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Controlling the deflection of long
steel beams using pretensioned
cables

Nader Fanaie’ and Fatemeh Partovi’
'Department of Civil Engineering, K. N. Toosi University of Technology, Tehran, Iran,
25chool of Engineering, University of British Columbia, Kelowna, BC, Canada

Notations

AF  the increment of the pretensioning force in the cable

M(x) bending moment

U total strain energy

q uniform distributed load

Iy beam length

I, inclined cable length

Ap cross-sectional area of beam

A, cross-sectional area of cable on both sides of the web

Ep elasticity modulus of beam

E, elasticity modulus of cable

I moment of inertia of beam

(7] angle of inclined cable with the horizontal axis

Yo distance of neutral axis to the connection point of steel cable to the beam flange (half
of the height of beam web)

a the distance between the inclination change region of the cable and the support (hori-
zontal projection of inclined cable)

I the lengths of the first inclined cables, c1

I the lengths of the second inclined cables, ¢2

6, the angle between the first inclined cable and horizontal axis

0, the angle between the second inclined cable and horizontal axis

M fixed end moment

F total cable force

Fpy initial pretensioning force of the cable

A maximum deflection

m(x) bending moment under virtual loading

2.1 Introduction

Cables as essential structural elements can withstand tensile force and, in general,
improve the bearing capacity and the structure’s stiffness [1]. Structural applica-
tions of steel cables have been recently increased in the construction industry. Hou
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and Tagawa [2] established an innovative seismic rehabilitation method to promote
steel flexural frames using cable-cylinder bracing. It was reported that this method
improves the story’s lateral strength without reducing the flexural frame’s ductility.
Fanaie et al. [3] proposed theoretical equations for the system of cable-cylinder
bracing employing a rigid cylinder such as a steel cylinder. They validated the
results using Abaqus [4] finite element (FE) models. The authors further investi-
gated seismic performance of steel flexural frames reinforced by cable-cylinder
bracing and achieved acceptable conclusions [5]. Giaccu [6] studied the nonlinear
dynamic response of pretensioned-cable cross-braced structures while there was
slackening in the braces. He found a direct correlation between equivalent fre-
quency and slackening in the braces.

The most effective way to reduce the steel requirements and to improve the bear-
ing capacity of steel beams is to pretension them using high-strength cables. The
first and foremost structure that was pretensioned was the reinforced concrete struc-
ture. Brunesi et al. [7] investigated numerically and experimentally the shear capac-
ity of precast-prestressed hollow-core slabs. Based on the obtained results, they
showed that peak shear stress was localized at the bottom side of the cross section
rather than at the level of the centroid. Al-Negheimish et al. [8] experimentally
studied the long-term deflection of prestressed hollow core slabs. They compared
their results with the predictions of the effective modulus approach, which considers
the creep and shrinkage models recommended by ACI 209 Committee [9]. The pre-
tensioned steel cables in steel beams were used by Dischinger and Magnel for the
first time. The pretensioned steel structures are being built around the world, partic-
ularly in the United States, Germany, and Russia. This illustrates the economic and
structural advantages of pretensioned steel beams comparing with the non-
prestressed beams. The method of pretensioning is proper for constructing new
structures and reinforcing the existing ones [10].

Many studies have been conducted to evaluate the performance of pretensioned
concrete and composite beams applying steel cables. Le et al. [11] experimentally
investigated the use of both unbonded carbon fiber—reinforced polymer (CFRP)
tendons and steel tendons on precast T-section segmental concrete. They demon-
strated that CFRP tendons could replace steel tendons, and the beams attained both
good strength and ductility capacity. Pisani [12] analyzed the simply supported con-
crete beam externally prestressed under sustained loads. He developed two numeri-
cal methods capable of representing the time evolution of both the stress
distribution and the displacements of a simply supported concrete beam prestressed
externally. He also provided an instance to calibrate the accuracy of the methods.
Lou et al. [13] numerically investigated the flexural response of continuous exter-
nally fiber-reinforced polymer prestressed concrete beams including different line-
arly transformed cable profiles. According to the results, they concluded that the
cable shift by linear transformation does not affect the basic performance at all
stages of loading up to failure. They also confirmed that the secondary moments
differ linearly with the cable shift. Ayyub et al. [14,15] experimentally and analyti-
cally evaluated prestressed steel-concrete composite beams benefiting steel cable,
wherever there are positive or negative bending moments. It was revealed that
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pretensioning increased the ultimate strength. Nie et al. [16] derived theoretical
equations to obtain both yield and deflection and ultimate moments of prestressed
steel-concrete composite beam, which was simply supported regarding the effect
of slip. They compared the experimental results to the suggested formulas. Zhou
et al. [17] performed the empirical investigation and numerical modeling of pre-
stressed composite beams exposed to positive moment and fire. They showed that
the cable strands’ stress highly affected the fire resistance of composite beams,
which were prestressed with external tendons. Some scholars have explored the
behavior of prestressed steel beams with steel cables, including Troitsky [10] who
examined that utilizing cables. He concluded that steel cables increase the stiff-
ness of the beam and reduces its deformation. Belletti and Gasperi [18] analyzed
the performance of I-shaped steel beams, which were simply supported and pre-
stressed by tendons, emphasizing two parameters, including the value of prestres-
sing force and the number of deviators. The flexural behavior of steel I-beam
prestressed with externally unbonded tendons was analytically and experimentally
investigated by Park et al. [19]. It was deduced that the yielding and ultimate
bearing capacity of steel I-beam were significantly increased. Fanaie et al.
[20—22] utilized the methods of least work and virtual work to generate theoreti-
cal relations for calculating the increment in the pretensioning force of cables due
to the external loading and the steel beams’ deflection having various support
conditions and cable patterns, respectively. To validate the theoretical relations,
they developed numerical models of steel beams with different support conditions
and cable patterns in the Abaqus FE software. Kambal and Jia [23] proposed an
FE model to examine the effectiveness of the prestressing method regarding the
flexural behavior of a steel box girder, which was simply supported. They con-
firmed the preciseness of the suggested formulation with the experimental results.
Zhang [24] investigated the analytical solutions for the symmetric and antisym-
metric elastic lateral-torsional buckling of prestressed I-shaped steel beams with
equal end moments and rectilinear tendons. Thai et al. [25] analyzed various types
of cable net and optimized their volume as an objective function. They considered
the allowable stress and maximum displacement as the optimization restrictions.
They applied the appropriate pretensioning forces to the cable nets to decrease the
displacement of the structure and achieved an optimum volume. According to the
results, they indicated that when the displacement constraint was relatively small
or the allowable stress was relatively large, the pretensioning forces performed a
critical role in achieving the optimum volume.

