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SEISMIC EVALUATION OF MIXED STEEL AND RC
COLUMNS IN HYBRID HIGH-RISE BUILDINGS

D.-P. N. KONTONI!, A. A. FARGHALY?

The growth in high-rise building construction has increased the need for hybrid reinforced concrete and steel
structural systems. Columns in buildings are the most important elements because of their seismic resistance.
Reinforced concrete (RC) columns and steel columns were used herein to form hybrid structural systems
combining their distinct advantages. Eleven 3D building models subjected to earthquake excitation with
reinforced concrete beams and slabs of 12 floors in height and with different distributions of mixed columns
were analyzed by the SAP2000 software in order to investigate the most suitable distributions of a combination
of reinforced concrete and steel columns. Top displacements and accelerations, base normal forces, base shear
forces, and base bending moments were computed to evaluate the selected hybrid structural systems. The

findings are helpful in evaluating the efficiency of the examined hybrid high-rise buildings in resisting

earthquakes.

Keywords:  High-rise buildings, Hybrid RC-steel buildings, RC beams and slabs, RC columns, Steel columns,

Seismic response, Earthquake resistant structures.

1. INTRODUCTION

Concrete structures can produce stiff systems and provide better damping. This is advantageous

when controlling any structural movements, whether seismic or wind-induced. The newer

composite systems should be recognized whereby conventional structural steel sections are either

filled with or encased in concrete. The overall performance of these types of frames is generally
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better than either of what the constituent parts could offer individually. The more mass a building
has, the more force it develops under seismic ground motion and, hence, acceleration. The
performance of any building during an earthquake is largely a function of design rather than only
materials used in construction. In the “strong column”/“weak beam” earthquake resistant design
approach, a weak point is purposefully placed in the beam near the column. As the building racks
and stresses build up, the "weak point" goes plastic and prevents more damage to the joint. The
beam still remains connected to the column, though it can rotate a considerable amount without
damaging the connection. Therefore, the strong column/weak beam design allows engineers to
essentially place a "fuse" in their structures which will "blow" when it becomes overloaded.
Elnashai and Broderick (1994) [1] studied experimentally the behavior of partially encased
composite beam-columns under the combined effects of earthquake and axial loads in a series of
cyclic and pseudo-dynamic tests, and their excellent performance was demonstrated, and thus their
applicability to the earthquake-resistant design of multi-storey structures was reaffirmed.
Shanmugam and Lakshmi (2001) [2] reviewed the behavior of steel-concrete composite columns
with emphasis on experimental and analytical work accounting for the effects of local buckling,
bond strength, seismic loading, confinement of concrete, and secondary stresses.

Chan (2001) [3] presented a computer-based optimization technique for the design of tall hybrid
mixed steel and concrete buildings.

Hadianfard et al. (2012) [4] investigated the behavior of steel columns subjected to blast loading
and proved that the column sections and their elastic-plastic properties and boundary conditions are
very important in resisting blast loading.

Esmaeili et al. (2013) [5] studied the seismic behavior of dual structural systems in forms of steel
moment-resisting frames accompanied with either reinforced concrete shear walls or with
concentrically braced frames, and showed that the system based on steel moment-resisting frames
accompanied with reinforced concrete shear walls has a higher ductility and response modification
factor and has more advantages over the other.

Cao et al. (2013) [6] studied experimentally full-scale simply supported steel sheeting-styrofoam-
concrete composite sandwich slabs with different shear connectors and concluded that the
longitudinal slippery is limited and therefore these new composite sandwich slabs have high
sagging bending resistance and good ductility.

Kvedaras et al. (2015) [7] studied thin-walled steel tubes filled with concrete beams and their effect

on increasing the bending capacity of the sections and presented a method for design which was
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found to be in good agreement with the results of the carried out experimental, numerical, and
theoretical investigations.

Xiao et al. (2017) [8] presented an experimental study on the behavior of concrete-encased
composite columns with multi-separate steel sections subjected to axial and eccentric loads and the
test results indicated that full composite action between the concrete and the steel sections can be
achieved even though the steel sections do not connect with one another.

Buyuktaskin (2017) [9] analyzed (through FEM) and compared two multi-storey steel buildings
subjected to earthquake excitation, one with eccentrically steel braced frames and the other with
core and shear walls, and concluded that the dual system decreased construction costs by 34% when
compared to the multi-storey steel building.

The development in high-rise construction has increased the demand for innovative structural
design solutions in which hybrid reinforced concrete and steel configurations are used.

Bompa and Elghazouli (2014) [10] examined the load transfer mechanisms in hybrid structural
systems consisting of steel columns connected to reinforced concrete beams by means of embedded
shear-keys which are directly welded to the steel columns and fully embedded in the reinforced
concrete beams, with a focus on the development of improved assessment and design procedures.
Bompa and Elghazouli (2015) [11] examined experimentally the shear transfer mechanisms and
ultimate behavior of hybrid systems consisting of reinforced concrete beams connected to structural
steel columns and proposed modifications to the existing analytical approaches for conventional
reinforced concrete elements in order to provide a reliable evaluation of the ultimate shear capacity
of such hybrid systems.

