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Abstract: Mixed building frames constructed using reinforced concrete (RC) in the lower stories
and structural steel in the higher ones meet great scientific interest as forming a common and often
constructed building type. However, the current seismic regulations do not provide special guidelines
for the aforementioned vertically mixed building type, but only for building frames constructed
with the same material throughout. In addition, a small number of respective works in the literature
can be found, thus underlining the need for the thorough examination of the nonlinear response of
mixed reinforced concrete and structural steel frames subjected to strong ground excitations. Due
to space limitations, selected cases of mixed RC-steel 3D frames are analyzed here via nonlinear
dynamic analysis under selected intense earthquakes, considering appropriate nonlinear mechanical
models for structural elements. A comparison of nonlinear response results is performed for two
considered connection types of the steel part on the RC part, which are called “fixed” and “fixed-
pinned” connections here. In this way, the nonlinear response of mixed-frame cases is studied under
extreme ground motions, towards the utmost unfavorable conditions. Selected comparative nonlinear
response results and plots are presented to estimate the behavior of mixed frames. Qualitative
remarks arise from the current described investigation, resulting in practical suggestions for the
design enhancement of mixed buildings, available for the upgrade of current codes.

Keywords: mixed frames; reinforced concrete; steel; time-history analysis; non-linear behavior;
strong earthquakes

1. Introduction

The building case involving a steel part added on a reinforced concrete (RC) one, called
here a “mixed” building, tends to be found oftentimes in usual constructions. However, the
current seismic regulations refer to the design of structures made with the same material,
such as Eurocode 8 (EC8) [1], neglecting the mixed structural type, which is frequently seen
in construction practice. The current research involves mixed building cases, where the
steel stories have the same in-plan dimensions as the lower RC part, neglecting the case
of a secondary structure added on a primary one [2] as a result of the additional structure
being significantly smaller and lighter than the originally constructed one. The current
investigation deals with the construction case of upper steel-added stories with the same
size in plan as the lower RC part, consequently adding a significant mass and weight on
the latter.

This work investigates solely the vertically mixed RC-steel frames, where the struc-
tural material of each story element is either reinforced concrete or steel, excluding a
combination of these in the same story. Emphasis is given to the difference between the
studied vertically mixed building cases from the composite buildings, which are character-
ized by the cooperation of reinforced concrete and steel on the same element section.
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Although great practical attention is paid to vertically mixed RC—steel buildings, a
shortage of relative scientific research exists concerning their design and behavior under
intense ground excitation, while the focus is concentrated on “moment-resisting frames”
(“MRFs”) [3]. In the meantime, the current design seismic code [1] provides different values
of the damping ratio as 5% for RC structures and 2% for steel ones, neglecting giving
one value for mixed frames which is investigated by a few works in the literature, e.g.,
by Sivandi-Pour et al. [4]. The use of a uniform damping ratio value is necessary for the
performance of non-linear dynamic analysis, although not provided for mixed frames
by [1].

The present paper aims to present the preliminary results of an ongoing investigation
on the seismic behavior of mixed RC-steel buildings, which has a great scientifical interest
as not included in the guidelines of the current seismic code [1]. Due to space limitations,
selected cases of mixed symmetric frames are considered for analysis and discussion.

2. Mixed RC-Steel Building Cases and Analysis

This work examines five- and six-story mixed 3D frames (Figure 1), referring to
common medium-rise buildings. The lower stories, shown in black color (Figure 1), are
constructed with concrete C25/30 reinforced with B500c [5], while the two upper ones,
shown in crimson color, are constructed with structural steel of S355 grade [6], forming
mixed frames with a square plan of 15 x 15 m2. The bottom story has a 4.0 m height, and
the upper one has a 3.0 m height. The RC or composite story slabs—respectively, for RC or
steel columns—have 0.15 m thickness and act as rigid diaphragms.
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Figure 1. (a) Five- and (b) six-story mixed RC—steel 3D frames under study (lower RC stories with
black color and higher steel stories with crimson color) with a global coordinate system.

The mixed frames are designed according to current regulations [1,5,6] as ordinary
buildings, with corresponding combined loadings [7], with 30% rule and 5% accidental
eccentricity [1], for a zone ground acceleration of 0.36 g [1], 5% viscous damping ratio, C
soil type, and a neglect of possible ground deformability [1]. The behavior factor of the
mixed frames is 3.9 and 4.0 for RC and steel parts for the medium-ductility class [1]. The
orientation of steel vertical elements is designed as in Figure 2 to form a strong perimetrical
frame. The detailing of the mixed frames is shown in Table 1.
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Figure 2. In-plan orientation of steel columns.

Table 1. Detailing of the considered mixed buildings.