Controlling the deflection of beams (specifically long beams) causes challenges
for the structural designers. Therefore this research focused on controlling the
deflection of steel beams with different support conditions and cable patterns. The
increment in the pretensioning force of the cable under external loading can be
obtained based on the least work method. The relations of maximum deflection of
steel beams with various cable patterns are derived then benefiting the virtual
work method. Eventually, the theoretical relations are verified with numerical
models.
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2.2 The pretensioned symmetric I-shaped steel beams
with steel cables

As shown in Fig. 2.1, symmetric I-shaped steel beams, which have different support
conditions, that is, simply supported, fixed supported, and cantilever beams, are pre-
tensioned with varying cable patterns employed in both sides of the web and under
external loading. It is observed that the cables are restrained to the top flange of the
beam at both ends. After that, they pass through the deviators on the bottom flange
of the beam and produce a V-shaped pattern, a modified V-shaped pattern and
accompanied by two V-shaped patterns [20—22].

The following hypotheses are considered to analyze the pretensioned symmetric
steel I-beams with steel cables:

. The cable and steel beam are made of a linearly elastic material.

. The deformations are small.

. The shear deformation is not included.

. The friction loss and the relaxation of a steel cable are not taken into account.
. The steel section is compact and hot rolled.
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Figure 2.1 Pretensioned symmetric steel I-beams with steel cables subjected to external
loading: (A) a beam with simple supports and the V-shaped cable pattern; (B) a beam with
fixed supports and the V-shaped cable pattern; (C) a beam with simple supports and the
modified V-shaped cable pattern; (D) a beam with fixed supports and the modified V-shaped
cable pattern; (E) a beam with simple supports and two V-shaped cable patterns; (F) a beam
with fixed supports and two V-shaped cable patterns; (G) a cantilever beam with steel cables.
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2.3 The increment of the pretensioning force in the
cable under external loading

The distributed loading is uniform, therefore the length of the cable increases by
AL, causing the pretensioning force in the cable, F),, to increase by AF. The struc-
ture is statically indeterminate and the static equilibrium relations are not enough to
determine AF. As a result, the least work method can be used to determine the pre-
tensioning force’s increment in the cable.

Based on the least work method, the relation of the steel beam’s total strain
energy caused by the axial force and the bending moment is differentiated to AF.
Also, the total strain energy of the cable due to its axial force is differentiated to
AF. The increment of the pretensioning force in the cable, AF, was calculated by
equating the result to zero.

2.3.1 The beam with simple supports and the V-shaped cable
pattern

The increment of the pretensioning force in the cable equals AF in the beam with
simple supports and the V-shaped cable pattern (Fig. 2.2). Accordingly, the axial
force of the beam equals AFcosf. Furthermore, the bending moment and eventually
the resulting strain energy can be calculated for half of the beam in a symmetric
structure with a symmetric loading (Fig. 2.2). The strain energy is duplicated then
to obtain the bending strain energy of the beam in whole. Therefore the bending
moment for half of the beam with simple supports and the V-shaped cable pattern
subjected to uniform distributed loading is determined using the following relation
[20]:
For0=x= % range:

2
M(x) = AFcosfyy — (AFsinH - %lb)x - % 2.1
q
A
iN . - ) — )\ IN.S.
lc Yo
A 2 —— 2 !
b |

Figure 2.2 The beam with simple supports and the V-shaped cable pattern.
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Because both the structure and the loading are symmetric, the equation of total

strain energy is obtained as below:
Iy
1 (2 . . 2\?
AFcosOyg— | AFsinf— % |x— %) dx+2X
0

2(ED),

AF?l.

U=2X
2(AE),

N (AFcost)’l,,
2(AE),
@ + AF?sin*0 + AF*lyy3cos*0
240 24 2

1
B (ED), _AlegyosinHCOSH _ 5qAFl}sing + gAFLyocosd
4 192 12

AF?l,  AF*l,cos%6
(AE). 2(AE),

(2.2)

Using the least work method, differentiating the total strain energy equation to
AF, and equating the result to zero, the increase in the pretensioning force of the
cable (AF) is determined as below [20]:

ou
—— =0 2.3
O(AF) 2.3)
AF = 5ql}sing — 16qL5yocost 2.4)
16 (l?,sinZG + 12lpy3cos0 — 612y,sinfcost + Z‘EZEEI))fl(- + 121h%0329)

where ¢ presents uniform distributed load; [, and /. are used for the lengths of the
beam and inclined cable, respectively; A, presents the cross section of the beam and A,
presents the cross section of the cable at both sides of the web; E}, and E, are used for
modulus of the beam and cable, respectively; I, presents the steel section’s moment of
inertia; yo is used for the distance between the steel cable’s connection point to the
beam flanges (half of the height of the beam web) and the neutral surface; and finally,
0 is the angle between the inclined cable and the horizontal axis.

