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Abstract

Selecting appropriate structural system for reinforced concrete (RC) buildings is essen-
tial in the design process to satisfy serviceability and strength requirements. Using
ordinary analysis (OA) may result in inaccurate estimation of differential shortenings
(DS) between vertical supporting elements which might lead to structural and archi-
tectural problems. Efficiency of staged analysis including time-dependent effects (SAT)
has been recently recognized for the analysis of these buildings due to considering
the sequential nature of construction. In this research, eight RC buildings with heights
ranging between 35 and 175 m and various structural systems, namely rigid frames
(RF), shear walls (SW), wall frames (WF), and tube in tube (TT), are analyzed. An assess-
ment is conducted for the adequacy of three mitigation alternatives to decrease
changes between DS estimated using OA and SAT. In Alternative 1, cross sections

of all vertical elements (columns and shear walls) are increased by 50%. Alternative 2

is performed by iteratively proportioning the dimensions of internal columns with-
out changing the cross sections of edge and corner vertical elements. One outrigger
system is introduced along the height of buildings with WF and TT systems in Alter-
native 3. Analysis of the eight buildings is implemented by developing a numerical
model considering the construction stages and time-dependent effects. The alterna-
tives assessment is conducted by comparing differential displacements (DD), bending
moments, and shearing forces before and after mitigation obtained from OA and SAT.
The numerical results showed that Alternative 1 is not efficient in mitigating the dif-
ferences between the OA and SAT for all the studied buildings. However, an optimum
solution can be achieved using the Alternative 2 for all investigated systems. Also, Alter-
native 3 was found adequate in partially mitigating the differences between the two
analyses for the buildings with WF and TT systems.

Keywords: Mitigation, Staged analysis, Ordinary analysis, Reinforced concrete,
Shortening, Structural systems
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Introduction

Reinforced concrete (RC) buildings become an excellent alternative due to material avail-
ability and low workmanship and maintenance cost compared to other building materi-
als. A combination of columns, beams, walls, and/or cores are commonly structurally
proportioned to carry gravity, wind, and seismic forces. Many researchers explored vari-
ous considerations for analysis and design of buildings under seismic loading. Alaa et al.
[1] proposed a set of equations to improve the accuracy of torsional irregularity design
considerations in mid-rise dual system buildings under earthquake loading. Nonlinear
dynamic analysis of 15 buildings was conducted, and new equations were proposed for
the torsional amplifications. Shehata et al. [2] used a sub-structuring technique and the
dual reciprocity boundary element method to analyze buildings on raft foundations con-
sidering soil-structure interaction. The superstructure was modelled using the boundary
element method, while the substructure was simulated using the dual reciprocity bound-
ary element method. Bao et al. [3] used the vertical pushover method to investigate the
progressive collapse of base-isolated buildings using experimental and numerical simu-
lations. It was concluded that nonuniformity of beams led to severe beam end damage
under seismic loading. Progressive collapse resistance was not affected by the horizontal
stiffness of the seismic isolation layer. Compared to the unstrengthen beams, Hemida
et al. [4] reported that the CFRP strengthened beams showed higher load capacities and
lower deflections which might not be adequate for earthquake resistance. The afore-
mentioned researchers adopted the ordinary analysis (OA) approach where a completed
building is subjected to all forces at one phase. This analysis methodology was found
inaccurate since loads are applied sequentially during the building construction [5, 6].
Several research works determined the optimum structural system in RC buildings using
OA [7, 8]. Taranath [7] analyzed RC buildings with rigid frame (RF) which consists of RC
columns and beams. RF and shear wall (SW) systems were found suitable for RC build-
ings having less than 20 and 30 storeys, respectively. Some research attempts compared
between OA and staged-construction analysis (SA) of RC buildings [5, 6]. FE simulation
was developed by Elansary et al. [5] which considers the sequential nature of construc-
tion of RC buildings as well as the change in concrete properties with time. A compari-
son was conducted between the responses from the SA and OA analyses. Behavior of
post-tensioned slabs was studied by Elansary et al. [6] considering SA. Noticeable varia-
tions were observed between straining actions and stresses from the SA and OA analy-
ses. Time-dependent effects in RC building were investigated in various studies [9-11].
Metwally [9] reported that shrinkage and creep have a noticeable effect on RC column
shortening. Considering the effect of temperature on analysis of RC buildings, Raksha
et al. [10] concluded that the effect of differential shortening (DS) should be considered
when for buildings higher than 20 storeys. Elansary et al. [11] studied six RC buildings
with different structural systems (RE, SW, and WF). For buildings with RF, SA produced
higher moments and shears than OA by 29.9 ~ 35.0% and 19.6 ~ 23.5%, respectively.

