are the sums of design values of the resistance

moments of the columns and beams framing the joint, respectively. Tables 1 and 2 show the sectional
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dimensions of the examined frames for soil types B and D, considering two values for the yield steel
stress (275 and 355 MPa) and two values for the compressive concrete strength (30 and 50 MPa).
Furthermore, values related to the number of stories ns, the stiffness and strength ratios p, and «,
respectively and the fundamental periods of vibration (T+) are also included in Tables 1 and 2. The beam-
to-column stiffness ratio p of a frame is defined at the story closest to the mid-height of the frame and
calculated as [30]

M)

where |, I, and |; are the second moment of inertia of members’ section and the lengths of the beams (b)

and columns (c), respectively. The column-to-beam strength ratio, a, is defined as [30]

M
a= RC1,av (2)

MRBav
where Mgc1av IS the average of the plastic moments of the columns resistance of the first storey and
Mge.av IS the average of the plastic moments of the beams resistance for all floors of the frame.

The frames under consideration are designed based on Eurocode-3 [31], Eurocode-4 [32] and
Eurocode-8 [9] by using SAP2000 [33] and DEV-C++ [34]. The seismic load combination consists of the
vertical load G + 0.5Q = 25 kN/m on the beams plus the earthquake load (E), whereas the gravity loads
combination is 1.35G + 1.5Q = 42 kN/m. The dead loads (G) and the live loads (Q) of every floor are
taken as 20 and 10 kN/m, respectively. Moreover, the design ground acceleration (ag) and the behavior
factor (q) are equal to 0.36g and 4.0, respectively for medium type structural ductility and Spectrum Type

1. Finally, the self-weight of beams and slabs is taken into consideration of the dead loads.

Table 1: Data for soil type B: Number of stories (ns), sectional dimensional, column-to-beam strength ratio (a),

beam-to-column stiffness ratio (p), and fundamental period of vibration (T1).

No ns Floors CFT columns — material properties Floors Beams IPE a p T1
1 3 1-3 (406.4x6.30)-30-275 1-3 270 0.357 0.516 0.511
2 3 1-3 (406.4x6.30)-30-355 1-3 240 0.436 0.939 0.585
3 3 1-3 (406.4x6.30-50-275 1-3 270 0.339 1.359 0.518
4 3 1-3 (406.4x6.30)-50-355 1-3 240 0.432 0.996 0.563
1-2 (559x10.00)-30-275 1-2 330

5 6 3-5 (406.4x6.30)-30-275 3;1 338 0.450 1.000 0.865
6 (355.6x6.00)-30-275 6 220
1-2 (559x10.00)-30-355 1-2 270

6 6 3-5 (406.4x6.30)-30-355 3;)4 ggg 0.644 0.500 1.065
6 (355.6x6.00)-30-355 6 200
1-2 (559x10.00)-50-275 1-2 360

7 | 6 3.5 (406.4x6.30)-50-275 3;_)4 54718 0445 | 1577 | 0872
6 (355.6x6.00)-50-275 6 220
1-2 (559x10.00)-50-355 1-2 270

8 | 6 35 (406.4x6.30)-50-355 34 240 0637 | 0669 | 1.017




5 220
6 (355.6x6.00)-50-355 6 200
13 400
1-4 (559x10.00)-30-275 = o
9 | o o5 (406.4x6.30)-30275 5{-37 gzg 0255 | 0926 | 1.243
9 (355.6%6.00)-30-275 9 220
13 300
1-4 (559x10.00)-30-355 - -
10 | 9 o5 (406.4x6.30)-30-355 5{-37 54218 0383 | 0498 | 1.529
9 (355.6x6.00)-30-355 9 200
13 400
1-4 (559x10.00)-50-275 - -
1 | 9 o5 (406.4x6.30)-50275 5{-37 gzg 0252 | 1010 | 1.203
9 (355.6x6.00)-50-275 9 220
13 300
1-4 (559x10.00)-50-355 - —
12 | 9 o (406.456.30)-50-355 55-37 34218 0380 | 0541 | 1.456
9 (355.6x6.00)-50-355 9 200
14 400
1.7 (559x10.00)-30-275 = .
13 |12 [ g (406.456.30).30-275 8i110 gzg 0898 | 0990 | 1.478
12 (355.6x6.00)-30-275 12 220
14 330
17 (559x10.00)-30-355 = o
14 |12 [ g (406.456.30)-30-355 8i110 34218 0247 | 0519 | 1.866
12 (355.6x6.00)-30-355 12 200
14 400
17 (559x10.00)-50-275 = o
15 |12 [ g (406.456.30)-50-275 8-10 270 0178 | 1010 | 1.486
11 240
12 (355.6x6.00)50-275 12 220
14 330
17 (559x10.00)-50-355 = o
16 |12 [ g (406.456.30)-50-355 8i110 34218 0243 | 0576 | 1.772
12 (355.6x6.00)-50-355 12 200
12 550
1-4 (610x14.20)-30-275 2 =
5.9 450
17 | 15| 511 (559x10.00)-30-275 10 330 1005 | 1021 | 1537
11 300
1214 270
1215 (406.4x6.30)-30-275 e oz
14 (610x14.20)-30-355 14 360
5-10 330
18 |15 U (559x10.00)-30-355 11 270 0262 | 0456 | 2098
1214 240
12-15 (406.4x6.30)-30-355 e on
12 550
1-4 (610x14.20)-50-275 2 =
5.9 450
19 | 15| 512 (559x10.00)-50-275 10 330 0451 | 1119 | 1.505
11-12 300
1314 270
1315 (406.4x6.30)-50-275 - oz
14 (610x14.20)50-355 14 360
5-10 330
20 |15 o (559x10.00)-50-355 11 270 0257 | 0518 | 1.977
1214 240
1215 (406.4x6.30)-50-355 - o
15 600
21 |20 | 110 (610x14.20)-30-275 6-10 550 0090 | 1178 | 1828
1117 (559x10.00)-30-275 1113 450




162
163
164

165
166

14-15 360
16-17 300
18-19 270
18-20 (406.4x6.30)-30-275 >0 550
15 500
1-10 (610x14.20)-30-355 510 250
11-13 360
2 | 20 | 1117 (406.4x6.30)-30-355 VEE o0 0133 | 0637 | 2342
18-20 406.4x6.30)-30-355 16-19 240
- (406.4x6.30)-30- 20 220
15 600
1-10 (610x14.20)-50-275 = 250
1113 450
23 | 20| 1117 (559x10.00)-50-275 14-16 360 0087 | 1398 | 1.769
17 300
18-19 270
18-20 (406.4x6.30)-50-275 0 550
15 500
1-10 (610x14.20)-50-355 = 250
1113 360
24 | 20 | 1117 (559x10.00)-50-355 VET 70 0127 | 0765 | 2163
18-19 240
18-20 (406.4x6.30)-50-355 >0 550

Table 2: Data for soil type D: Number of stories (ns), sectional dimensional, column-to-beam strength ratio (a),

beam-to-column stiffness ratio (p), and fundamental period of vibration (Ty).