Bompa and FElghazouli (2016) [12] investigated the structural performance of hybrid members
consisting of reinforced concrete flat slabs (both with and without shear reinforcement) connected
to steel columns by means of fully integrated shear-heads.

Moharram et al. (2017, 2018) [13,14] investigated experimentally and numerically the inelastic
behavior of hybrid structural assemblages consisting of reinforced concrete (RC) beams connected
to steel columns by means of fully embedded shear-keys.

This paper investigates the ability of mixed reinforced concrete (RC) and steel columns in hybrid
high-rise buildings to resist earthquakes by combining the most effective elements of the buildings,
such as columns with different kinds of materials (RC or steel), and with different distributions to
show which model is more suitable for earthquake resistance, where the judgment of the hybrid
model decision is based on the values of top lateral displacements, top accelerations, base shear

forces, base bending moments, and total weight of the buildings. The RC and steel columns were
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distributed as to best be prepared for earthquake resistance, minimize its destructive effects, and

judge the efficiency of the presented hybrid structural systems.

2. MODEL DESCRIPTIONS

Eleven 12-storey 3D building models (with each floor measuring 3m in height) were analyzed to
show the efficiency of hybrid structural systems composed of reinforced concrete beams and slabs,
as well as reinforced concrete and steel columns. The basic model was designed to have a square
floor plan to neglect the effects of torsion, RC-type columns were chosen as the square cross-
section ones, steel columns were chosen as B.F.I.B. (Broad Flange I-Beam, with the width of each
flange nearly equal to the depth in the cross-section) to reduce the effects of the stiffening of the
model in the depth direction of the I-beam. All models were analyzed by the SAP2000 software
[15], the beams and columns were modeled as frame elements (with each element carrying both
normal and shear force and a bending moment), and slabs as shell elements with fixed boundary
conditions (to transmit the loads from the slabs to the beams).

Figure 1 shows the different distributions of RC and steel columns in the eleven different building
models, where the beams and slabs are of the RC type for all models. Figure 1(a) represents the
control model (consisting of RC square cross-section columns) against which every other model
will be compared. Figure 1(b) represents a model of RC columns inside and steel columns
distributed along the perimeter of the model. Figure 1(c) represents a model with all columns steel
except the center column which is RC. Figure 1(d) shows a model with x-shape in-plane
distribution of steel columns among the rest RC columns. Figure 1(e) shows a model with all steel
columns. Figure 1(f) represents a model with inner steel columns and with RC columns distributed
along the perimeter of the model. Figure 1(g) shows RC columns along the perimeter and the center
with steel columns distributed around the center of the model. Figure 1(h) represents a model with
an x-shape in-plane distribution of RC columns among the remaining steel columns. Figure 1(i)
shows a staggered distribution of both RC and steel columns. Figure 1(j) represents a model with
composite columns (steel B.F.I.B. columns encased in RC). Figure 1(k) shows a model with steel
B.F.IB. columns with staggered webs directions (one in the x-direction and the other in the y-
direction) to avoid the effect of one direction web and not stiffen the model in one direction only
(the web’s direction).

Table 1 shows the properties of the members (SAP2000 elements) used in each building model.
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The Egyptian Codes of Practice for loading (ECP-201) [16] for Reinforced Concrete (ECP-203)
[17] and for Steel Construction (ECP-205) [18] were adhered to.

A live load for a residential building of 2 kN/m? is used, while the distributed load on the beams is
equal to 4.8 kN/m. The earthquake example applied here was the El-Centro earthquake with an
accelerogram as shown in Figure 2, with maximum ground acceleration equal to 0.322g and

exposure angle equal to 45°.
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Fig. 1. The different distributions of columns in the eleven building models.

Table 1. Properties of the building models
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Fig. 2. The El-Centro earthquake accelerogram.
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3. RESULTS AND DISCUSSION

In total, the eleven 12-storey 3D building models (with each floor measuring 3m in height) present
in Figure 1 were analyzed via SAP2000 to show the efficiency of dual hybrid structural systems
composed of reinforced concrete beams and slabs, as well as reinforced concrete and steel columns.
Top displacements and accelerations, base normal forces, base shear forces, and base bending
moments were computed to evaluate the chosen structural systems, and the time history maximum
values are presented herein.

Figure 3 shows the top lateral displacements in the x- and y- directions for different distributions of
columns across the various models. The lateral top displacements in the x-direction have larger
values in the cases of: “all RC” columns, the “outer 17, the x-shape distributed steel columns
(among RC ones), the composite columns, and the staggered mixed columns, all due to the heavier
weight of all these models, while the rest of the cases are nearly equal, except for the case of the
staggered steel column model, where the lowest displacement was recorded because of the high
stiffness of the model due to the staggered webs of B.F.I.B. in both directions and the lower weight
of the model.