Methods

The current manuscript aims at investigating the adequacy of three various mitigation
alternatives in reducing differences in shortenings and straining actions from OA and
SAT. The efficiency of the alternatives is examined for eight concrete buildings having
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various number of storeys and structural systems (RE, SW, WF, and TT). The first and
second alternatives include changing the dimensions of all or selected vertical elements,
respectively, for all investigated RC buildings, while the third alternative includes intro-
ducing an outrigger system to RC buildings with WF and TT systems. Firstly, the pre-
vious investigations on mitigating column shortening in RC buildings are presented.
These include formwork cambering, column shortening compensation, increasing
column reinforcement, and using outrigger system. Secondly, the manuscript outlines
the properties of analyzed RC buildings, material parameters, and loading procedure.
Thirdly, details of the numerical model adopted in the analysis are reported. Fourthly,
details of the proposed approaches for mitigating the differences between the column
shortenings and internal forces from OA and SAT are reported. Finally, discrepancies
between DS and internal forces from OA and SAT with/without the proposed mitigation

are provided.

Column shortening mitigating techniques

Fintel et al. [12] determined the column and wall shortenings of two buildings having
several storeys of 70 and 80 with WF and RF systems, respectively, using an analytical
procedure. The study highlighted the efficiency of compensating the differential column
shortenings in reducing straining actions in horizontal members. Avoiding the tradi-
tional trial-and-error compensation procedure, PARK [13] developed an optimization
algorithm, using the simulated annealing technique, to compensate the differential col-
umn shortenings in high-rise building. Tilts in slabs were controlled in the optimization
technique by limiting the compensation values for the columns.

Kim [14] proposed a method for increasing the axial stiffness of columns by placing
additional reinforcement. The authors tested the proposed approach by analyzing three
models (constant section, constant stress, and general method) and comparing rein-
forcement quantity and distributions in the columns. It was found that increasing the
reinforcement ratio by 1%, 2%, 3%, and 4% reduced the max column shortening by 16%,
30%, 40%, and 52%, respectively. Instead of the time-consuming trials-based and optimi-
zation approaches, Kim and Shin [15] proposed an efficient approach for the analysis of
high-rise RC buildings by lumping construction sequences for the column shortenings.
The investigation showed that results like the exact model for design stage of RC build-
ings can be obtained by lumping more than two storeys into one constructing unit.

Using outrigger systems was reported to have an efficient effect in controlling col-
umn shortening in tall buildings [16-18]. El-Leithy [16] investigated using RF, SW, WE,
and TT in RC tall buildings subjected to gravity and wind loads. Sitapara and Gore [17]
reviewed performance and feasibility of different configurations of outrigger systems.
The authors reported some advantages of the outrigger systems such as the following:
(1) they can be utilized with steel, concrete, or composite structures, and (2) the effect
of external column spacing on the structural behavior of these buildings is negligible.
On the contrary, disadvantages of this system include the following: (1) interfering with
utility usable spaces and (2) increasing overturning moment on the foundation of the
central core. Choi et al. [18] reviewed effect of using outrigger systems on the structural
behavior and design of tall buildings. The authors concluded that no comprehensive and
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clear procedures are available for the design of outrigger systems due to the variety of

challenges, solutions, and new concepts being developed.