No ns Floors CFT columns — material properties Floors Beams IPE a p T,

1 3 1-3 (406.4x6.30)-30-275 1-3 270 0.356 | 1.307 | 0511

2 3 1-3 (406.4x6.30)-30-355 1-3 270 0.358 | 1.207 | 0.546
1 (559x10.00)-50-275 1 300

8 13 23 (406.4x6.30-50-275 23 270 0.949 | 0.770 | 0431
1 (559x10.00)-50-355 1 270

4 8 2-3 (406.4x6.30)-50-355 2-3 240 1158 | 0566 | 0465
1-2 360

5 | 6 15 (559x10.00)-30-275 3:' 338 0759 | 0413 | 0613
6 (355.6x6.00)-30-275 6 240
1-4 300

6 6 -5 (559x10.00)-30-355 5 270 0.485 0.406 | 0.879
6 (355.6x6.00)-30-355 6 220
1-3 360

7 6 -5 (559x10.00)-50-275 ‘5" 338 0.357 0.695 | 0.712
6 (355.6x6.00)-50-275 6 240
1-4 330

8 6 -5 (559x10.00)-50-355 5 270 0.412 0542 | 0775
6 (355.6x6.00)-50-355 6 220
1-3 400
4-6 360

9 9 18 (559x10.00)-30-275 7 330 0.214 0.728 1.137
8 300
9 (355.6x6.00)-30-275 9 240
15 300

10 | 9 18 (559x10.00)-30-355 6{37 Zg 0336 | 0374 | 1474
9 (355.6x6.00)-30-355 9 220
1-4 400
5-6 360

1 | 9 18 (559x10.00)-50-275 7 330 1010 | 1010 | 0830
8 300
9 (355.6x6.00)-50-275 9 240

12 9 1-8 (559x10.00)-50-355 1('35 ggg 0250 | 0598 | 1.128




7-8 270
9 (355.6x6.00)-50-355 9 220
1-4 400
5-7 360
13 | 12 -1 (559x10.00)-30-275 8-10 330 0.167 0.696 1.467
11 270
12 (355.6x6.00)-30-275 12 220
15 360
6 330
1-11 (559x10.00)-30-355 7-8 300
14 | 12 910 270 0204 | 0485 | 1.673
11 240
12 (355.6x6.00)-30-355 12 220
1-5 400
5-8 360
15 | 12 111 (559x10.00)-50-275 9-10 330 0.160 0.806 1.375
11 270
12 (355.6x6.00)-50-275 12 240
1-5 360
6-8 330
16 | 12] TH (559x10.00)-50-355 9-10 300 0189 | 0590 | 1.535
11 240
12 (355.6x6.00)-50-355 12 220
1-4 400
1-13 (610x14.20)-30-275 1511102 ggg
17 | 15 E 300 0213 | 059 | 1.801
14 270
14-15 (406.4x6.30)-30-275 s 520
1-4 360
1-13 (610x14.20)-30-355 1511102 ggg
18 | 15 13 570 0256 | 0319 | 2.051
14 240
14-15 (406.4x6.30)-30-355 s 20
1-7 400
1-13 (610x14.20)-50-275 = =
19 | 15 e 300 0202 | 0526 | 1.668
14 270
14-15 (406.4x6.30)-50-275 1 220
1-4 360
1-13 (610x14.20)-50-355 1511102 ggg
20 | 15 13 570 0249 | 0365 | 1.929
14 240
14-15 (406.4x6.30)-50-355 15 20
15 450
6-11 400
1-18 (610x14.20)-30-275 12-15 360
21 | 20 16-17 330 0.140 | 0530 | 2.452
18 300
19 270
19-20 (406.4x6.30)-30-275 20 520
1-5 400
6-11 360
1-18 (610x14.20)-30-355 12-15 330
22 | 20 16-17 300 0169 | 0369 | 2.826
18 270
19 240
19-20 (406.4x6.30)-30-355 20 220
1-5 450
1-18 (610x14.20)-50-275 =n 200
12-15 360
23 | 20 161'817 238 0139 | 0596 | 2.345
19-20 (406.4x6.30)-50-275 1 570
20 220
20 220




167
168
169

170
171
172

173

174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191

1-5 400
6-11 360
1-18 (610x14.20)-50-355 12-15 330
24 20 16-17 300 0.164 0.430 2.650
18 270
19 240
19-20 (406.4x6.30)-50-355 20 220

3. MODELING OF COMPOSITE FRAMES AND SEISMIC RESPONSE DATABASE

This section describes the modeling of circular CFT columns and composite beams of the examined
frames based on the pertinent literature. In addition, a response databank is generated for soil types B and
D, taking into account various ground motions compatible with those of soil types.

3.1 Modeling of the examined composite frames

The circular CFT columns are modeled based on the Refs. [35-40], while the composite beams
according to Eurocode-4 [32]. The inelastic cycle behavior of circular CFT columns is simulated using
the Ramberg-Osgood model as proposed by Serras et al. (2016) [36], while the composite beam is
simulated utilizing the Al-Bermani hysteretic model [38]. The Ramberg-Osgood model describes the
force-displacement hysteresis curve (F—d) displaying an elastic branch up to the yield displacement dy and
the corresponding yield force Fy, followed by a transition curve which leads to a plastic state, as shown in
Fig. 2(a). The transition between the elastic and plastic branch, is controlled by the Ramberg-Osgood
factor r whose influence is shown in Fig. 2(b). The factor r is computed by employing the associated
expression in [36]. For the composite beams, the Al-Bermani model provides a smooth transition between
the elastic and the inelastic regime for the force-displacement (F—d) relation while maintaining simplicity.
This bounding-surface model is shown in Fig. 2(c) and requires five parameters to describe the F—d
relation. These parameters are: the initial stiffness, ko, the bounding stiffness, ky (kp = p-ko), the yielding
force Fy and the coefficients alpha (&) and beta (), which influence the bounding surface of the model as
shown in Fig. 2(c). In this study both a and 8 parameters are set equal to zero, while the parameter p of
the bounding stiffness is set equal to 0.02. In general, columns and beams are modeled with lumped
plasticity elements defining the plastic hinges at their two ends. It should also be mentioned that beams

can only deform in vertical bending due to the diaphragm action at each floor.
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Figure 2: Ramberg-Osgood hysteretic model for circular CFT columns [36]: (a) force-displacement
relation and (b) factor r. Al-Bermani hysteretic model for composite beams: (c) force-displacement

relation

3.2 Ground motions and seismic response of frames

The examined (48) frames, described in section 2, are subjected to a set of 50 artificial accelerograms
(25 for each examined soil type) compatible with the Eurocode 8 [9] spectrum, as shown in Fig. 3. Their
seismic response is determined using the RUAUMOKO analysis program [27] by performing non-linear
dynamic analyses via Newmark’s constant average acceleration method. Stiffness and mass proportional
damping is assumed with proportionality factors for the stiffness and mass matrices, respectively, as a
result of assumed 3.0% viscous damping in the first and second modes [7]. The damping matrix is based
on a Raleigh damping model and use the stiffness of the structure at the beginning of the time-history

[41]. Thus, a response databank is generated by thousands of dynamic nonlinear time history analyses
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using appropriate scale factors (SFs) to drive the frames to the desired damage levels of the various
performance levels. Each ground motion is scaled to several intensity levels designed to force the
structure all the way from elastic behavior to final global dynamic instability and collapse. These analyses

are based on incremental dynamic analysis (IDA).