2.3.2 The beam with simple supports and the modified
V-shaped cable pattern

As it is presented in Fig. 2.3, in the beam with simple supports and the modified V-
shaped cable pattern, the increment of the cable’s pretensioning force equals AF in the
inclined parts. It also equals AFcosé in the horizontal part to maintain a constant bend-
ing moment within the region that cable inclination changes. Accordingly, the beam’s
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q
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Figure 2.3 The beam with simple supports and the modified V-shaped cable pattern.

axial force equals AFcosf. Therefore, as mentioned before, due to the existed symme-
try in the structure and loading (Fig. 2.3), the bending moment for half of the beam
with simple supports and the modified V-shaped cable pattern subjected to the uniform
distributed loading is calculated by using the following relations [20]:

For 0 =x = a range,

1 2
M, (x) = AFcosfy, — (AFsin9 - %)x - % (2.5)
Fora=x= % range,
glyx  gx*
M2(x) = - AFCOSQyO + T - 7 (26)

Considering the existed symmetry in the structure and loading, the total strain
energy equation can be obtained as below:

2
@ [ AFcosfyo— | AFsinf— 2 ) x— ) ax
fo y 5 5

= — b
2(ED), 2 N
+ (—AFCOJGyO + 4 — %) dx
2 2 2
X AF-l, + (AFcosO) (I, — 2a) . (AFcos)1,
2(AE), 2(AE), 2(AE),
2B AF’d3sin?0 - AF?l,y3icos*0 AFa*sin
[ A AT s singeon + ST
a (ED), _qAFlbaSJinO _ 2gAFyoa’cost + gAFlyodcosd — gAFLyocosd
3 3 12
AF?l.  AF*(l, — 2a)cos*0 + AF2l,cos%0
(AE), 2(AE), 2(AE),

Q2.7)
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Using the least work method, the increment of the cable’s pretensioning force
(AF) is estimated by the following equation [20]:

— 3qa’sind + 4qlya’sinf + 8qyoa’cosd — 12qlyyoa’cost + qliyocosd
4 (2a3sin2 0+ 3lpy3cos?0 — 6yoatsinfcost) + 3EDL 121, + (I, — 2a)cos?0] + %;”20)

(AE),
(2.8)

AF =

where a is the distance between the inclination change region of the cable and
the support (horizontal projection of inclined cable).

In Eq. (2.8), when the length of the horizontal cable (I, —2a, as observed in
Fig. 2.3) approaches zero, Eq. (2.4) is acquired related to the V-shaped cable pattern.

2.3.3 The beam with simple supports and two V-shaped cable
patterns

In the beam with simple supports and two V-shaped cable patterns (Fig. 2.4), the
increment of the pretensioning force in the cable equals AF in the first inclined
part (Cy). It equals Afo‘f;e‘ in the second inclined part (C,) to maintain a constant
bending moment within the cable inclination change region. Accordingly, The axial
force of the beam equals 2AFcosf;. Therefore, as mentioned before, because the
structure and the loading both are symmetric (Fig. 2.4), for half of the beam with
simple supports and two V-shaped cable patterns subjected to the uniform distrib-
uted loading, the bending moment is calculated as below [21]:

For 0 =x = a range,

! 2
M, (x) =2AFcosb;yy — (AFsian + AFcosOtan0, — %)x - % (2.9)
Fora=x= % range,
glyx  qx*
M,(x) = — AFcosOtanb,a + —— T o (2.10)
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Figure 2.4 The beam with simple supports and two V-shaped cable patterns.
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Because the structure and the loading both are symmetric, the equation of total
strain energy is obtained as below:

1

2
5' (ZAFcosélyO— <AFsin91 +AFcosttanf, — %)x— ﬁ) dx
2(ED),

2
I

2 2
+J (—AFcosé’ltaneza-i- %"x — ﬁ) dx

U=2X

2
a

2
(AFﬂogs(%) 1 ) 5
2 cosB, C
+2% AF lcl +2% T (ZAFCOSQI) lb
2(AE), 2(AE), 2(AE),

215 AFlya’cos0;tanf
4AF*2acos*0; + ng + % + qAFlyyoa’*cost)

_qAFl?,acos@ltanGZ _ 2AF2a3cos?0;tan?6, + gAFa*sin,
12 3 4
1 7qAFa400591tan02 _ 2gAFyoa’cost, . 2AF?asin0, cosO,tanb,
3

(ED), 12 3

AFl,asinf
*% — 2AF%yoa®sind cost; — 2AF?yoa*cos*0, tanb,

+ AF2l,dcos*0 tan*6, . AF?a3sin6,
2 3
Alecl + AF21C260S2491 2AF21b60S291
(AE), (AE).cos20, (AE),

@2.11)

Using the least work method, the pretensioning force’s increment of the cable
(AF) is determined as below [21]:

—2qly,a’cost tanl, — 12ql,yoa*cosd; + qlgacosé)ltanﬂz
AF = — 3qga*sind, + qa*cosdtanb, + 8qyoa’ cosd, + 4qlya’sind,
24y(2)acos20] — 4aPcos?0, tan®6, + 4a’sind, cosd tand, — 12yya’sind cosh,
— 12y0a’cos*0,tanb + 3l,a*cos?0tan0, + 2a’sin®6),

EI c0s? 121, 2
+ 6(EI), . lpcos“0; 4 plpcos=0q
(AE), cos%0, Ap

(2.12)

where [.; and [, present the lengths of the first and the second inclined cables,
¢l and ¢2, respectively. Meanwhile, 0; presents the angle between the first inclined

cable and horizontal axis, and 6, is used for the angle between the second inclined
cable and horizontal axis.



26 Seismic Evaluation, Damage, and Mitigation in Structures

2.3.4 The beam with fixed supports and the V-shaped cable
pattern

The increment of the cable’s pretensioning force equals AF in the fixed supported
beam along with the V-shaped cable pattern (Fig. 2.5). Consequently, the axial
force of the beam equals AFcosf. Moreover, using the least work method, since
there are two degrees of indeterminacy (the increment of the cable’s pretensioning
force, AF, and the fixed end moment, M) in the beam with fixed supports and V-
shaped cable pattern, the total strain energy equation should be differentiated to
both AF and M and then equals zero to obtain AF and M. Therefore the bending
moment for half of the beam with fixed supports and the V-shaped cable pattern
subjected to uniform distributed loading can be obtained by the following relation
[20] in order to determine the total strain energy:
For0=x= %’ range,

: qlp ¥
M(x) = — M + AFcosfyy — AFSli’ltg—? X= (2.13)

Because the structure and the loading both are symmetric, the relation of total
strain energy is obtained as below:

b 2
U=2X 2(E11)b J; (—M+AFcos€yo —(AFsinf— %)x— %) dx +2 X ZA(j;l)i
L AF?Bsin*0  AF*lyy3cos*0
240 24 2
(AFcosb)’l,, 1 B AF*Byosinfcosd B 5qAFlising | gAFByocost
24E),  (EI), 4 192 12
+ MiAIZf,smﬁ — M AFl,ygcost — #2113’ + @

AF?l,  AF?lycos?0
(AE), 2(AE),

(2.14)

Using the least work method, the fixed end moment (M) and the pretensioning
force’s increment of the cable (AF) are calculated using the following equations [20]:

M= q_li _ AFl,sin0

+ AF 2.1
2 ) Yocost (2.15)

4 .
AF = glysinf (2.16)

3.0 96(EI), 1. 481,1,c0s20
4(lbsm 0+ @B, T A )
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As Fig. 2.5 presents, if sinf = 2ly0 and cos0 = T were replaced in Eq. (2.16), the
fixed end moment (M) would be equal to 33 al related to the moment at a fixed end in

steel beam without cable.