Modelling attributes

The current study is conducted by analyzing eight concrete buildings with 10, 20, 30,
40, and 50 storeys each having a height of 3.5 m. All buildings have footprint area of
900 m? with a 6 x 6 m internal opening [5]. A slab thickness of 300 mm is utilized
in all buildings to satisfy serviceability requirements. Table 1 shows the number of
storeys and structural system for the analyzed buildings. A reinforcement ratio of 2%
is adopted for all structural vertical elements. El-leithy [16] previously analyzed the
same buildings using OA under the code-specified loads. A concrete density of 23.56
kN/m?® was adopted to estimate the own weight of the structural elements, while
flooring load which was 3 kN/m? was added. As recommended by the ASCE 7-05
code [19], the live load was assumed 2 kN/m?. The concrete dimensions of the struc-
tural elements, as well as properties of concrete and reinforcing steel, can be found in
[9]. The stiffness reduction factors were estimated according to the ACI 318-19 code
[20]. Additional file 1 show details of the concrete dimensions of all structural ele-
ments for the investigated buildings.

The studied buildings are analyzed in the current paper using a 3D FEM previously
developed by the same authors of the current paper [5]. The model includes 3D two-
node beam elements to model the columns and beams and four-node 3D plate ele-
ments to simulate the slabs and walls. The FEM is developed using midas Gen [21]
software to conduct both OA and SA for the eight buildings considering dead and live
loads. Efficiency of midas Gen [21] was proven by various researchers [5, 6, 9]. More
details about the utilized FEM can be found in [5, 9].

Procedure of the hybrid analysis including both SA including time-dependent
effects (SAT) and OA is summarized as follows: (1) Draw the structural elements of
the building in a three-dimensional environment, (2) define time-dependent param-
eters for concrete, (3) define construction stages, (4) conduct the SAT and OA, and
(5) compare results of the SAT with those obtained from OA. In the current paper,
the construction cycle time is assumed to be 7 days (5 days for formwork installation
and 2 days for concrete casting). The shoring is placed on three levels, and the time
of removal of lowest level of shoring from casting of top floor is 5 days. The shoring

Table 1 Parameters for analyzed buildings

Building No. of floors Structural
system
By 10 RF
By, 10 SW
By 20 RF
By 20 Sw
Bys 30 WF
By 40 WF
By 40 T

Bug 50 T
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is removed from the 1% storey after 22 days when the age of this storey becomes 19
days.

Mitigation alternatives

Slope of slabs or beams due to DS between columns and other supporting elements
leads to increasing the straining actions in the horizontal members (beams and slabs).
Differences between internal forces from OA and SAT due to the unequal differential
displacements (DD) at the element ends lead to unsafe or uneconomic solutions in vari-
ous zones of the slabs and beams. Columns cross-sectional dimensions are changed in
Mitigation Alternatives 1 and 2. These changes should be coordinated with the architec-
tural engineer to ensure satisfying building functionality. The change is applied using a
dimension modification factor (DMF) calculated using following equation:

Dy = DMF.Dg (1)

where Do and Dy are the old and new dimensions in the original and modified models,
respectively. Using this modified dimension reduces the column shortening and conse-
quently decreases differential settlements between the modified columns and the adja-
cent vertical elements supporting the same horizontal member. This results in reducing
the straining actions in the horizontal members. In Alternative 1, dimensions of all col-
umns and shear walls are increased by a DMF of 1.5. In Alternative 2, dimensions of the
internal columns only are changed using various DMF without changing the dimensions
of the edge columns, corner columns, or shear walls. For practical purposes, a constant
DME is utilized for each five consecutive floors. The selected factors are guided by the
curves of the differences between SAT and OA. A trial-and-error procedure is adopted
to determine the adequate DMF. The trials are stopped when the differences between
the modified and original models become less than 5%. To ensure adequate transition
of loads from upper to lower floors, a constraint is applied on the conducted trials to
avoid having cross sections of columns in upper floors larger than those for columns in
lower floors. The objective function is based on reducing bending moments and shear-
ing forces in the horizontal members in the modified model less than those in the origi-
nal model. In Alternative 3, an outrigger system with several deep beams (width of 200
mm) is placed along the height of the building. The optimum location of outrigger sys-
tem was investigated by many researchers to control building drift and straining action
[22, 23]. One outrigger system is utilized for buildings with WF and TT systems. The
outrigger system is located at mid-height of buildings B,; and B4 and at top of buildings
By, and Byg.

