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QOutrigger; stiffness of the structures for economic reasons. In this paper,
Belt truss. the structure is modeled using the energy method and the

continuous beam model. The outrigger's optimum position is
calculated considering different loading patterns. It is
assumed that the lateral stiffness of the structure changes
with the height. An equivalent rotational spring is utilized to
model the belt truss and outrigger system. The results show
that the outrigger's optimum position depends on the type of
the lateral load as well as how the stiffness changes in the
height of the structure.

1. Introduction

Several resistant systems have been introduced to increase the efficiency of the framed tube
structures. One of these systems is the combined system [1-9]. In this method, a relatively rigid

How to cite this article: Salajeghe A, Kamgar R, Rahgozar R. Improving the Behavior of Non-Uniform Tall Structures in
Determining the Optimum Location of Belt Truss System. Comput Eng Phys Model 2020;3(3):34-45.
https://doi.org/10.22115/cepm.2020.230337.1107

2588-6959/ © 2020 The Authors. Published by Pouyan Press.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.22115/CEPM.2020.230337.1107
https://doi.org/10.22115/cepm.2020.230337.1107
http://creativecommons.org/licenses/by/4.0/
http://www.jcepm.com/
mailto:kamgar@sku.ac.ir
https://doi.org/10.22115/CEPM.2020.230337.1107
https://www.orcid.org/0000-0002-6575-7122

A. Salajegheh et al./Computational Engineering and Physical Modeling 3-3 (2020) 34-45 35

shear core is combined with the framed tube and the outrigger systems. This leads to having a
further reduction in the story displacement of the structure [10-25].

It is common to model the structure with a cantilever beam [7,22,26-30]. Besides, a linear
rotational spring is utilized to model the interaction between the structure and the outrigger
system. The linear rotational spring produces a moment that acts in the opposite direction of the
structure subjected to the lateral load. Therefore, it reduces the lateral displacement of the
structure. The important question is what position should be considered for the outrigger system
to perform a better performance subjected to the lateral load. Minimizing the story displacement
and drift ratio has been reviewed by several researchers to obtain the outrigger system's optimum
position. Using this criterion, several researchers have calculated the outrigger’s optimum
location subjected to the dynamic and static loads (e.g., earthquake and wind loads) [1-3,8,10].
In this research, three and two-dimensional buildings are considered to study the effect of the
outrigger's optimum position in the dynamic responses of the structures.

It is essential to determine the optimal values for engineering issues to reduce the cost and
increase productivity. Besides, numerous methods have been used to determine optimal values in
engineering problems [25,31-43]. The outrigger systems' behavior has been investigated by
different literature [13,14,20,24,44-46]. Stafford Smith and Coull [45], as well as Taranath [14]
proposed an approximate method for analyzing the belt truss systems. Also, Rahgozar et
al. [24,44] examined the stress distribution and displacement of the combined system in tall
buildings [24,44]. Hoenderkamp [4] and Hoenderkamp and Bakker [5] studied the effect of the
shear wall system combined with the outrigger system on the lateral displacement of the
structure. Kamgar et al [10,19] examined the responses of a combined system subjected to the
critical earthquakes.

The primary assumption for some of the existing literature is that the structure has a constant
stiffness along with the height of the structure. In this paper, the main aim is to find the
outrigger’s optimum position using energy criteria for the non-uniform tall building subjected to
the lateral load. Therefore, the behavior of the tall structure is modeled using a continuous beam
method. Also, a linear rotational spring is used to simulate the effect of the outrigger system.
This spring has been located at the position of this system. Then, the amount of energy stored in
the outrigger system is calculated based on the location of the system along with the height of the
structure for different types of lateral loading (i.e., concentrated, uniformly and triangularly
distributed lateral loading). The maximization of the values of stored strain energy in the belt
truss system results in finding the outrigger’s optimum position.

2. Formulation

2.1. Calculation the strain energy stored in the equivalent rotational spring

The following assumptions are used to model the studied structure, as shown in Fig. (1):

1- The slabs are used to cover the floors of the stories, and it is assumed that they are rigid on
their plane.

2- An equivalent linear elastic rotational spring is utilized to simulate the effect of the outrigger
system.
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3- A constant distance is considered between the adjacent columns through height of the
structure.

4- The fixed-end conditions are considered for the shear core and framed tube at the bottom of
the structure.

5- The materials are linear and homogeneous, and they follow Hooke's law.

6- The structure is symmetric around both of the main axes for all stories. Also, the coordinates
for the center of mass and stiffness are the same, and therefore, the structure does not twist.