As shown in Fig. 3(a), the values of the periods (T) of many frames in Table 1, belong to the branch C-
D because they are greater than 0.5 (0.5 < T < 2.0). However, there are two frames (i.e. twenty storey
frames) where the values of their periods are greater than 2.0 (T > 2.0). On the other hand, on the basis of
Fig. 3(b), the frames of Table 2 ranging from three stories to six stories belong to the branch B'-C'
because 0.20 < T < 0.80, whereas frames ranging from six stories to fifteen stories belong to the branch
C'-D' (0.80 < T < 2.0). In addition, it can be observed that the values of the periods for twenty storey
buildings are greater than 2.0 (T > 2.0). Finally, it should be noted that artificial ground motions were
selected in order to avoid the use of high scale factors in IDA as well as to secure that the code limitation

for the range of compatibility periods (i.e., 0.2T; to 2.0T,) is satisfied for each analyzed structure.
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Figure 3: Acceleration response spectra of 50 seismic artificial earthquakes for the soil types B and D (25 seismic

artificial earthquakes for every soil type) compatible with the Eurocode-8 [9].

4. EXPRESSIONS FOR INTERSTOREY DRIFT RATIOS AND DAMAGE INDICES

In order to estimate the inter-storey drift ratios (IDR) and damage indices (DI) of the composite plane
frames considered in this study, empirical equations are proposed in this section obtained by regression
analysis of the response databank. The reliability of the proposed equations is verified via the correlation
coefficient (R?), expressing the central tendency and the dispersion of the error introduced by the
proposed relations and calculated as the ratio of the ‘approximate’ value from the expressions to the

‘exact’ dynamic inelastic analysis value of R i.e. Rapp/Rexact. At this stage, it should be mentioned that the
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results of the proposed relations and dynamic inelastic analyses are denoted by the words ‘approximate’

values and ‘exact’ values, respectively.

4.1 Expressions for IDR as a function of structural and ground motion characteristics

Performing regression analysis and sensitivity analysis on the whole response databank, the target IDR
(IDRy) for a predefined performance level can be expressed in terms of the pseudo-spectral acceleration
Sa(T) in g (g is the gravity acceleration) at the fundamental period T in sec of the designed structure, the
storey number (ns), the column-to-beam strength ratio a, the beam-to-column stiffness ratio p, the yield
steel stress f, in MPa and the compressive strength of the concrete fc in MPa.

Equations (3) — (11) provide expressions for the IDR; and soil types B and D for the cases of including
parameters a (column-to-beam strength ratio) and p (beam-to-column stiffness ratio) and ignoring these
parameters, respectively, while Tables 3 and 4 show the corresponding values of the constants ki for every
proposed equation. These tables also provide the values of the correlation coefficient R? as well as the
range of IDR for which each proposed equation is valid. This range has been defined by optimizing the
regression analysis within various ranges of IDR. As one can observe, the R? coefficients for Eqs (3) —
(11) indicate that in case the building frame has not been designed as yet, and hence parameters a and p
are not known, Eqgs (6) and (7) can be used within an acceptable level of confidence. The only parameter
requiring calculation is the period T by using code defined simple expressions. However, much simpler
expressions for IDR; are also provided (i.e. Eq. (5)) for a rapid estimation without the need of a period T
calculation. R? in this case is lower. Eqgs (3) — (7) refer to soil type B, while Eqgs (8) — (11) refer to soil
type D. It is noted that five expressions are proposed for the soil type B and four for the soil type D. This
is due to the fact that the sensitivity analysis showed a negligible improvement of R?> when both the T and

ns were taken into account for the development of the expression for the soil type D.

IDR, = akl-pkz-(;g k3.[;§’5Jk4-sa(T)k5-Tk6 ks (3)
IDR, = ak1~pk2 (f(c) kS-[ZZJM $,(T) > -ng 0 |-k (4)
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Table 3: Parameters (ki) and correlation coefficient (R?) of Eqgs (3) — (6) for soil type B.

Ns EqS RZ IDR k1 kz k3 k4 k5 ke k7 kg
3) 76.92% <32% -0.1227 -0.2141 -0.1411 0.6543 1.3450  0.9021 0.0541
4 75.75% > 3.2% -0.1039 -0.3169 -0.1497 1.1380 1.2560  0.5852 0.0234
(5) 76.43% <3.2% -0.1102 0.2290 1.3810 1.8930 -0.6176  0.1381
(6) 75.92% > 3.2% -0.1713 0.9018 1.3300 0.9996 0.0618

IDR, =[ak1 pk2{;Ojks{;gm-sa(T)k5~Tk6J~k7 ©)
IDR, = [akl k2 'Gojks {;ﬁgjmsa (TYK5.n ke ] &, (8)
o [(fo kl'(fsys]kz 5,00t |k ©)
IDR, = (;g kl-[;;jkz-sa(T)k3-Tk4 e (10)

Table 4: Parameters (ki) and correlation coefficient (R?) of Eqgs (8) — (11) for soil type D.

Ng EqS R? IDR k1 kz k3 k4 k5 ke k7 Ks
() 78.81% <1.8%  0.9504 1.2780 -0.1305 0.6700 1.0980  2.0750 0.0632
=3 and <20 (8) 74.07% >1.8%  0.7690 1.1740 -0.5095 1.5610 0.9302  1.4920 0.0043
9) 7148% >1.8% -0.2528 0.4149 0.8520 0.5054 0.0136
(10) 74.06% <1.8% -0.1221 0.1080 0.9368 0.6875 0.02343

Based on Tables 3 and 4, it can be seen that every proposed equation for soil types B and D are
established depending on the IDR. Fig. 4 shows indicative scatters where the results of the proposed
method are compared with those obtained by dynamic analysis, using a detailed statistical investigation.
For this reason, the 16% and 84% confidence levels corresponding to the median plus/minus one standard
deviation give also the uncertainties associated with the seismic records. Examining Fig. 4(a) and 4(b) it
is found that the dispersion generally varies due to the fact that the data corresponding to inter-storey drift
ratio cover a wide range of multistorey buildings. In addition, for the proposed equations, which involve
the parameters a and p, dispersion is observed to be large. Nevertheless, their accuracy is found to be
satisfactory for design purposes despite the fact that during the analyses of the examined structures, the
scatter behavior of results is unavoidable because of the uncertainties associated with the ground motions
[42, 43].

a)
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Figure 4: Maximum inter-storey drift ratio using (i.e., Eq. (3) and Eqg. (7)) and ignoring a and p parameters (i.e., Eq.
(5) and Eq. (9)): Proposed equations versus values obtained by “dynamic analysis” for: (a) soil type B and (b) soil
type D.