Results and discussions

In this section, DD from SAT before mitigation (SATb) and SAT after mitigation (SATa)
for the three proposed mitigation alternatives are presented. In addition, the differences
between the moments in slabs and beams before and after mitigation between OA and
SAT are plotted along the height of the eight analyzed buildings. Straining actions of (B1,
B2) beams and (S1, S2) strips are presented where extreme values are observed (Fig. 1).
Figure 1a and c shows that Bl is supported on columns C4 and C2. B2 is supported on
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Fig. 1 Plans of the analyzed buildings. a By, and Bg;. b By, and B,. € By and Bye. d By; and Byg

C5 and C6 (Fig. 1a) or supported on C5 and shear wall SW, (Fig. 1c). Strip S1 extends
between C4 and C2 (Fig. 1b) or between C4 and SW, (Fig. 1d), while strip S2 extends
between SW, and C5 (Fig. 1b and d).

The difference in moment or shear is estimated as follows:

Xsatbh — Xosab

Diffb% =
XosAb

x 100% (2)

XsaTa — X0SAa

Diff.a% =
X0sAa

x 100% 3)
where Dift.b and Diff.a are the difference before and after mitigation, respectively. Xogap,
and Xg,, are the parameters obtained from OA before and after mitigation. Xg, 1, and

Xar, are the parameters obtained from SAT before and after mitigation.

Mitigation Alternative 1
This section outlines the effect of increasing all cross sections of vertical elements by
50% (i.e., DMF=1.5) on DD and internal forces.

Differential Displacement (DD)
Noticeable differences are observed between the DD from SATb and SATa for the eight
buildings (Fig. 2). It is noted that nonlinear DD are obtained from SATb where the

Page 6 of 18
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Fig. 2 Differential displacement due to SATb and SATa.a By;. b B,. € Bys. d By,. €. Bys. f Bys. 9 By h Byg

Table 2 Maximum DD from SATb and SATa

Building Max. DD from Storey Max. DD from SATa, Storey % reduction
SATb, mm mm
By 1.82 8 093 7 49
By, 6.37 6 2.86 6 55
Bgs 228 13 1.14 10 50
Bys 3.83 1 146 1 62
Bys 6.76 22 353 23 48
Bye 1213 27 1.94 24 84
By 1048 27 4.70 27 55
By 13.03 31 3.06 33 77
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maximum DD are located near the middle storey. Also, the SATa produced a nonlinear
trend for the DD, and the maximum values are located near the upper quarter of each
building. Table 2 shows the maximum DD of all buildings before and after mitigation
and their locations. Reductions of 48 ~ 84% in the DD are observed due to increasing the
cross sections of all columns by 50%.

Bending moments

Compared to SAT, OA produces uneconomic design because of using overestimated
moments in beams or slabs and produces unsafe design at the other zones because of
utilizing underestimated moments. This section investigates the effect of applying Mit-
igation Alternative 1 on decreasing the deviations in moments between OA and SAT
at ends of the horizontal members with unsafe design. Figure 3 shows the differences
between the moments from OA and SAT with/without mitigation. It is observed that
differences in moments dramatically vary with/without mitigation. Table 3 presents the

0 10 20 30 40
Difference % Difference %

(a) Bar

0 50 100 150
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24 ]
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o -
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Fig. 3 Differences in moment for horizontal members between OA and SAT before and after mitigation. a

Byy. b By, € Byy d By, € Bys FBys g By h Byg

Page 8 of 18



Elansary et al. Journal of Engineering and Applied Science (2023) 70:152 Page 9 of 18

Table 3 Maximum differences between moments from OA and SAT with/without mitigation