2.3.5 The beam with fixed supports and the modified V-shaped
cable pattern

In the beam with fixed supports and the modified V-shaped cable pattern (Fig. 2.6),
AF presents the increase in the cable’s pretensioning force in the inclined parts.
Pretensioning force of the cable in the horizontal part should be AFcosf to main-
tain a constant bending moment at the cable inclination change region. Therefore
the beam’s axial force equals AFcosf. Moreover, the beam with fixed supports and
the modified V-shaped cable pattern has two degrees of indeterminacy (the preten-
sioning force’s increment of the cable, AF, and the fixed end moment, M). Thus
the bending moment for half of the beam with fixed supports and the modified V-
shaped cable pattern subjected to uniform distributed loading is determined by the
following relations [20] to obtain the total strain energy.
For 0 =x = a range,

. qlp gx*
Mi(x) = — M + AFcosbfyy — AFsmH—? x—T 2.17)

Fora=x= %” range,

l 2
My(x)= —M — AFcosﬂyo-f—Tbx % (2.18)

Because the structure and the loading both are symmetric, the total strain energy
can be obtained as below:
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Figure 2.5 The beam with fixed supports and the V-shaped cable pattern.
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2
Iy (*MJr AFcostyy— (AFsinG* q—é”)x* %) dx
1

=2X —— Ly
2(ED), 2 N2
+ (*M*AFcosOyo + Lz"x — %) dx
2 207 _ 2
X AF-I, 4 (AFcost)(I, — 2a) N (AFcost)~1,
2(AE), 2(AE). 2(AE),
2B AF*d3sin*0  AF?l,ycos*0 AFa'sin
% a3 T hzocos — AF%yya®sinfcost + qera S Z o
_ 1 _qAFl;,a3sin9 _ 2gAFyoa’cost + gAFlyod cosd — gAFLyocosd
(ED), 3 3 12
ME M2
+MAFa?sin® — 4MAFyoacosd + MAFl,ygcos — % + Th
AF?l,  AF*(l, — 2a)cos*0  AF?l,cos*0
(AE), 2(AE), 2(AE),
(2.19)

Using the least work method, the fixed end moment (M) and the increment of
the cable’s pretensioning force (AF) are obtained as below [20]:

qli _ AFad’sind + 4 AFypacost
12 Iy Iy

— AFyycost (2.20)

_ —3qlya'sind + 4qEa’sinf — ql3a®sind + 8ql,yoa’ cosd — 12qLyoa*cost + 4qliyoacost9
— 3atsin?0 + 2Uya’sin®6 — 48y3a’cos*0 + 241,y3acos*0 + 24yoa’sinfcosd
31,(ED), N 31,2 cos*9
(AE)L‘ Ap

AF

4

— 12l,ypasinfcosd + [21, +(p — 2a)c0s20]

2.21)

In Eq. (2.21), if the length of horizontal cable (I, — 2a, presented in Fig. 2.6)
moved toward zero, Eq. (2.16) would be acquired related to the V-shaped cable
pattern.

q
— B IN.S.
] ‘ i3
A a |I l,-2a l\’ a B
Iy

Figure 2.6 The beam with fixed supports and the modified V-shaped cable pattern.
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2.3.6 The beam with fixed supports and two V-shaped cable
patterns

In the beam with fixed supports and two V-shaped cable patterns (Fig. 2.7), the incre-
ment of the pretensioning force in the cable equals AF in the first inclined part (C,)
and equals A(%‘gf' in the second inclined part (C,) to maintain a constant bending
moment at the cable inclination change region. Accordingly, the axial force of the beam
equals 2AFcosf;. Furthermore, the beam with fixed supports and two V-shaped cable
patterns has two degrees of indeterminacy (the increment in the pretensioning force of
the cable, AF, and the fixed end moment, M). Therefore the bending moment for half
of the beam with fixed supports and two V-shaped cable patterns subjected to a uniform
distributed loading is obtained as below [21] to determine the total strain energy:
For 0 =x = a range,

l 2
M (x)= —M +2AFcosb,yy) — (AFsinGI + AFcosOtan0, — %)x - % (2.22)

Fora=x= % range,
gl gx*
2 2

Because the structure and the loading both are symmetric, the total strain energy
is determined using the relation as below:

M(x) = — M — AFcos0 tanba + (2.23)

2
J"g (*M+2AFcos0|yo - (AFsinﬁl + AFcos6tan0, — %”’)x* "—gz) dx

Iy

2(ED), 2
.|

a

U=2X

2
(—M—AFcos()ltanﬁza-i- @ — %) dx

2
(AFcosal) )
2 cost, C. 2
2% AF?l. +ax N (2AFcosb)1,,
2(AE), 2(AE). 2(AE),
ﬁ + M2, + gAFlya?cos, tanb,
240 2

_ gAF, liacos@l tanf,

+ gAFlyyoa*cosb,

2AF?a’cos?0,tan’6
+ AFMlyacos0,tanf, — arcos itan o2

12 3
AFa*sinf AFa*costtanf
1 + AFMa*siné, +4AF2y3acoszt91 + 4274 UL _ 427G cosianta
_ 4 2
(ED), 3 2.3 i 3
_ZqAFyoa* cost; + 2AF“a’sinfcosbtanb, _ qAFl,a’sint,
3 3 3

— AFMa?costtant, — 2AF*yoa’sinfy costy — 2AF2yoa*cos*0,tanf;
AP lyd2cos0itan®0y;  gME  AF2@sin®0
—4AFMyoacost + pa_cosbilan s gMi, a’sin6,

2 12 3
AF2l.,  AF?l,c05%0,  2AF%l,cos0,
(AE), (AE).cos%0, (AE),

(2.24)
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Figure 2.7 The beam with fixed supports and two V-shaped cable patterns.