4.2 Expressions for DI as a function of structural and ground motion characteristics

In this section, the Park-Ang damage index [44] is selected as the seismic damage measure due to its
rationality and stability. This damage index takes into consideration both the maximum deformation and

the hysteretic energy of dissipation of structural members and is defined as

=,u_m+ bEy,

DI
by by,

1)
where u,, is the maximum ductility of the element, y,, is its ultimate ductility and b represents a model
constant parameter (usually, b=0.025-0.20) to control strength deterioration, Ej, is the hysteretic energy
absorbed by the element during the earthquake, F, is the yield action of the element and §,, is the yield
displacement of the element. For steel and reinforced concrete structures the parameter b is equal to 0.025

[45] and 0.050 [46], respectively. In this research study, parameter b is set equal to 0.030 [26].
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Figure 5: (a) Typical composite building frame and (b) beam-to-column joints of 1% floor with damage points.

Column 2™ Beam 1+
floor (c2) floor (n1)
® |
Column1® | ™ Local |
floor (c1) oca
Damage
(b)

. . o ) () (n)
The following expressions for the damage indices in the forms D+, D and D+ refer to the three

points c1, C2 and nz at the beam-to-column joint of the first floor (Fig. 5) and they are given in terms of

various structural parameters as defined in a previous section. Here, the parameter N is the ratio between

the axial applied load Ns: to the maximum axial strength Nmax, i.e. N = Nst/ Nmax. The parameter N is

derived from the seismic load combination, while the Nmax is obtained by the axial force-bending moment

interaction curve. Further information regarding the computation of Nmax can be found in Refs [36, 37].

Thus, one has the following damage index expressions at the three joint points ci, ¢; and n; of Fig. 5 as

well as their constant parameters (ki) in Tables 5 and 6. For completeness reasons, the correlation

coefficient (R?) of every proposed expression is also provided in those Tables. More specifically, Eqs (12)

— (17) refer to soil type B with Eqgs (15) — (17) ignoring a and p parameters.

or

(12)

(13)

(14)

(15)

(16)
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Table 5: Parameters (ki) and correlation coefficient (R?) of Eqgs (12) — (17) for soil type B.
Ng EqS R? k1 kz k3 k4 k5 kﬁ k7 kg
(12)  77.63%  -0.5517 0.0106 0.5504 02177 -0.8252  0.3863 _ 2.8690
(13)  76.44%  -0.1217 0.1660 0.4831 05725 05338 0.1200 _ 13.5100
—3and<0 —(14)  70.64% -0.0574 0.0438 0.09833  0.04475  0.2331 _ 0.05580  0.4996 1.9058

= (15)  70.60% _ 0.0098 0.4690 -3.2793  2.0230 0.6034  0.0031
(16)  59.03%  -0.0695 0.0011 -0.0670 _ 0.3111 0.8616  0.1260

(17) 66.58%  0.1182 0.2217 0.2601 0.0675 0.7954 0.3360

Similar expressions for the case of soil type D have also been developed and are given by Egs (18) — (23)

as follows:
k k, k k
=(a1 2 N3 RN 5-Sa(T)6j-k7 (18)
(¢ k, k k k, k
() (al-p2~N 3~IDR4-nS5-Sa(T)k6)~k7 (19)
K k
Kk ok, (£.)3 [ fy )% ke Kk k
o™=, 1,72 (Cj || -IDRS nb s ()7 | kg (20)
20 235
or
k
©)_|(f 9 (1) 3 Ky
=||—=1| |— ng™-S k 21
20 p_— s +S,(T) 6 (21)
k
c f k1, )2 K
(2) (cj 1y Tk3 ns4 Sa(T) 5 k6 (22)
20 235
k
M) _|( fe 91y kg Ky 5
D — | — T n S k 23
Table 6: Parameters (ki) and correlation coefficient (R?) of Eqgs (18) — (23) for soil type D.
Ng Eqs R? K1 ka k3 K4 k5 ke ks kg
(18)  82.02%  0.5320 0.7199 07156 05029  -0.5503  -0.0997  43.1850
(19)  80.82%  0.9564 0.9043 05337 07778  0.1384  -0.1968  46.2100
3and<20 —(20)  72.87% -0.0574 0.0438 0.0983  0.0447 02331 0.0558 0.4996  1.9058

(21) 75.44%  -0.1006 -1.9727 5.0407 -4.4660 0.6571 782.051

(22) 58.92%  0.7343 -1.8735 3.6202 -2.9280 0.7005 25.092

(23) 66.55%  0.2759 -1.0843 1.5371 -0.9326 0.6297 3.3690

16



350
351
352
353
354
355
356
357
358

359
360

361

362
363

364

365
366
367
368

369
370
371

372
373

According to the values of correlation factor (R?), one can observe that the proposed relations are more
accurate when the parameters a and p are taken into consideration. The proposed relations which ignore
the parameters a and p provide also a good estimation of the damage indices of the examined members
when the structure has not been designed yet. Additionally, Fig. 6 depicts the scattering for damage
indices including the effect of a and p for the soil types B and D, adopting the same procedure as
mentioned in subsection 4.1. In general, it can be seen that the damage indices of the first floor are lower
than those of the second floor. On the other hand, it is observed that the damage indices of the composite
beams are higher than those of the columns, satisfying the weak beam-strong column capacity design rule
according to EC8 [9].
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Figure 6: Structural damage indices of composite members: Proposed equations versus values obtained by “dynamic

analysis” for: (a) soil type B and (b) soil type D.

5. VERIFICATION OF THE PROPOSED DESIGN EXPRESSIONS

In this section, two planar composite frames, which are different from those in the parametric study,
are investigated in-detail for soil types B and D. Based on these two examples, the proposed relations are

verified and established for such type of structures.
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5.1 Description and design of the examined frames

A five-storey three-bay and a ten-storey three-bay composite frames founded on soil types D and B,
respectively, are designed. Their bay width and storey height are equal to 5.0 m and 3.0 m, respectively.
The steel yield stress (fy) and concrete compressive strength (fc) are assumed to be 235 and 40 MPa,
respectively. As shown in Fig. 5(b), the joint of interest of the examined frames consists of two circular
CFT columns and one composite (steel/concrete) beam consisting of a IPE section connected to a concrete
slab of thickness equal to 15 cm (Fig. 1(c)).