7- The connection of the outrigger to the shear core is assumed to be rigid. The pinned-end
conditions are considered for the exterior columns. Therefore, only the axial forces are
transmitted to the outer columns.

According to the above assumptions, the structure has variable lateral stiffness along with the
height of the structure (see Fig. 1).

Fig. 1. A continuous model for the studied structure.

-

It should be noted that in Fig. (1), H, a, x, and Kr show the total height of the structure, the
outrigger’s position from the base of the structure, the distance from the bottom of the structure,
and the linear rotational spring, respectively.

The amount of stored strain energy is calculated as follows:

1 2
==k,0 1
kit M
where 0, shows the rotation of the outrigger system at its position.

The external work is defined as the done work subjected to lateral loading (e.g., wind and
earthquake load). The members of the structure store this work as strain energy. Therefore, the
outrigger and belt truss system can store a part of this input energy as a particular member of the
structure. Finally, when the energy absorbed by the spring is at its maximum value, the spring
has located at its best position. This implies that other structural members undergo less input
energy subjected to the lateral load, and therefore it reduces the damage in the structural
members.

Therefore, the derivative of the strain energy should be calculated relative to the position of the
rotational spring from the bottom of the structure (a). This value is set to zero to find the

. . . . . dE _
outrigger’s optimum location (i.e., Aa 0).
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In the next section, the values of €, and K, are computed as a function of the position of the

rotational spring (a). Also, the following section presents the values of equivalent stiffness for
the outrigger system.
2.2. Calculation the equivalent stiffness of the rotational spring

In this section, it is assumed that the lateral (bending stiftness EI(x)) and axial stiffness (4E(x))
of the structure change along with the height of the structure. These values are considered as Eq.
(2) based on Ref. [18]:

EI(x) = El,(1+ gx)™*?

AE(x) = AE, (1+fx)™™
where x, Ely, and AEy present the height of the structure from the base, the values of bending and
axial stiffness at the bottom of the structure, respectively. The parameters m,m’, and f are

2)

selected in such a way that they can trace the flexural and axial stiffness along with the height of
the building.

In the combined system, the structure's curvature will not be like a single beam when the
building is exposed to the horizontal loads. The belt truss and outrigger system connect the shear
core to the external columns. This leads to the formation of a turning point. Therefore, according
to Fig. (2), the set of external columns and the outrigger system reduce the lateral deformations
and base moment.

It has been known that the relationship between the moment (M) and the rotation of the rotational
spring can be written as follows, according to Figs. (1-3):

M=K, &)
0, shows the amount of rotation of the cantilever beam at the outrigger’s position. Also, the

following equation can be obtained based on Fig. (2):

M =Fxd (4)

Outrigger ¥

/

Outrigger

Shear core

Shear core

External
columns

d

Fig. 2. Reduction in the values of structural displacement considering the effect of the outrigger system.
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The amount of axial elongation for the exterior columns (J ) can be computed by considering
Eq. (2) subjected to the axial force F' (see Fig. 2).

_3 F ___F 1
5_OIAE(X)dx IBAEOm'[] (1+Iga)m’} (5)

Also, the produced moment in the rotational spring and the displacement created in the exterior
columns connected to the outrigger can be calculated using Egs. (6 and 7).

M =F xd (6)
d
3=0,%5 0
On can computed the equivalent stiffness of the rotational spring using Egs. (5-7).
BAE m'd?
K, = 0 ; (8)

2x(1-(1+pa)™)
As can be deduced from Eq. (8), the equivalent stiffness for the outrigger system depends on the
axial stiffness of the exterior columns and also rate of changes in the axial stiffness of the
surrounding columns through the height of the structure (A4Ey, m', and p), the distance between

the adjacent exterior columns (d) and the outrigger’s position (a).

2.3. Calculation the outrigger’s optimum position subjected to the uniformly distributed
lateral load

Based on the superposition principle, the value of 6, (rotation angle of beam at the outrigger’s
position) can be calculated by the summation of 6, (due to lateral loading) and 0,, (created by

the concentrated moment applied to the structure in the outrigger’s location). According to Fig.
(3), the 9&1 can be calculated as follows when a uniformly distributed lateral load will be applied

to the structure with intensity w:

H wH?  wx?
Camp), aWHCTo ) e 1 1
al ™ [ El dx = I m+2 dx = 2 ( m+1 m
0EIX) o Elg(1+8x) BeEly  (m+1)(I+pa) m(1+pa)
1 )+ wH 2 ( 1 ). W ((1 pytm ., 2 9)
T mm+D) " 2BEL (m+1)(1+pa)™L (m+1) 2B%EL, " (I-m) m(]+ﬂa)m
1 2