Using the least work method, the fixed end moment (M) and the increment of
the pretensioning force in the cable, AF, are determined as follows [21]:

2 2; 2

AF AF 4AF

M= —(ilzb — AFacosOtan6, — al sin + a cols91tan92 + y(l)acos91
b b b

(2.25)

—2q1127a cosOtanf, — 12qlbyoa cov@l qlba sinf — 3qly,a*sinf| + qlya*cosd tand,
+ 8ql,yoa*cost + 4ql a’sinf, + qlba cosOtanf, + 4qlby0acos91

—21,a*sinb; cosOtandy + 2lya*cos?0,tan®0, + 121,yoa’cos? 6, tand, — 3a*sin?6,
+6a*sind cost tanb, + 24yoa’sindcosd; + 24lby0acm201 — 3a*cos?0,tan’0,
— 24yoa’cos?0tanb, — 121,y0a%sind; cosd, — 48y0a 2c0s%0, + 2lpa’sin®0,
6l,(EI), l.pcos?0, 121blbcos 2]

(AE). o cos*0, Ay

(2.26)

As Fig. 2.7 shows, if sinf; = \/L—“, cost| = \/t“, and tan@z =

replaced in Eq. (2.25), the fixed end moment would be equal to 1” related to the
fixed end moment in the steel beam without cable.

2.3.7 The cantilever beam along with the cables

Since the steel cable inclination is constant, the increment in the pretensioning force of
the cable equals AF in the cantilever beam along with the cables (Fig. 2.8).
Accordingly, the axial force of the beam equals AFcosf. Therefore the bending
moment of the cantilever beam along with the cables under uniform distributed loading
is achieved by the following relation [22] to calculate the total strain energy.

For 0 =x =1, range,

2

ql; . gx
M(x) = AFcosOyy — 5 (AFsinf — qly)x — > (2.27)
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Figure 2.8 Cantilever beam along with cables.
The total strain energy is determined through:
(I 2 2\’ AF?,
U= AFcosfyo— Lt —(AFsinf—qly)x— %) dx + ‘
2ED, L ( cosflyo— 5 —(AFsind—qly)x— 5 i+ 5 )

ﬁ " AF*Lsin*0
(AFcost)*1, 1 20 3

2(AE), 2(ED),

+ Aleby%coszﬁ

gAFl}sinf _ gAFByocost

— AF?yosinfcost +
LYosinOcos 0 3

AF?l,  AF?l,cos%0
2(AE), 2(AE),

(2.28)

Using the least work method, the increase in the pretensioning force of the cable
(AF) can be determined as below [22]:

AF = — glysind + 4qll37yocos9 (2.29)

8 (lZsmzﬁ + 3lby(2)C0S20 — 31%)}051.719605‘9 + 32]1:‘2);,% + 31;,1220529)

2.4 Deflection

Using the method of virtual work and neglecting the effects of shear and axial
force, the beams’ deflection with different types of support both without cable and
with different cable patterns can be determined by using the method of virtual
work. Maximum deflection of the beams with simple supports, fixed supports, and
cantilever beams without cable subjected to uniform distributed load ¢ with length
and flexural rigidity of /, and (EI),, respectively, is obtained as follows:

The maximum deflection of beams with simple supports without cable:

5ql}

= 2.30
47 384(EI), (2.30)
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The maximum deflection of beams with fixed supports without cable:

A = qilﬁ (2.31)
"4 3R4(EI), '
The maximum deflection of cantilever beams without cable:
ql}
end = 2.32
Y ED), (2.32)

2.4.1 Maximum deflection of the beam with simple supports
and the V-shaped cable pattern

Due to the existed symmetry in the structure and loading (as presented in Fig. 2.2),
the bending moment for half of the beams with simple supports and the V-shaped
cable pattern subjected to real loading with the cable force equal to F is calculated
as follows [20]:

For0=x= %’ range:

! 2
M(x) = Fcosfyy — (Fsin@ - q—2b>x - % (2.33)

where F' = F,, + AF presents the total cable force; F), is used for the initial pre-
tensioning force of the cable; and AF shows the increment of the pretensioning
force in the cable.

In the analysis of the structure subjected to virtual loading, the constraints can
be omitted to make a stable determinate structure in case the system was indetermi-
nate. In the system of beam and cable, the cable is a redundant constraint.
Therefore it can be removed. Thus the bending moment for half of the beams with
simple supports under virtual loading (Fig. 2.9) is calculated as follows:

For0=x= %” range:

m(x) = g (2.34)

Figure 2.9 Simply supported beam under virtual loading.
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Using the method of virtual work, the maximum deflection of the simply sup-
ported beam along with the V-shaped cable pattern is obtained through [20] as

below:
I
M(x)m(x) 2 [? qlp gx*\ /x
X = — - —
I XA J i dx = (EI),, J FcosOyy — (Fsinf — 5 —)x — > ( 2) dx
1 Sql4 Flhsmf) FI2yocost (2.35)
(EI),7 384 24 8

2.4.2 Maximum deflection of the beam with simple supports
and the modified V-shaped cable pattern

Due to the existed symmetry in the structure and loading (as presented in Fig. 2.3),
if the cable force was equal to F in the inclined parts and equal to Fcosf in the hor-
izontal part, the bending moment for half of the beam with simple supports and the
modified V-shaped cable pattern subjected to a real loading is calculated through
[20] as below:

For 0 =x = a range,

2

l
M (x) = FcosOyy — (Fsin0 - 6]217>x - % (2.36)
Fora=x= %” range:
qlyx _ gx’
M, (x) = — Fcostyy + —— T (2.37)

Using the virtual work method, the maximum deflection of the beam with simple
supports and the modified V-shaped cable pattern is calculated using Eq. (2.34) as
follows [20]:

. I
fo (Fcos@yo — (Fsinf — a b) K ) (5) dx
IXA = jM()c)m(x) 2 Iy

EI (EI)b £} 5

qlpx  gx

+| |- ey ) e
Ja ( FcosOyy > 5 ) ( )dx
1 Y Fasi FL2
- [ P e Pt
b

(2.38)
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In Eq. (2.38), if the length of horizontal cable (I, — 2a, as observed in Fig. 2.3)
moved toward zero, Eq. (2.35) would be acquired related to the V-shaped cable
pattern.