The frames under consideration are designed according to Eurocode-3 [31], Eurocode-4 [32] and
Eurocode-8 [9] by using SAP2000 [33] and DEV-C++ [34]. The seismic load combination consists of the
vertical load G+0.5Q=25 kN/m plus the seismic load. The dead loads (G) and live loads (Q) of every floor
are taken to be equal to 20 kN/m and 10 kN/m respectively, while the self-weight of beams and slabs is
included in the dead loads. Additionally, the design ground acceleration (ag) is assumed to be 0.36g and
0.30g for soil types B (10-storey frame) and D (5-storey frame) respectively, whereas the behavior factor
is taken as 4.0. Table 7 shows the geometric properties of the examined frames along with their period T,

the S4(T) and parameters a and p.

Table 7: Soil types, number of stories (ns), geometric and material properties of the members, column to-beam

strength ratio (a), beam-to-column stiffness ratio (p) and fundamental period of vibration (T).

Soil CFT columns dimensions — T ST

types ns | Floors material properties Floors Beams IPE a P (sec) (aé))
1-3 300
1-7 (406.4x6.30)-40-235 4-6 270

B 10 7 240 0.130 1.793 1.521 0.374
8 240
8-10 (355.6x6.00)-40-235 910 220
1 270
1-2 (457x8.00)-40-235 > 540

D 5 34 (406.4x6.30)-40-235 j ggg 0.456 0.987 0.760 1.067
5 (355.6x6.00)-40-235 5 200

5.2 Application of the proposed design expressions

Each frame is subjected now to seven artificial accelerograms to perform an incremental nonlinear
time-history (NLTH) analyses using RUAUMOKO analysis program [27]. In particular, seven artificial
accelerograms are scaled to cover the entire range of structural response, from elasticity, to yielding and
finally to global dynamic instability, as shown in Fig. 7. Four target inter-storey drift ratios are chosen
randomly (i.e. 2.0%, 3.%, 4.0% and 5.0% for soil type B and 3.0%, 4.5%, 5.5% and 6.5 for soil type D),

covering a wide range of the spectral acceleration Si(T:1) versus IDR curve and compared with those of
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401  proposed relations. Table 8 presents the values of IDRtH as obtained by the time-history analysis and the
402  proposed relations for soil types B and D. In this Table, the Si(T1) value of each IDRyy is also provided.
403  Finally, local damage indices DI of structural members at exterior joints like that of Fig. 5(b) are
404  investigated in-detail for various IDR, taking into account and ignoring a and p parameters. Thus, Fig.
405  8(a) and Fig. 8(b) depict the level of damage in various members for various performance levels [10, 28]
406  as obtained by NLTH analysis [27] and the proposed expressions (Egs (12) — (23)).
407
. 2.00 5.0
= 10 storey building - Soil class B @ 45 10 storey building - Soil class D
= 1754 ----7 artificial accelerograms 5 71 ----7 artificial accelerograms
= IDR mean = 404 ——IDR mean
O 1.50 @ IDRtarget)=8-5%
2 S 354
g 1.254% § 30, IDR targety™-5% ] e
< 1.00 % 25] AR > -,I:v—-—rs’g ==
8 075 B 204 N
o o] L zmEET
2 0s0] @ " _AEETT LT DR ey 5%
g T 101 LT
2 0.251 2 05 = IDR targety=3-0%
o o
000 00 T T T T T T T T T T T T
0 0 1 2 3 4 5 6 7 8
408 Interstory Drift Ratio (%) Interstory Drift Ratio (%)
409 () (b)
410 Figure 7: (a) 10-storey building: IDA curve (Sa(T) versus IDR) and (b) 5-storey building: IDA curve (Sa(T) versus
411 IDR) showing also various IDR:.
412
413
414 Table 8: Soil types B and D: Number of stories (ns), inter-storey drift ratio given by time-history analysis versus
415 inter-storey drift ratio given by the proposed equations, using and ignoring a and p parameters.
. IDRrH (%) Eq. depending on a and p parameters Eq. independent on a and p parameters
Soil n, Sa(T) (Time
types () history) IDR(%) - | Error (%)- | IDR(%)- | Error (%)- | IDR(%)— | Error (%)- | IDR(%)— | Error (%) -
Eq. (3) (Eq. (3)) Eq. (4) (Eq. (4)) Eq. (5) (Eq. (5) Eq. (6) (Eq. (6))
0.37 2.0 2.16 +7.40 - - 175 -12.50 - -
5 | 10 | 046 3.0 2.92 -2.74 - - 2.41 -24.48 - -
0.55 4.0 2 - 4.02 +0.49 - - 3.79 -5.54
0.59 45 - - 4.27 -5.38 - - 4.20 -7.14
Sa(T) 'D(F;Ti'r*ng/") IDR(%) - | Error (%) - | IDR(%)- | Error (%) - IDR(%) — Eq. (9) Error (%) - (Eq. (9))
() history) Eq. (7) (Ea. (7)) Eq. (8) (Eq. (8) ' '
D | 5 ]130 3.0 3.13 +4.15 - - 3.21 +6.54
1.77 4.5 - - 4.55 +1.10 4.17 -7.91
2.19 5.5 - - 5.55 +0.90 5.00 -10.0
2.55 6.5 - - 6.39 -1.72 5.69 -14.23
416 "2« indicates that the corresponding equation is out of the validation limits (see Table 3 and 4)
417
418
419
420
421
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Figure 8: Values obtained by the proposed Eqs (12-23) versus values obtained by the time history analysis [27] for:

a) soil type B and b) soil type D.
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Based on Table 8, it can be seen that the proposed equations for IDR predict satisfactorily the target IDR;
even at very high inelastic response levels (i.e., for IDR larger than 4.0% according to SEAOC [10, 28]
and Leelataviwat et al. (1999) [47]). In addition, as shown in Fig. 8(a) and Fig. 8(b), the proposed Eqs
(12-14) and (18-20) estimate satisfactorily the wide range of the structural response, covering also the
collapse level. On the other hand, the proposed Egs (15-17) and (21-23) give a general view for the level

of damage expected, which is very important at this preliminary phase of the design.

6. DISPLACEMENT/DAMAGE CONTROLLED DESIGN METHOD FOR PLANE CFT-MRFs
WITH COMPOSITE BEAMS

In this section, the proposed displacement/damage controlled (DDC) seismic design method is
described and used in conjunction with all the structural performance levels according to SEAOC [10,
28], i.e. Operational, Immediate Occupancy (10), Life-Safety (LS), Near Collapse (NC) and Collapse (C),
providing a wide range of values for every performance level according to FEMA [48] and ASCE [11].
These performance levels are depicted in Table 9, correlating their limit states in terms of IDR and DI
with the earthquake design level. The general damage scale of Table 9 refers to individual members

(beams and columns) and is associated with each performance level as recommend in [10, 28].

Table 9 summarizes the relationship between overall seismic performance and maximum inter-storey
drift ratios, including also their related coefficient Sy(T). Based on those performance levels, the concept
of DDC is fully determined for a plane composite frame. The process of DDC design method is presented
in Fig. 9 through a flowchart referring to Table 9. The proposed method is described step-by-step as

follows:

1 Consider soil type, material and geometrical properties, number of building storeys (ns), dead loads
(G), live loads (Q), ground acceleration (Ag), behavior factor (q) and viscous damping ratio (&) as well
as the design of the structure based on the response spectrum analysis or equivalent lateral loads per
EC8[9].