Five-Story Building Columns Beams
. . s . . Longitudinal :

Story Height . Section Longitudinal Vertical Section ? ¢ Vertical
Number (m) Materials (cm/cm) Reinforcement Reinforcement (cm/cm) Rell:efﬁfce Reinforcement
1 4 RC 70/70 8®22 + 1620 ®8/10 25/70 8®20 + 8P16 $8/10
2 3 RC 70/70 16020 ®8/10 25/70 8®20 + 8P10 P8/10
3 3 RC 70/70 8®20 + 8P10 ®8/10 25/60 8418 P8/10

4 3 steel HEB 500 IPE 360
5 3 steel HEB 500 IPE 300
Six-Story Building Columns Beams
. . 1. Vertical . Longitudinal .
Story Height . Section Longitudinal . Section : © Vertical
Number (m) Materials (cm/cm)  Reinforcement Reinforce- (cm/cm) Reinforce Reinforcement
ment ment
1 4 RC 70/70 32920 ®8/10 25/70 8920 + 8P10 ®8/10
2 3 RC 70/70 16020 ®8/10 25/70 818 ®8/10
3 3 RC 70/70 16020 ®8/10 25/70 818 ®8/10
4 3 RC 70/70 16020 ®8/10 25/70 8918 ®8/10
5 3 steel HEA 500 IPE 400
6 3 steel HEA 500 IPE 400

Regarding the support of the steel part upon the RC one, the following two cases are
examined: a “fixed” [8] support of the steel vertical elements in the two horizontal directions
of the mixed frames and a “fixed-pinned” [8] support of the steel vertical elements, i.e.,
fixed in the minor axis of the cross-section and pinned in the major corresponding axis.
This distinction refers to the two extreme cases similar to [8]. Following the research of [4],
a uniform value of damping ratio is calculated for each frame, calculated as 2.31% for the
five-story one and 2.14% for the six-story one [4].

The dynamic analyses are performed using RUAMOKO software [9] under strong
earthquakes downloaded from [10] as presented in Table 2, where for each earthquake there
are listed the “name, location, year, moment magnitude (My,)” [8] and the “peak ground
acceleration (PGA)” [8]. As found in various research works, e.g., Refs. [3,8], the direction
of the ground motion may influence the structural response. In the current research, the
angles of the ground excitations are considered along the basic horizontal axes (Figure 1),
i.e., 0° and 90°. The nonlinear behavior of structural RC and steel elements is simulated via
the application of point hinges at their ends according to ASCE 41-17 [11].
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Table 2. Earthquakes considered in the current analyses.

Earthquake, Location, Year Name for Charts My PGA (g)

San Fernando, USA, 1971 PACO 6.6 1.17/1.08
Tabas, Iran, 1978 TABAS 7.1 0.93/1.10
Imperial Valley, USA, 1979 ARRAY 6.5 0.34/0.46
Superstition Hills, USA, 1987 HILLS 6.5 0.45/0.38
Loma Prieta, USA, 1989 LOS GATOS 7.0 0.56/0.61
Cape Mendocino, USA, 1992 PETROLIA 6.9 0.66/0.59
Landers, USA, 1992 LANDERS 7.3 0.81/0.73
Northridge, USA, 1994 SYLMAR 6.7 0.37/0.58
Kobe, Japan, 1995 KOBE 6.9 0.61/0.62
Chi-Chi, Taiwan, 1999 TAIWAN 7.6 0.50/0.36
Kefalonia, Greece, 2014 KEFALONIA 6.1 0.67/0.60

3. Results and Discussion

- & = LANDERS-90
= % = TAIWAN-S0 === KEFALONIA-0

Selected charts of the NLTH analyss results are presented in the following section,
regarding the maximum interstory drift ratio (IDR) on the horizontal axes, X and Y. Each
earthquake name is followed by 0 or 90, referring to the corresponding incidence angle
of 0° or 90°. The presented IDR charts are compared to the limits of the performance
levels of [12] for RC or steel buildings, which are 0.5% for the “Fully Operational (FO)”
level [12], 1.5% for the “Immediate Occupancy (I0)” stage [12], 2.5% for the “Life Safety
(LS)” stage [12], and 3.8% for the “Near Collapse (NC)” stage [12].
For the five-story mixed frame with the fixed support of the steel structure on the RC
stories (Figure 3), the maximum IDR values are presented at the top of the first story as
0.03 on the X axis and 0.022 on the Y axis; these are inside the NC level for the X axis and
LS level for the Y axis, respectively [12].
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Figure 3. Interstory drift ratio on (a) X and (b) Y axes for the 5-story frame for the fixed support of

the steel structure on the RC stories.
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For the fixed—pinned connection at the five-story mixed building (Figure 4), the greatest
IDR values are 3.4% on the X axis and 2.1% on the Y axis, and at the top of the first story,
inside the NC level for the X axis and the LS level for the Y axis [12], respectively. However,
in Figure 4, we omitted the plotlines of the San Fernando and Loma Prieta earthquakes
with 0° on the X axis, and the San Fernando and Imperial Valley earthquakes with 90° on
the Y axis, as a result of extreme IDR arithmetic values much higher than the restrictions
of [12].