2.4.3 Maximum deflection of the beam with simple supports
and two V-shaped cable patterns

Because the structure and the loading both are symmetric (as demonstrated in
Fig. 2.4), if the cable force was equal to F in the first inclined part (C;) and equal
to FC%Z‘ in the second inclined part (C,), the bending moment for half of the beam
with simple supports and two V-shaped cable patterns subjected to a real loading
would be calculated through [21] as below:

For 0 =x = a range,

l 2
M, (x) =2Fcosfyy — (Fsin91 + Fcosb,tan6, — %)x - % (2.39)
Fora=x= %” range,
glyx ¥
M (x) = — Fcosbtanb,a + > T (2.40)

Using the virtual work method, the maximum deflection of the beam with simple
supports and two V-shaped cable patterns is determined using Eq. (2.34) as follows
[21]:

” 1 X2
fo (2Fcos€1y0 — (Fsin®y + Fcosf:tant, — %)x — qz) (;) dx
Mxmx) 2 Iy

X =
EI (ED), > ,
I
+L (Fcos()ltanﬁza + q—zhx — q;c) (;) dx

1 Sql‘g B Fa’sin,  Fa’cos0,tanb,
(EI), | 384 3 6

IxA= |

Flﬁacos&ltanﬂz

+ Fy()azcosel — 3

(2.41)

2.4.4 Maximum deflection of the beam with fixed supports and
the V-shaped cable pattern

Due to the symmetry of the structure and loading (as showed in Fig. 2.5), if the
cable force was equal to F, and the fixed end moment (M) was equal to ql—lf, the
bending moment for half of the beam with fixed supports and the V-shaped cable

pattern subjected to real loading could be obtained as below [20]:
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For0=x= %’ range,

1 2
M(x) = — M + Fcosfyy — (Fsin9 — %)x _ CI;C
(2.42)
I / >
=- % + FcosOyy — (Fsin0 - qzb)x - %C

The bending moment for half of the beam with fixed supports subjected to a vir-
tual loading (Fig. 2.10) is calculated as follows:
For0=x= % range,
X lb
mx) =3~ 3

5 (2.43)

Using the virtual work method, the maximum deflection of the beam with fixed sup-
ports and the V-shaped cable pattern is calculated using Eq. (2.43) as follows [20]:

Iy

M (x)m(x) 2 (2 qli . qly cpc2 x
IXA= = —Z2 4+ F —(F — 10y -2 -2
| 7 dx ED), L B cosbyy — (Fsinf 5 )x 5 773 dx

1 Lﬁg _ Flisind
(ED), 384 96

(2.44)

2.4.5 Maximum deflection of the beam with fixed supports and
the modified V-shaped cable pattern

If the cable force equals F in the inclined part and equals Fcos6 in the horizontal
part, the fixed end moment (M) is determined by the following relation (as dis-
played in Section 2.3.5):

2 .
M= q_lb _ Fa’sind . 4Fypacosd
12 Iy Iy

— Fypcosf (2.45)

Because both the structure and the loading are symmetric (Fig. 2.6), the bending
moment for half of the beam with fixed supports and the modified V-shaped cable
pattern subjected to a real loading is calculated through [20] as below:

, | ;

T

Figure 2.10 Fixed supported beam under virtual loading.
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For 0 =x = a range,

1 2
M (x) = — M + FcosfOyy — Fsin@—% x—%

ql? . Fa*sind  4Fypacost . qlp g’
=T 4 - +2Fcostyy — | Fsinf — L2 | x— L=
B A L costyo sinf === |x = =3

(2.46)

Fora=x= % range,

1 2 2 Fa’sind  4AF 0
Ma(x) = = M = Feosty + 225 — 9 -l Fom_ 3hyoacos
I

2 > (2.47)

Employing the virtual work method, the maximum deflection of the beam with

fixed supports and the modified V-shaped cable pattern is obtained using Eq. (2.43)
as follows [20]:

7ql,27 N Fa*sind _ 4Fypacost

+ 2Fcost
0 I I, cosly, .
a b
b qly g 28 *
o 5 — | Fsinf — > X — >
1A= MO,
El (ED), Iy gl | Fa’sind
Jz 12 I x
+ _—
a _ 4Fyoacost N M _ LxZ 2 8 dx
Iy 2 2
1 q12 Fa’sind  Flya®sind 5 Flyyoacost
= =2 — + +F,, 0 — ———
(ED), |384 3 8 n@ o8 2

(2.48)

In Eq. (2.48), if the length of horizontal cable (I, — 2a, as observed in Fig. 2.6)

approached zero, Eq. (2.44) would be acquired related to the V-shaped cable
pattern.

2.4.6 Maximum deflection of the beam with fixed supports and
two V-shaped cable patterns

Due to the existed symmetry in the structure and loading (as presented in Fig. 2.7),

if the cable force was equal to F in the first inclined part (C;) and was equal to
%gj‘ in the second inclined part (C,), and the fixed end moment (M) was equal to



Controlling the deflection of long steel beams using pretensioned cables

37

12, the bending moment for half of the beam with fixed supports and two V-shaped

cable patterns subjected to real loading could be calculated through [21] as below:
For 0 = x = a range:

M (x) = —M + 2Fcost,yy —

l 2
Fsin6, + Fcos6tant, — i xX— %
(2.49)
ql; . gl g’
- o + 2Fcostyy — | Fsinf; + FcosOtanf, — — | x — EN

Fora=x= %” range

qlyx 2
M, (x) = — M — Fcosb,tanbra + Tb _

2
(2.50)
qli glyx  gx*
=-1b_F 4 11
B costtanbra > 5

Utilizing the virtual work method, the maximum deflection of the beam with
fixed supports and two V-shaped cable patterns is obtained using Eq. (2.43) as fol-
lows [21]:

IXA = JM(x)m(x)

2 l 2 l
ng (—ql—l; + 2Fcosfyy — (Fsm0| + Fcost,tanf, — qzb)x— % % - gb dx
2 !