2 Set the structural performance level based on Table 9 and the predefined IDR of a considered
structural performance level.

3. Scale-down or scale-up the Sa(T) through the coefficient of Si(T) based on Table 9 and substitute its
value into the proposed design equations for IDR (Egs (3-9) and (7,8)).

4. Calculate a and p parameters and substitute them also into the proposed design equations for IDR. If
the predefined IDR is not approximately equal to IDR;, then iterate this process by setting other values
of a and p. Otherwise, continue with the next step.

5 Check if the designed structure satisfies the other performance levels. Otherwise, redesign the structure

and go again to step 4.
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6. Apply the proposed expressions related to damage indices DI (Egs (12-14) and (18-20)) as

complementary to target inter-storey drift ratio (IDR) in order to evaluate the damage expected to the

first storey, i.e. soft-storey collapse mechanism.

Table 9: Performance levels according to SEAOC [10, 28].

Structural Performance Levels

Corresponding Interstorey

Coefficient of Pseudo —

(SPL) Drift Ratios (IDRs) Acceleration S,(T) Damage
Operational <0.5% 0.3 <1%
Immediate Occupancy (10) <1.8% 0.5 <30%
Life-Safety (LS) <3.2% 1.0 < 60%
Near Collapse (NC) <4.0% 1.5 < 80%

Collapse (C) > 4.0% 2.0 < 100%
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490
START
491

\ 4

492 Input data (Soil type, geometrical and material properties, ns, G, Q, Ag, q)
and dimension initially of the structure based on the response spectrum
493 analysis or equivalent lateral loads
494 v
Set Structural Performance Level (SPL) based on Table 9 and a
495 predefined IDR of that performance level
496 v
Scale-down or scale-up the Sa(T) through the coefficient of Sy(T) based
497 on Table 12 and substitute its value into the proposed equations for IDR
498 v
» Calculate the values of a and p parameters in the proposed equations for
499 -
> IDR
500
501 Predefined
IDR = IDR¢
502 No
503
504 Check the other performance levels
I
505
506
The designed structure
507 satisfies the other
No performance levels
508
509
510 Apply the proposed expressions for damage indices as complementary to
target interstorey drift ratio in order to avoid the any soft storey collapse
511 mechanism or partial loss of structure
512 \ 4
Stop
513
514 Figure 9: Flowchart for the DDC seismic design method based on the proposed equations.
515
516
517
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518 6.1 Application of the displacement/damage controlled design to various performance levels

519 In this subsection, the proposed method is used for the design of the two examined frames of Table 7,

520 in accordance with the design process of Fig. 9. It is noted that, these frames were designed for the life

521  safety (LS) performance level based on EC8 [9]. The damage limitation is checked at a later step. The

522  identified parameters a and p of the ten-storey building were found to be 0.130 and 1.793 respectively. By

523  employing these values of a and p into Eq. (3), the target inter-storey drift ratio is estimated equal to

524  IDR=2.09% and IDR{=2.16%, respectively. These values are lower than 3.2% which is the drift

525 limitation for life safety according to [10, 28]. The identified parameters a and p of the five storey

526  building were found to be 0.456 and 0.987 respectively. By employing these a and p to Eq. (8), the target

527  inter-storey drift ratio is estimated equal to IDR=2.84%. This value is also lower than 3.2%. The design

528  of the two frames is now checked for the rest of the performance levels using the corresponding proposed

529  equations for each performance level and soil type. Table 10 summarizes the results of the two designed

530 frames where all performance levels are checked against the NLTH results.

531

532 Table 10: Displacement checking of the examined composite frames at all performance levels according to SEAOC

533 [10, 28]: Parameters of soil type B: a=0.130, p=1.793 and parameters of soil type D: a=0.456, p=0.987.

ol e | R |soo | fames | tmeer | eme | oy |G| e
03 0112 cIJperatc;gntal <0.5% 0.42 042 v

mmediate .
T B~ 1w :
15 0561 | Near Collapse (NC) <4.0% 4.25 -2 4.10 X
20 0748 Collapse (C) >4.0% 7.27 - 5.89 v
SV U TC e i B N B0 L
03 0.320 Operational <0.5% 059 0.67 X
b > | 0760 05 0533 OC'CdeC;f‘tao) <1.8% 0.96 117 N

10 1.067 Life-Safety (LS) <32% 219 - 2.84 v
15 1601 | Near Collapse (NC) <4.0% 4.01 - 415 X
2.0 2.134 Collapse (C) > 4.0% 5.37 - 5.42 N

534 "2« indicates that the corresponding equation is out of the validation limits (see Table 3 and 4)

535

536 It can be seen in Table 10 that the proposed Eqgs (4) and (8) for the 10-storey and 5-storey composite

537  frames, respectively, provide larger values for the IDR; than the limit values for the performance levels

538 near collapse (NC) and operational, respectively. By comparing the results with those of NLTH analyses,

539  one can conclude that all equations adequately estimated the exceedance of these performance level limit.