D)@ ™ mln?)?
Also, the value of 0, , parameter is equal to:

6, =] ey Kp<ts !
a2 5 EI(X) (MHDBEL ' (14 Ba)m

-1) (10)
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Therefore, the value of the 6, parameter can be computed as follows:

|
0, = ea,l +9a,2 - |_1

_ wH ( 1 1,1 )+ WHZ( 1

1 ﬁZEIO (m+])(]+ﬂa)m+1 m(1+pa)™ m(m+1)’  2B8El, (m+1)(1+Ba)™? an
- ) - W ((1+ﬂa)1 m 2 ) 1 ) 2 )

(m+1) 283EL, - (1-m) m(]+,3a)m (m+1)(1+Pa)™  m(I-m?)

AEym'd2 [(1+fBa) ™17

2Elo(M+1) [1-(1+Ba)™ ]

Now using Egs. (1), (8) and (11), the outrigger’s optimum position can be calculated by setting
the derivative of the strain energy stored in the spring to zero. The derivative should be computed
relative to the position of the rotational spring (a). By definition a new variable as & = (1 + fa) ,

for this state, the outrigger's optimum location can be computed as follows:

I, =1+

dE _ dE dK, , dE dé, —oofH( L 1, 1
da dK, da df, da B (mHL)EmHL pem - m(mtl)

L H? 1 1 2 1

2 ((m+1)§m+1 (m+1)) 2ﬁ2((1 m)§m1+m§m (m+1)§m+1 m(]m )}x

-m'E M| (M+2) | o-(m+1) £ D) _ ML) | (m2) (12)
{2(1{4“/)} {ﬁ(gr pemn,) HZ ﬁz(f 2% +TY))
_{i}x{i}:o

l, I
where
I:_(1_1+1)H2(1 )

3 B2 m+1)EmL em - m(mHl) T 28 g p)em (m+1)

(51”‘ 2 1 2 )

283 EDM mE™  (m+)E™ m(1-m?)

_ AEm'd? 1 (13)

= el e ) e Y
I5 = AEM'd*x {-(m+1)p ™A (1-¢™ )+ mpe D1 )
lg = 2(m+1)El,(1-&™ )?

By considering a constant stiffness along with the height of the structure (m =-2 and m’'=-1),
the outrigger’s optimum location is computed as a=0.4417H using Eq. (12) .
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2.4. Calculation the outrigger’s optimum position subjected to the concentrated lateral
load with intensity P

Similar to the previous section, when the structure is loaded by a concentrated lateral load (P)
located at the top of the structure, the 6, is obtained as follows:

_AM) , _F  P(x-H) __P 1 1
1L eI T B ™ BEl i pa (D) ”
1 + 1 + PH 1 1

m(l+fa)" m? PEIy { (m+1)(1+fa)™t (m+1)}
Also, the value of the 0, , parameter is similar to Eq. (10). Therefore, the value of the angle 0,

can be computed as follows:

9a:0a1+'9a2:I_7
¥ y I8
=P o 1 I S S O
"7 BPEL - (mrl)(1+pa)™t (D) (g M (15)
P 1 1
* gD (M1)(1+ )™ (m+1) }

— AEgm'd? a1

7 2Bl (M) (11 ™) T (1+fa)™

Now using Egs. (1), (8) and (15), the outrigger’s optimum position can be calculated by setting
the derivative of the strain energy stored in the spring to zero. Therefore, the outrigger’s
optimum position can be computed as follows:

dE _ dE dK, _ dE df, _ 1 1 1.1 1.1 1

da K, da T do, da 02 Grpyemt e o me)t Bl ama

B! F-(+1) (s s I (16)
_(m}kl))}x{'gﬁ_i.m') }+2x{-%é‘ 24 gt 1’+|—9}=0
10

where

;1,1 1 1 1,1, 1 1 AE,mM'd?
|9_{ﬁ2((m+])é:m+1 m+1 mém m)+ﬂ((m+])§m+l (m+]))}x{2E|o(m+l)}

x{(m+1)pE A1 g™ ) mipe ™D (1. ) 7

AEgm'd?  1-&(mH)

|10:{1'2(m+1)E|0( 1_§_mf )}{1_5-m’}2

Also, assuming a constant stiffness along with the height of the structure (m =-2 and m’'=-1),
for this state, the outrigger’s optimum position is calculated to be equal to a=0.6667H.
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2.5. Calculation the outrigger’s optimum position subjected to the triangularly distributed
lateral load with intensity W