~ (ED), >

a

2 2 2
[ I
+J <_6i2b Fcos0,tanbra + % % % 3 dx
qlh Fa’cosb,tanb,  Flya®sin®,  Flya*cosbtanb,
+F 0 + + -
TR vacost + 6 8

8

_Flbyoacoxel _ Fa’sinb,
2 3

(2.51)

2.4.7 Maximum deflection of cantilever beam along with cables

If the cable force was equal to F, the bending moment for the cantilever beam
along with cables under real loading would be calculated as follows [22]
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Figure 2.11 Cantilever beam under virtual loading.

For 0 =x =1, range,

12 2
M(x) = — % + Feosyo — (Fsin — gl )x — % (2.52)

The bending moment for the cantilever beam under virtual loading (Fig. 2.11) is
calculated as follows:
For 0 =x =1, range,

M(x)=x—1I, (2.53)

Using the method of virtual work, the maximum deflection of the cantilever
beam along with cables can be obtained using Eq. (2.53) as follows [22]:

M (x)m(x 1 2 . X2
IXA=| (E)I ( )a’x = ED), Jo (—qzb + FcosOyy — (Fsinf — qlp)x — qz) (x — Ip)dx

1 gl + FLsind _ FIZyocost
(ED, | 8 6 2

(2.54)

2.5 Finite element modeling of I-shaped symmetric
pretensioned steel beams with steel cables

Using the method of load and resistance factor design, the beams with simple sup-
ports, fixed supports, and cantilever beams were designed using AISC360—10 code
[26]. The maximum deflections of the beam with simple supports and cantilever
beams subjected to dead load and live load exceed the allowable range (Tlo of the
beam length). However, the maximum deflection of the fixed supported beam meets
the code’s limitation because of the high stiffness. Therefore the beam with fixed
supports was considered to investigate the cable’s effects. Table 2.1 presents the
properties of the simply supported, fixed supported, and cantilever beams. It is
momentous to be mentioned that the loading span is 1.5 m long, and the dead load
and live load are 450 and 200 kg m 2, respectively [20—22].



Controlling the deflection of long steel beams using pretensioned cables 39

Table 2.1 Properties of beams with various support conditions.

Type of beam Cross section Span Maximum Allowable

of the beam length deflection (cm) deflection (cm)
(m)

Simply supported | IPE400 12 5.691 5

beam

Fixed supported IPE330 12 2.237 5

beam

Cantilever beam IPB120 2 1.128 0.833

A A

(A) {C)

i 4 A

(1) ()

Figure 2.12 Finite element models: (A) the beam with simple or fixed supports with the V-
shaped cable pattern; (B) the beam with simple or fixed supports with the modified V-shaped
cable pattern; (C) the beam with simple or fixed supports with two V-shaped cable patterns;
(D) the cantilever beam along with the cables.

As Fig. 2.12 shows, the simply supported, fixed supported, and cantilever
beams with different cable patterns subjected to uniform distributed loading are
modeled employing the Abaqus FE software. The shell and truss elements are
used to model the beams and cables, respectively, in three-dimensional space.
The weld’s connector provided a perfect connection between the cable and the
top flange of the beam nodes. Besides, the coupling constraint is employed to
model the behavior of the deviator. The uniform distributed loading and the
cable’s pretensioning initial force applied to the models using the surface



40 Seismic Evaluation, Damage, and Mitigation in Structures

traction type and predefined field tool, respectively. Furthermore, static general
assessment of Abaqus FE software is employed to evaluate the systems of beam
and cable. Fig. 2.13 represents the cables’ locations in the beams with various
support conditions [20—22].

The results of the modeling of steel beams without cable and with various cable
patterns are compared with each other to investigate the behavior of the systems of
beam and cable. The beams’ material is steel ST-37 with yield stress of 240 MPa,
elasticity modulus of 200 GPa, Poisson’s ratio of 0.3, and density of 7850 kg m ™.
The steel cable’s material is determined based on ASTM A416M standard [27].
7-wire strand [grade 270 (1860)] is regarded for the steel cable with low relaxation,
minimum ultimate strength (f,,) of 270 ksi (1860 MPa), minimum yield strength at

M:]:,:,L,L,L.L,L.L;l_v :I—J_J'—\L—JHLL—'L\L—\‘QE
(A) o e (B) - =
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Figure 2.13 The locations of cables in the beams: (A) the beam with simple supports and
the V-shaped cable pattern; (B) the beam with simple supports and the modified V-shaped
cable pattern; (C) the beam with simple supports and two V-shaped cable patterns; (D) the
beam with fixed supports and the V-shaped cable pattern; (E) the beam with fixed supports
and the modified V-shaped cable pattern; (F) the beam with fixed supports and two V-shaped
cable patterns; (G) the cantilever beam along with the cables.
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Table 2.2 Cross-sectional area of cables for beams with different types of supports.

Type of beam Simply Fixed Cantilever
supported supported beam
beam beam

Total cross-sectional area of steel 560 395 297

cable (mm?)

1% extension of 52.74kip (234.6kN), elasticity modulus of 28.5 X 10° psi
(196501.8 MPa), and Poisson’s ratio of 0.3 [20—22].

Since the horizontal component of the cable force produces axial forces in steel
beams, they are designed as beam-columns based on AISC360—10 code to consider
simultaneous effects of axial force and bending moment. It should be noted that the
lateral braces are considered to prevent the beam from buckling about the longitudi-
nal axis [20—22].