540  The frame designs do not satisfy all the performance levels and therefore it is necessary to determine new
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541  values for them. Table 11 shows the examined frames with larger section sizes in CFT columns and
542  composite beams as well as the new values of a and p parameters based on the revised design.
543
544 Table 11: 10-storey and 5-storey CFT-MRFs based on the displacement/damage-controlled design: Geometric
545 and material properties of the members, column to-beam strength ratio (a), beam-to-column stiffness ratio (p) and
546 fundamental period of vibration (T).
ns | Floors CFT columns dimensions Floors Beams IPE a p r S«(T)
— material properties (sec) )]
1 (355.6x12.50)-40-235 1 300
23 300
2-7 (406.46.30)-40-235 4-6 270
10 7 240 0201 | 1611 | 1512 | 0376
8 220
8-10 (355.6x6.00)-40-235 9 200
10 180
12 (457x8.00)-40-235 ; 34718
5 | 44 (406.4%6.30)-40-235 j ;gg 0460 | 0779 | 0801 | 1.066
5 (355.6x6.00)-40-235 5 180
547
548
549 As shown in Table 11, the identified parameters a and p of the ten storey building were found to be
550 0.201 and 1.611 respectively. By employing these values of a and p into Eq. (3), the target inter-storey
551  drift ratio is estimated equal to IDR=1.93% and IDR=2.10%, respectively. These values are lower than
552  3.2% which is the drift limitation for life safety [10, 28]. The identified parameters a and p of the five
553  storey building were found to be 0.460 and 0.779 respectively. By employing these a and p to Eg. (8) the
554  target inter-storey drift ratio is estimated equal to IDR=2.17%. This value is lower than 3.2% too. Table
555  12(a) summarizes the results of this new design where all performance levels are checked against the
556  NLTH analysis results. This time, IDR values for all performance levels do not exceed limit values.
557
558 Table 12(a): Displacement checking of the examined composite frames at all performance levels according to
559 SEAOC [10, 28] for IDR: Parameters of soil type B: a=0.201, p=1.611 and parameters of soil type D: a=0.460,
560 p=0.779.
. . - IDR,
Soil T Coefficient Performance Limits for IDR o IDR; (%)
type M1 (sec) Sa(T) S(T) (9) Levels (SP) (IDRs) (%;H E(q./o()S) Eaq. (4) Result
0.3 0.113 Operational <0.5% 0.40 0.41 N
Immediate o
0.5 0.188 Occupancy (10) <1.8% 0.69 0.82 \/
B 10 | 1512 10 0376 | Life-Safety (LS) <3.2% 1.85 210 v
15 0.565 Near(ﬁ‘é')'apse <4.0% 3.85 - 4.00 v
2.0 0.753 Collapse (C) > 4.0% 7.14 - 5.78 N
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. . IDR,
Coefficient Performance Limits for IDRTH IDR; (%)
Si(T) SN @ | Levels (sP) (IDRs) ) (%) Eq. (8) Result
Eq. (7)
0.3 0.319 Operational <0.5% 0.55 0.49 - \
D 5 | 0.801 Immediate o .
0.5 0.533 Occupancy (10) <1.8% 0.92 0.97 v
10 1066 | Life-Safety (LS) <3.2% 242 - 217 v
15 1.598 Near(ﬁg')'apse <4.0% 3.82 - 3.16 N
20 2132 Collapse (C) > 4.0% 5.03 - 4.13 v
561
562 Table 12(b): Damage checking of the examined composite frames at all performance levels according to SEAOC
563 [10, 28] for damage indices: Parameters of soil type B: a=0.201, p=1.611 and parameters of soil type D: a=0.460,
564 p=0.779.
Soil Coefficient Sa(T) Performance Structural Damage of Damage of %222{](?10;
type Me Sa(T) z ) Levels (SPL) Damages ¢ by Bq. (12) Cz by Eq. (13) b TH1 Eq. (14)
P 2 9 g TH analysis TH analysis y
analysis
0.3 0.113 Operational <1% 0 4.07 0 5.66 12.98 24.14
05 0.188 Immediate <30% 0 5.59 1.75 8.25 21.78 35.42
Occupancy (10)
B 10 10 0376 | Life-Safety (LS) | < 60% 0 9.05 18.53 15.70 45.95 62.92
15 0.565 Nea'(ﬁ‘(’:')'apse <80% 168 12.42 40.42 25.05 82.87 91.36
2.0 0753 | Collapse (C) <100% 7.00 15.87 78.7 36.90 137.27 121.78
Coefficient Sa(T) Performance Structural Damage of Damage of %222{](?10;
ns 2 ¢, by Eq. (18) ¢, by Eqg. (19) . Eq. (20)
Sa(T) (9) Levels (SPL) Damages . . by TH
TH analysis TH analysis .
analysis
03 0319 |  Operational <1% 0 8.25 0 7.74 0 19.19
D Immediate o
05 0533 | Gecupancy (10) | S30% 0 10.14 1.73 10.43 8.39 26.15
5 10 1.066 | Life-Safety (LS) | <60% 11 15.41 15.47 19.34 24,25 4372
15 1.598 Near(ﬁg')'apse <80% 15.12 18.61 28.35 25.47 43.80 56.86
2.0 2132 | Collapse (C) < 100% 20.60 20.77 41.23 29.81 65.82 67.37
565
566 According to Table 12(a), it can be seen that the revised design of the two frames following the
567  proposed displacement/damage-controlled methodology meets successfully all the performance levels,
568 leading also to a more economical design. It is also observed that the values of the proposed Egs (3-4) and
569  (7-8) are in agreement with those obtained by the time history analysis for the performance levels
570  concerned. On the other hand, the proposed equations corresponding to collapse performance level
571  provide a satisfactorily estimation of the expected IDR level.
572 Table 12(b) summarizes the estimated values of damage indices along with the time-history analysis
573  results. It is observed that the proposed equations predict with fairly good accuracy, the damage indices
574  from life-safety until collapse performance level. In general, it can be concluded that the proposed
575  equations related to IDR; give an adequate assessment regarding the damage-controlled design of the
576  examined composite frames whereas the proposed equations related to damage indices act complementary
577  for the designer to evaluate the potential of a soft-storey collapse mechanism at first floor or a partial loss
578  of structure.
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7. COMPARISON BETWEEN COMPOSITE MRFs AND STEEL MRFs

In this last section, a comparison between low-rise and medium-rise composite MRFs with CFT
columns and composite beams and all-steel MRFs with HEB columns and IPE beams at various
performance levels is conducted for the case of soil type B. The examined frames are composed of three-
storeys and six-storeys with three bays. More specifically, the columns and the beams of the three-storey
steel frame of [19] consist of standard HEB240 and IPE330 sections respectively, while its fundamental
natural period is equal to 0.73 sec. On the other hand, the columns and the beams of the six-storey steel
frame of [19] consist of standard HEB280 and IPE360 sections for the first four storeys and HEB260 and
IPE330 for the last two storeys with fundamental natural period equal to 1.22 sec. In all cases, the frames
are subjected to a vertical uniform load equal to 27.5 kN/m (dead and live load of floors) plus seismic load
with PGA equal to 0.35¢g. Finally, in both types of frames, the height of each floor is equal to 3 m and the

bay width is assumed to be 5 m, while the steel grade is S235.

The examined CFT-MRFs are investigated for soil type B, steel yield stress (fy) and concrete
compressive strength (fc) equal to 235 and 40 MPa, respectively, and slab thickness equal to 15 cm. The
design of those frames is based on Eurocode-3 [31], Eurocode-4 [32] and Eurocode-8 [9]. Table 13
presents the examined CFT frames (ns) depicting among others the design of CFT frames, the parameters

a and p, the fundamental period (T) and the pseudo-spectral acceleration (Sa(T)).

Table 13: CFT MRFs: Soil type, number of storey (ns), geometric and material properties of the members, column
to-beam strength ratio (a), beam-to-column stiffness ratio (p), fundamental period of vibration (T) and pseudo-

spectral acceleration (Sa(T)).