Like the previous section, when the structure is loaded by a triangularly distributed lateral load
with intensity w, the 0, is calculated as follows:
~wH? +WHX_WX3
:TM(x)dx:?( 3 2  6H )dx: -W a 1 4 1
LUOEIX) T 0 Elg(1+ g™ 6B%ElpH ' (m-2)(1+pa)™2 (M-2)

N 3 .3 .3 .3, 1 ] }

(M-1)(L+pa)™t ML m(l+pa)m M mt1)(1+pa)™ (MHD) (18)
WH 1 1 1

opEn (1+ﬂa)m T s D)

WH? {1- }
" 3BEly(m+I) (1+pa )m+1

Also, the value of the angle 0, , is similar to Eq. (10). Therefore, the value of the angle 0, can be

computed as follows:

Oy =01 10,5 _:11:
| = W {_ 1 —+ 1 + 3 _ _ 3
W 6p4ELH Y (m-2)(1+fa)™2  (M-2)  (m-1)(I+Pa)™! M-1 p(l+pa)m
3 1 1 WH 1 1
g 0 22en e pan M (19)
1 WH?2

(m+l)(l+,3a)m+1 (m+1)} 3ﬂEIO(m+]){ (I+fa )m+1}

AEmM'd2 [(1+fa)(™MD-1]
2Elp(M+1) [1-(1+Ba)™ ]
Now using Egs. (1), (8) and (19), the outrigger’s optimum position can be calculated as follows:

I, =1+

dE _ dE dK, , dE do, 1 1 1 3

—= + =0 - - + +

da dK, da db, da =1 6Hﬁ4( (m-2)cm2 - (M-2) * (m-1)cmL
3 3 .3 1 1 H, 1.1 1

) (m-1) ) mem +m+ (m+1)ézm+l ) m+]_)+ 2ﬁ2 (- mEm m+ (m+1)4:m+1 . (m+]_))
LS. | BT
T3 () (m+1) 2(1-5-m' ) 6Hﬁ3

(m+1) _ ~(m+2) ) 1 1 1 3
"2 x(f < ) +{ 1, 4 s 6Hﬁ4 ( (m-2)EM-2 T2t (m-1)Em1
3 3 .3 1 1,1 1

D mem m (m+1)5m+1 ) m+1 A 2/32 ¢ PRI (v )
ASR— )
T3 (meL)emH (m+1)

><(é:(ml) 35 +35(m+1) é(m+2))
(20)
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where

L. = AE;m'd2ly5

B 2(m+)Elg [1-¢™ /2

|, =1+ AEomd? (&OD-1 1)

2(m+1)El t 1.
s =M+ 1) ™D 1M ]+ mipge ™ - gD

Therefore, by assuming a constant stiffness along with the height of the structure (m =-2 and
m'=-1), for this state, the outrigger’s optimum position can be computed as a=0.4903H using
Eq. (21).

3. Results

Table (1) shows a comparison between the results of the present study and other existing
research.

Table 1
A comparison between the outrigger’s optimum position obtained by different methods.
Outrigger’s optimum position
Kamgar and
Rahgozar [10]

Load type Present study and Jahanshahi SAP 2000 [6] Rahg(?zar and
Sharifi [24]
and Rahgozar
[6]
Uniformly
distributed lateral 04417 H 0441 H 0.400 H 0.545 H
load
Concentrated load 0.6667 H 0.667 H 0.700 H 0.667 H
Triangularly
distributed lateral 0.4903 H 0.490 H 0.530H 0.571H
load

It can be concluded from Table 1 that a good agreement exists between the results of the present
study and existing research. Besides, the results show that the outrigger’s optimum position
depends on the type of the lateral load and also how the axial and bending stiffnesses of the
structure change through the height of the structure (see Egs. (12, 16, and 20) and Table 1). It
should be noted that using the introduced equations (see Eqgs. 12, 16, and 20), the outrigger’s
optimum location can be calculated for the desired stiffness changes along with the height of the
structure.

4. Conclusion

Here, the outrigger's optimum position is determined for the desired stiffness changes along with
the height of the structure. Therefore, the structure is modeled using the energy method and the
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continuous beam model. Then, the outrigger’s optimum position is determined for different
lateral loading patterns. It is assumed that the lateral stiffness of the structure varies through the
height of the structure. Besides, an equivalent rotational spring is selected to simulate the effect
of the outrigger and belt truss system. Finally, the outrigger’s optimum location can be calculated
by setting the derivative of the strain energy stored in the spring to zero. The results show that
the outrigger’s optimum position depends on the type of lateral load and the structure's stiffness.
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