Building Max. diff. % bet. Storey Max. diff. % bet. Storey % reduction
OSADb & SATb OSAa & SATa
By 47 9 28 9 40
By 38 9 17 9 55
Bgs 113 18 34 14 70
Bys 56 19 28 19 50
Bgs 99 29 71 20 28
Bgs 554 38 97 21 82
By 119 39 53 40 55
Bgs 151 50 26 46 83
10 20
8 16
> &
26 5 12
% 4 I
2 4
O L L ) 0 J
0 10 20 30 0 20 40 60
Difference % Difference %
(a) Bar (b) Bas
30
24
&
5 18
* 12
6
0 T
0 _ 0 20 40 60 80
Difference % Difference %
(c) Bas (d) Bus

Fig. 4 Differences in shearing forces at beam ends between OA and SAT. a By. b By;. € Bys. d Byg

maximum deviations in moments from SAT and OA and their locations with/without
mitigation. The proposed mitigation alternative reduces the differences between SAT
and OA by 28 ~ 83%. Although this alternative reduces the differences between SAT and
OA by quite large percentages, none of the obtained solutions completely mitigated all

unsafe members.

Shearing force

Effect of utilizing Mitigation Alternative 1 on decreasing the differences in shearing
forces between OA and SAT at the beam end zones with unsafe designs. Figure 4 shows
the differences between the shearing forces from OA and SAT with/without mitigation
for the eight buildings. Significant changes along the building height are observed in
the differences between shearing forces obtained before/after mitigation from SAT and
their corresponding values from OA. Table 4 shows the maximum variations between
shearing forces from SAT and OA for the buildings and their locations with/without
mitigation. A reduction of 20~ 62% is noted in the differences between SAT and OA.



Elansary et al. Journal of Engineering and Applied Science (2023) 70:152 Page 10 of 18

Table 4 Maximum differences between shearing force from OA and SAT with/without mitigation

Building Max. diff. % bet. Storey Max. diff. % bet. Storey % reduction
designation OSAb & SATb OSAa & SATa

By 26 9 17 9 35

Bs 52 14 20 14 62

Bys 40 14 32 20 20

Bae 68 19 54 19 21

None of the obtained solutions mitigated all unsafe beams in shear, although significant
decreases in the variations between SAT and OA are achieved. More importantly, one
can note that this alternative increased the level of unsafety of upper floors of buildings
Bys and By.

Mitigation Alternative 2
Effect of increasing concrete dimensions of internal supporting members by the DMF in
Table 5 on DD and internal forces of structural members are presented in the current section.

Differential Displacement (DD)

Figure 5 shows the DD between the ends of the horizontal members where noticeable
deviations are seen between the DD from SATb and SATa for all studied buildings. It
is noted that the DD obtained from SATb vary nonlinearly where the maximum DD is
located at the mid-height, approximately. Also, distribution is nonlinear for DD from
SATa where the maximum DD is located near the upper half of the buildings. These val-
ues approach zero or turn to a negative value. Table 6 shows the maximum DD of all
buildings before and after mitigation and their locations. Markable decreases in the DD
are observed due to increasing cross section of internal columns without changing all
other vertical elements. The reductions for the studied buildings range from 10 to 115%.

Bending moments

This section investigates the effect of increasing concrete dimensions of internal vertical
members by the DMF in Table 7 on decreasing the deviations in moments between OA

Table 5 Dimension factor, DMF at each floor of studied buildings

Storeys Building

Bys By> Bys Baa Bys Bye Byy Bys
5 145 145 1.10 143 147 1.89 1.09 0
10 1.38 1.38 141 1.53 141 1.88 1.10 0
15 1.20 1.33 1.33 1.81 1.05 0
20 133 1.50 1.38 1.80 1.06 0
25 1.36 1.71 1.07 0
30 127 1.52 1.23 0
35 1.68 1.45 0
40 1.85 1.78 1.15
45 1.36
50 1.67
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Table 6 Maximum DD from SATb and SATa