The lateral top displacements in the y-direction have maximum values in the cases of: all RC
columns, the “outer 2”, all steel columns (unidirectional webs: all webs are in the x-direction, and
the y-direction is the weak web axis), and the composite columns. The smaller values of the lateral
y-direction displacements are seen in cases “outer 17, “inner 17, and “inner 2”, because the webs of
steel columns are in the x-direction and the number of steel columns is higher than that of the RC
columns. The lateral top displacements in the y-direction for the x-shape distributed steel or x-shape
distributed RC column cases are nearly equal, indicating the effect of the mixed system between RC
and steel columns in both distribution and their overall number. Finally, the top displacements in
the y-direction for staggered mixed (steel and RC) columns and staggered steel columns are nearly
equal, which means that the effect of stiffening the model with steel and RC columns is equal in the
y-direction since the steel columns are directed in such a way as to give a similar effect in the y-

direction as that of the RC columns in the model.
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Fig. 3. Top lateral displacements in the x- and y-directions for different distributions of columns.

Figure 4 represents the top accelerations in the x- and y-directions for different distributions of the
columns in the building models. The top y-acceleration is less than the top x-acceleration for all
models except for composite and “all RC” columns models. The high values of acceleration
demonstrate the high stiffness of the model. The stiffness is higher in composite section columns
than in all RC columns in both the x- and y-directions. The x-direction acceleration shows similar
values for almost all models, while in the steel staggered column model the lowest value (reduced
by almost 1.2 times when comparing to the rest of the models) was recorded. For y-direction
acceleration, the “outer 2” and “all steel” cases show similar behavior, the “outer 17, “inner 17,
“inner 2”, and staggered models show similar behavior, and both the x-shape distributed steel and

RC columns show roughly similar behavior.
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Fig. 4. Top accelerations in the x- and y-directions for different distributions of columns.

Figure 5 shows the base normal forces for different distributions of the columns across the building
models. The greatest value of normal force is seen in the case of the composite column model
(where the columns carry 1.15 more than the RC columns), and the lowest value of normal force is
in the staggered steel case (1.13 lower than the RC column cases). The “outer 2” and “all steel”
model cases are 1.06 times lower than the RC column model.

Figure 6 represents the base shear forces in the x- and y-directions for models with different
distributions of the columns in the building models. The base shear forces in the y-direction are
lower than the corresponding values in the x-direction (since the strong axes of the B.F.I.B. web
steel sections are in the x-direction), the higher values of the base shear force are seen in the cases
of “all RC” and composite columns; most base shear force values in the y-direction are close, but in
the case of “all steel” columns, the base shear force shows the lowest value, and, in most cases, the
ratios between the base shear and the “all RC” and composite column cases equal nearly 1.6 and
1.8, respectively. The base shear in the x-direction is larger than in the y-direction for different the
distributions of columns, though most cases show comparable values, except in the “all RC” and
composite column cases, where the ratios between the mean values of the base shear force in the x-

direction and the “all RC” and composite columns are nearly 1.13 and 1.3, respectively. The “all
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RC” and “composite” column cases represent the highest values of base shear forces in both the x-
and y-directions.

Figure 7 represents the base bending moments in the x- and y-directions for models with different
distributions of the columns. Bending moment My is less than My for all cases of columns
distributions. The bending moments in the x-direction for “outer 2" and “all steel” cases record the
lower values (the low ability of these configuration cases to resist earthquake loads), while for “all
RC” and “composite” cases the bending moments record higher values. The bending moments in
the y-direction for all distribution patterns are rather close, except for the “all RC” and “composite”
column cases, where the ratios between most cases and the “all RC” and “composite” cases are

equal to almost 1.1 and 1.5, respectively.
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Fig. 5. Base normal forces for different distributions of columns.
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4. CONCLUSIONS

The development of high-rise building construction has increased the need for structural design
solutions in which hybrid steel and reinforced concrete distributions are used. In this paper, various
arrangements of reinforced concrete columns and steel columns were used to form hybrid structural
systems combining their distinct advantages.

Three-dimensional high-rise building models consisting of reinforced concrete slabs and beams, and
having various mixed steel and reinforced concrete column distributions were subjected to
earthquake excitation and then analyzed via the SAP2000 software in order to investigate the most
suitable arrangement of mixed steel and reinforced concrete columns. Eleven 3D building models
with RC beams and slabs with various column distribution patterns (hybrid systems of mixed RC
and steel columns with different arrangements) were investigated to study the seismic performance
of these models.

In order to properly judge these hybrid systems, the models were subjected to an earthquake and the
top lateral displacements, top lateral accelerations, base normal forces, base shear forces, and base
bending moments were computed, and comparisons were made between the control case (all RC
columns) and the different configuration cases of mixed RC and steel columns. The following
conclusions can be drawn:

e Differential and irregular vertical displacements in the same plane in the case of RC with
steel columns at the same floor level (related to different column material response under
seismic load) may cause a redistribution of forces in the structural components.

e RC columns provide more of the damping effect than steel ones.

e Vaccination of a reinforced concrete column system with steel columns is useful in raising
the efficiency of seismic resistance of reinforced concrete structures.

e The effect of the light weight of steel columns used in building models helps to reduce the
seismic response of hybrid RC buildings.

e A hybrid system of mixed RC and steel columns is helpful in supporting structures found in
seismic zones.

e RC and composite section columns give the maximum base shear forces and base bending
moments.

e Steel columns give the minimum base shear forces and base bending moments.
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