HEIGHT (m)

0.0% 1.0% 2.0% 3.0% 4.0%
1.0% 2.0% 3.0% 4.0% ° ° ° ? ?
IDR - Y
IDR - X
« & «= [ANDERS-S0 sl PACO-0 - B - PACO-90 e PETROLIA-0 wm@me PETROLA-O)  emgpme LOS GATOS-0 ===« L0SGATOS-90
- % == TAIWAN-90 e KEFALONIA-) o e KEFALONIA-90 sl TABAS-0 = O= TABAS-90 Qe H|LLS-0 ==l we HILLS-90
w—() we SYLMAR-90 KOBE-0 A KOBE-90 e ARRAY -0 === ARRAY-S0
(a) (b)

Figure 4. Interstory drift ratio on (a) X and (b) Y axes for the 5-story frame for the fixed-pinned
support of the steel structure on the RC stories.

For the fixed support at the six-story mixed frame (Figure 5), the greatest IDR values
are noted at the top of the first story as 2.8% on the X axis and 3.3% on the Y axis, which are
both inside the NC level [12]. At the building top (Figure 5), the maximum IDR values are
1.4% on the X axis and 2.1% on the Y axis, which are below the LS limit [12].

For the fixed-pinned support of the six-story mixed frame (Figure 6), the biggest IDR
values at the top of the first story are 2.8% on the X axis and 3.0% on the Y axis, within the
NC level [12]. In Figure 6a, extreme values of IDR on the Y axis are observed for the Tabas
excitation with an incidence angle of 90°, so this plotline is omitted. At the building top,
the maximum IDR values are 1.5% on the X axis and 2.1% on the Y axis, which are below
the limit of the LS level [12].

At the interconnection of the steel part on the RC one, very small IDR values are
observed for the fixed connection, indicatively mentioned as 0.04% on the X axis and 0.05%
on the Y axis (Figure 5). Similarly, for the fixed—pinned connection, at this interconnection,
the observed IDR values are close to 0.3% for both axes (Figure 6), which are almost ten
times higher than the corresponding values for the fixed connection (Figure 5), while all
these values are within the FO limit level [12].
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Figure 5. Interstory drift ratio on (a) X and (b) Y axes for the 6-story frame for the fixed support of

the steel part on the RC one.
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Figure 6. Interstory drift ratio on (a) X and (b) Y axes for the 6-story frame for the fixed-pinned

support of the steel structure on the RC stories.
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4. Conclusions

This research explores the nonlinear behavior of selected mixed building cases under
strong ground motions, considering two connections of the steel part on the RC one, due to
the negligence of the current seismic regulations to provide specific design instructions for
them. The numerical results of the NLTH analyses are compared to the limits of a current
code [12], leading to the following conclusions, which apply to mixed frames similar to the
currently considered cases.

e  The fixed—pinned support of the steel stories upon the RC structure results in more
failures of the mixed frames, contrasted with the fixed support.

The IDR values are often smaller for the fixed—pinned support than for the fixed one.
The IDR values are, in general, within the permissible range limits of the performance
levels of the considered regulation, except for the cases of building failures.

o  The steel elements tend to have almost elastic behavior, as shown by the low IDR
response values of the steel stories. However, the RC structural elements show an
intense nonlinear behavior, as observed from the great IDR response values of the
RC stories.

Symmetrical or almost symmetrical mixed 3D frames, probably with more stories
and/or bay bans, through avoiding extreme alterations in the distribution of mass and
stiffness, are expected to exhibit seismic behavior under strong ground motions, similar to
the one recognized in the current work. The selected analyzed mixed-frame cases refer to
common buildings to give useful remarks for common construction practice.

The findings of the current investigation do not include the non-linear behavior of
mixed RC-steel buildings with in-plan or in-height asymmetry, or with notable differences
in the stiffness and mass distribution plan-wise or height-wise, which should belong to
possible future research. Also, the two extreme supporting conditions of the steel part
upon the RC one are considered in the current non-linear dynamic analyses, leaving
aside the effect of more intermediate support types on the seismic structural response for
future investigation.

If mixed RC-steel buildings, from the viewpoint of different construction materials,
tend to become more widely applicable in common construction practice and in combi-
nation with the current investigation’s conclusions, it appears that future seismic codes
should contain detailed instructions for the seismic design of mixed RC—steel buildings.
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