Building Max. DD (SATb), Storey Max. DD (SATa), Storey % reduction
mm mm

By 182 8 0.14 9 2

By 6.37 6 361 6 43

Bgs 228 13 0.36 16 84

Bys 3.83 11 1.25 14 67

Bys 6.76 22 553 22 18

Bye 12.13 27 —1.78 24 115

Bys 10.48 27 940 27 10

By 13.03 31 11.72 29 10

and SAT at ends of beams and slabs having unsafe designs. The difference percentages
before and after mitigation along the building heights are plotted in Fig. 6. These dif-
ferences are observed to significantly change along the building height before or after
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Table 7 Maximum differences between moments from OA and SAT before applying mitigation

alternative 2

Building designation Max. diff. % bet. OSAb & SATb Storey
Ba: 47 9
By 38 9
Bys 113 18
Bys 56 19
Bas 99 29
Bys 554 38
By 119 39
Bas 151 50
20 -10 0 10 20 30 40 S0 20 -10 0 10 20 30 40 50
Difference % Difference %
(a) Bdl (b) de
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Fig. 6 Differences in moments for horizontal members between OA and SAT. a By;. b By,. € By;. d By,. @ Bys. f

Bye- 9 Byy- h Byg
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Table 8 Maximum differences between shearing forces from OA and SAT before applying
mitigation alternative 2

Building designation Max. diff. % bet. OSAb & SATb Storey
By 26 9

Bus 52 14

Bas 40 14

Bys 68 19

mitigation. Table 7 shows maximum differences in bending moments between SAT and
OA and their locations for the considered beams and slab strips before applying Miti-
gation Alternative 2. However, all these differences have been reduced to less than 5%
along the height of the eight buildings after applying the proposed mitigation alternative.

Shearing forces

This section examines the effect of adopting Mitigation Alternative 2 on decreasing the
differences in shearing force between OA and SAT at the beam ends with unsafe designs.
Figure 7 shows the differences between the shearing force from OA and SAT with/with-
out mitigation along the height of the studied buildings. Differences in shearing forces
remarkably change throughout the building height before or after mitigation. Table 8
shows maximum differences in shearing force between SAT and OA and their locations
for the considered beams before applying Mitigation Alternative 2. This indicates that
OA produces unsafe designs at certain elements. However, the differences in shearing
force obtained from the two analyses after mitigation do not exceed 5% for all consid-

ered buildings.
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Table 9 Maximum DD from SATb and SATa

Building Max. DD (SATb), Storey Max. DD (SATa), Storey % reduction
mm mm

Bys 6.76 22 6.18 25 9

Bye 1213 31 845 31 30

Bys 1048 27 10.01 27

By 13.03 31 12.72 23 2

Mitigation Alternative 3

The impact of locating one outrigger system at the mid-height of buildings B,; and By,
as well as at top of buildings B, and B3 on DD between vertical supporting elements
is discussed in the following subsections. Also, the influence of including this outrig-
ger system on internal forces of slabs and beams in these buildings is presented. These
locations are selected based on the location of maximum deviations in internal forces
between OA and SAT.

Differential Displacement (DD)

Figure 8 shows the DD between end zones of the considered beams and strips where
remarkable deviations are noticed between DD from SATb and SATa for buildings By,
Bye Baz» and Bgg. The curves show that DD from SATb vary nonlinearly where maximum
DD is located in the building middle storey. Moreover, distribution of DD from SATa is
nonlinear, and the maximum DD is located at the upper storeys. Table 9 shows the maxi-
mum DD of these buildings before and after mitigation and their locations. Noticeable
decreases in DD (2 ~30%) are observed due to locating one outrigger system along the

height of the considered buildings.
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Table 10 Maximum differences between moments from OA and SAT with/without mitigation

Building Max. diff. % bet. Storey Max. diff. % bet. Storey % reduction
OSAb & SATb OSAa & SATa