Soil n Floors CFT columns dimensions Floors Beams a T Sa(T)
type s — material properties IPE P (sec) (9)
3 1-3 (355.6x6.0) — 40 — 235 1-3 240 0.328 2.051 | 0.565 1.007
1-2 (559x10.0) — 40 — 235 1-2 240
B 3-4 220
6 35 (406.4x6.30) — 40 — 235 5 200 0.805 0.361 | 0.949 0.600
6 (355.6x6.0) — 40 — 235 6 180

The examined steel MRFs are compared with those of composite MRFs for inter-storey drift ratio and
damage indices according to SEAOC [10, 28] at various performance levels. Table 14 presents the IDR;
for both composite and steel MRFs. In particular, the results of IDR; for composite MRFs are obtained by
the proposed Eg. (5), while the results of IDR; for steel MRFs are obtained by employing the expressions
proposed in [19] along with the associated results in terms of DI and IDR [19] for the various seismic
hazard levels (i.e. frequently occurred earthquake (FOE), design basis earthquake (DBE), and maximum
considered earthquake (MCE)). Accordingly, comparison is made related to the damage indices of those
frames at beams and columns, as shown in Fig. 10. It should be noted that time-history analyses could be

performed to extend the comparison of this section, however, the reliability of the adopted expressions
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have been already validated by time-history analyses results increasing confidence of the present

comparisons. This is also valid, because the expressions for steel and composite structures used here, have

been developed on the basis of almost identical modeling assumptions and frame design characteristics

allowing a direct comparison to be made focusing mainly on the different materials.

Table 14: Comparison of IDRmax for the composite and steel frames for various hazard and performance levels

HAZARD LEVELS COMPOSITE FRAME STEEL FRAME
Number of storeys (n o
ys () Coef‘sfu(:llf:)nt of IDR¢ Performance Level IDR¢ Performance Level
al
3 (DBE) 1.0 2.20% Life-Safety 2.20% Life-Safety
(FOE) 0.3 0.68% Immediate Occupancy 0.58% Immediate Occupancy
6 (DBE) 1.0 1.80% Immediate Occupancy 2.02% Life-Safety
(MCE) 1.5 3.10% Life-Safety 3.23% Near-Collapse
a)
100 100
1 I Composite column ¢,:Eq.(15) [ Composite beam: Eq.(17)
901 [ZZZ21 Composite column ¢,:Eq.(16) -; 90| =Y Steel beam: Ref. [19] .
Steel column b : Ref.[19] 80 b
= a
& = 70+ §%
-~ = 60 (@]
% 112 E; 2
© ]| @ {1l ]
£ 50 15 > 50 i
8 404|e E 404| 2 -
113 4
3044~ Q 30
No 2
20|& § 204 g
113 &
104 € § 10 ]
1|l £
ol=9° 0
b)
100 100
1 I Composite column ¢ :Eq.(15) [ Composite beam:Eq.(17)
90__ [ZZZZZ) Composite column c,+1:Eq.(16) - 901 XY steel beam: Ref.[19] b
Steel column b Ref.[19] * 80
X 704 __ 70 -
e ] *
% 60—_ % 60 o
g 9501 2 504 % g
® 1 0}
O 404 £ 40| e .
4 D :
30
s ? 30 s ?
- [o] i [o] 4
20 115 5 20 = §
10+ §§ 104|E8 1
11 & =0
oli=0° 2 0
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Figure 10: Composite column versus steel column and composite beam versus steel beam for: a) three storey
buildings at performance level life safety, b) six storey buildings at performance levels immediate occupancy, life

safety and collapse levels.

As shown in Table 14, comparing the IDR; of the three-storey CFT-MRF and steel MRF for the hazard
level DBE, it is observed that IDR; fall within the same performance level, that of life-safety. In terms of
IDR, a better performance is observed for the six-storey CFT-MRF than for the six-storey steel MRF
because under the DBE and MCE hazard levels, a lower IDR is observed for the former frame than the
latter one. More specifically, the CFT-MRF falls within the immediate occupancy and life-safety levels
for the DBE and MCE hazard levels, respectively, while the all steel MRF falls within the life-safety and
near-collapse levels for the corresponding hazard levels. In terms of local damage, the CFT-MRFs exhibit
lower values particularly under the high hazard levels. As indicated in Fig. 10(a) for the three-storey
buildings, while both type of columns fall within the life-safety performance level, the composite beam
meets the life-safety criterion and the steel beam the near-collapse criterion. The low-damage behavior of
composite members under consideration is confirmed in the six-storey buildings either under the DBE or
the MCE hazard level. In some cases, the damage index for the CFT columns appeared to be less than
half compared to the steel columns. Under MCE, both columns and beams fall within the near-collapse

performance level in the steel MRF, while all members in CFT-MRFs are far below from the threshold of
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life-safety. Compared to the CFT-MRF, a lower damage is observed for the steel MRF under the FOE
hazard level. This might be related to the cracking of concrete that is expected in composite steel/concrete
members under low seismic intensities. It is noted that this nonlinearity is explicitly considered in the
modeling of CFT-MRFs either at composite columns or composite beams through the corresponding
hysteretic models [37, 39]. Finally, in all cases the columns are stronger than beams, achieving the weak

beam-strong column capacity design rule according to EC8 [9].

CONCLUSIONS

The seismic inelastic behavior of plane CFT-MRFs with composite beams founded on soil types B and
D is investigated in this research study with the goal of establishing design equations. Based on extensive
parametric studies, fairly broad response databanks are created, and empirical expressions are developed
to estimate the inter-storey drift ratio (IDR) and structural damage indices (DI) at various performance
levels. The developed expressions support the development of a displacement/damage controlled (DDC)
seismic design method within the existing framework of current design codes. On the basis of the

proceeding developments, the following conclusions can be stated:

1. A preliminary seismic design method can be performed for CFT-MRFs with composite beams through
simple empirical expressions that integrate design parameters for the strength ratio (a) and the stiffness
ratio (p) between columns and beams. The nonlinear time history analysis results revealed that the
proposed expressions estimate the inelastic deformation demands (i.e., IDR and DI) for various

earthquake intensities with a fairly good accuracy.

2. The proposed expressions, which take into account the parameters a and p predict more accurately the
IDR and structural DI than the expressions that ignore these parameters. Nevertheless, the latter
provide a very good view of the level of inelasticity excepted when a structure has not been sized yet
and can be used much easier due to their simplicity. The use of the proposed expressions can
significantly reduce the design iterations without response spectrum or nonlinear time history analyses.
In addition, the proposed expressions related to DI can also be utilized to avoid any possible overall

failure mechanism, e.g., soft-storey at the first floor, particularly for the low performance levels.

3. The proposed displacement/damage design expressions, in addition to helping the designer to
dimension a structure, can also allow him to either directly determine the damage level for a given
structure under a given seismic load, or determine the maximum seismic load a designed structure can
sustain in order to exhibit a desired level of damage, thereby avoiding the execution of sophisticated

nonlinear time-history analysis.

4. Comparing the CFT-MRFs and all steel MRFs for the design basis earthquake (DBE), the IDR of

CFT-MREFs is similar with that of steel MRFs for the low-rise building. Similar behavior is also

30



676
677
678
679

680
681

682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709

observed for the DI of beams and columns with the composite beams to exhibit about 20% lower
damage than the steel beams. The low-damage performance of CFT-MRFs is mainly demonstrated in
the mid-rise building were both IDR and DI fall within lower performance levels compared to all steel
MRFs for the same seismic intensity.
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