Bys 99 10 90 10 9

Bgs 554 20 175 20 68

By 19 39 49 31 59

Bgs 151 50 16 34 89

Bending moments

This section investigates the effect placing one outrigger system at the previously
selected locations along the height of buildings Bgs, By, By7, and Byg on decreasing the
deviations in moments between OA and SAT at ends of the horizontal members with
unsafe designs. The original design of these ends is classified as “unsafe” where the SAT
yields moments larger than those obtained from the OA. Figure 9 shows deviations
between the moments from OA and SAT with/without mitigation for the four buildings.
The deviations in moments are noted remarkably change throughout the building height
with/without mitigation. Table 10 shows the maximum deviations between moments
from SAT and OA and corresponding positions with/without mitigation. The table
shows that the decreases in the deviations between SAT and OA are between 9 and 89%
due to introducing one outrigger system along the building height. However, a change
in the differences is observed in the lower two-third of the buildings By, and B,g from
uneconomic differences of 19% and 32% to unsafe differences of 49% and 16%, respec-
tively. This indicates that the proposed location of the outrigger system might need to be
adjusted to better mitigate these increases in the differences between the OA and SAT.
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Table 11 Maximum deviations between shearing forces from OA and SAT with/without mitigation

Building Max. diff. % bet. Storey Max. diff. % bet. Storey % reduction
OSAb & SATb OSAa & SATa

Bgs 40 14 38 10 1

Bas 68 19 46 20 32

Shearing forces

This section examines the impact of applying Mitigation Alternative 3 on build-
ings Bys and By, which have beams, on decreasing the differences in shearing force
from OA and SAT at beam ends with unsafe designs. Figure 10 shows the deviations
between the shearing forces from OA and SAT with/without mitigation for the two
buildings. Deviations in shearing force remarkably vary throughout the building
height before or after introducing the outrigger system. Table 11 shows the maxi-
mum deviations between shearing forces from SAT and OA for the two buildings and
corresponding positions with/without mitigation. The decreases in the deviations
between SAT and OA due to utilizing the outrigger system reach 1 ~32% for building
Bgs and By, respectively. The proposed mitigation alternative does not totally miti-
gate the differences in shear forces between the two analyses.

Conclusions

Efficiency of three mitigation alternatives is examined to decrease the differences
between responses from OA and SAT. Dimensions for all internal vertical supporting
elements are magnified in Alternative 1, while dimensions of selected internal verti-
cal supporting elements are increased in Alternative 2. Alternative 3 is implemented
by introducing one outrigger system along the building height. The three alternatives
are examined by analyzing eight RC buildings having various number of storeys and
different structural systems. A comprehensive FEM, which considers time-dependent
effects, is utilized to conduct both OA and SAT for the analyzed buildings. One can

conclude the following outcomes:

+ When the cross sections of all vertical elements magnified by 50% (Alternative 1),
DD between vertical elements decreased by 48 ~ 84%.
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Alternative 1 resulted in reductions in deviations between moments and shearing
forces in beams and slabs from OA and SAT by 28 ~ 83% and 20 ~ 62%, respectively.
Although significant reductions in deviations between SAT and OA are achieved
due to adopting Alternative 1, none of the unsafe straining actions in beams and
slabs was totally mitigated.

Increasing the cross sections of internal columns by optimized dimension modification
factor (DMF) (Alternative 2) reduced DD between vertical elements by 10~ 115%.
When the studied buildings were mitigated using Alternative 2, deviations
between moments and shearing forces in beams and slabs from OA and SAT did
not exceed 5%.

Locating one outrigger system on mid-height of buildings with WF system and at
top of buildings with TT system (Alternative 3) reduced DD between vertical ele-
ments by 2 ~ 30%.

Adopting Alternative 3 resulted in decreases in deviations between moments and
shearing forces in beams and slabs from OA and SAT by 9~89% and 1~ 32%,

respectively.

Derived outcomes in the current article are limited to the studied buildings’ geom-

etries and structural systems. Additional analyses should be performed to generalize

these conclusions. Also, the study aimed at examining the efficiency of three mitiga-

tion alternatives in decreasing the differences between OA and SAT. An extension of

the conducted research work is expected by investigating the behavior of the miti-

gated buildings under seismic loads.
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