2.6 Calibration of theoretical relations with numerical
models

Based on the ASTM A416 standard, the cross-sectional areas of the steel cables are
considered as presented in Table 2.2. Moreover, the initial pretensioning stress of
the cable is 600 MPa. Therefore the maximum deflections of the beams with simple
and fixed supports, and the cantilever beam with and without various cable patterns
acquired from numerical models are compared to those of theoretical equations in
Table 2.3 [20—22] to validate the theoretical relations.

The beam haunch cannot be modeled because the beam was modeled as shell
elements in Abaqus FE software. Therefore, as Table 2.3 presents, the maximum
deflections of the beam without cable acquired from numerical models are to some
extent more than those resulted from theoretical relations. As a result, reducing the
moment of inertia of beam sections in the numerical models increases the maxi-
mum deflections of the beams without cables. Besides, the beams’ maximum
deflections along with different cable patterns acquired from numerical models are
very close to the results from theoretical relations. In fact, in the numerical models,
the errors, which occurred while calculating the maximum deflection of the beams
along with different cable patterns related to the increase of the pretensioning force
in the cable and the maximum deflection of the beams without cables caused by the
uniform distributed loading, neutralize the effects of each other. It should be noted
that the cable force causes a bending moment in the opposite direction of the bend-
ing moment caused by the uniform distributed loading. Therefore the beams’ maxi-
mum deflections with varying conditions of support compared to the beams without
cables are reduced by using different cable patterns and lead to satisfying the code’s
allowable limit. Based on the obtained results (as presented in Table 2.3), the most



Table 2.3 Maximum deflections acquired from numerical models and theoretical relations.

Type of beam

Maximum deflection of
beam calculated by
modeling (cm)

Maximum deflection of
beam calculated by
theoretical equations (cm)

Allowable
deflection (cm)

Simply supported
beam

Fixed supported
beam

Cantilever beam

Without cable

With V-shaped cable pattern

With modified V-shaped
cable pattern

With two V-shaped cable
patterns

Without cable

With V-shaped cable pattern

With modified V-shaped
cable pattern

With two V-shaped cable
patterns

Without cable

With cable

5.877
4.898
3.768

4.270
2.381
1.253
1.122
0.521

1.151
0.685

5.691
4.851
3.833

4.302
2.237
1.258
1.140
0.622

1.128
0.783

0.833
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appropriate cable patterns for reducing the maximum deflection are the modified
V-shaped cable pattern, and two V-shaped cable patterns in the beams with simple
and fixed supports, respectively [20—22].

2.7 The effects of horizontal cable length on the
maximum deflections of the beams with simple and
fixed supports with the modified V-shaped cable
pattern

Figs. 2.14 and 2.15 show the maximum deflections in the beams with simple and
fixed supports with the modified V-shaped cable pattern. The deflections are plotted
based on the horizontal cable length (I, — 2a, as observed in Figs. 2.3 and 2.6) accord-
ing to Egs. (2.38) and (2.48), Table 2.1 for the cross section of the beams with simple
and fixed supports, and Table 2.2 for the cross section of steel cable [20].

As Figs. 2.14 and 2.15 show, when the horizontal cable lengths (I, — 2a, as observed
in Figs. 2.3 and 2.6) are zero, the maximum deflections of the beams with simple and
fixed supports with the modified V-shaped cable pattern equal 4.851 and 1.258 cm,
respectively, related to the V-shaped cable pattern in Table 2.3. By increasing the hori-
zontal cable length, the maximum deflections reduce. Finally, the maximum deflections
in the beams with simple and fixed supports with the modified V-shaped cable pattern
for the horizontal cable lengths of 9.4 and 3 m are minimums as 3.121 and 1.127 cm,
respectively. As the horizontal cable lengths increase, the maximum deflections increase
as well. When the horizontal cable lengths equal beam lengths, the maximum deflections
of the beams with simple and fixed supports with the modified V-shaped cable pattern
equal 5.691 and 2.237 cm, respectively, related to the beams without cables in Table 2.3.

6
/o, 4.851) (12, 5.691

’g 5
= 4 9.4, 3.121)
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= 3
%)
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g 2
-
E
:‘é 1
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0

0 1 2 3 4 5 6 7 8 9 10 11 12 13
Horizontal Cable Length (m)

Figure 2.14 Maximum deflections of the beam with simple supports and the modified
V-shaped cable pattern for various horizontal cable lengths.
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Figure 2.15 Maximum deflections of the beam with fixed supports and the modified V-
shaped cable pattern for various horizontal cable lengths.

The explanation is that the force of the horizontal cable should equal the horizontal com-
ponent of the inclined cable force to maintain a constant amount of bending moment at
the cable inclination change region. Hence, in this particular condition, when the horizon-
tal component of the vertical cable force equals zero, the horizontal cable force equals
zero as well. Furthermore, since the length of the vertical cable (the distance between
two flanges of the beam) remains constant, no force is produced in the length of the
cable. Generally, it can be concluded that when the length of the horizontal cable equals
beam length, the cable does not have any influence on the behavior of the beam.
Therefore the maximum deflection of the beam without cables is obtained [20].

2.8 The effects of length a on the maximum deflections
of the beams with simple and fixed supports with
two V-shaped cable patterns

In Figs. 2.16 and 2.17, the maximum deflections of the beams with simple and
fixed supports with two V-shaped cable patterns are plotted based on the length a,
as showed in Figs. 2.4 and 2.7, for half of the beam according to Eqgs. (2.41) and
(2.51), Table 2.1 for the cross section of the beams with simple and fixed supports,
and Table 2.2 for the steel cable’s cross section [21].

As shown in Figs. 2.16 and 2.17, when the length a (as observed in Figs. 2.4 and
2.7) is zero, the maximum deflections of the beams with simple and fixed supports
with two V-shaped cable patterns equal 5.691 and 2.237 cm, respectively, related to
the beams without cables in Table 2.3 (the reason was explained in Section 2.7).
Finally, when the length a equals half-length of the beam, the maximum deflections
of the beams with simple and fixed supports with two V-shaped cable patterns are
minimums of 4.016 and 0.286 cm, respectively [21].
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Figure 2.16 Maximum deflections of the beams with simple supports and two V-shaped
cable patterns for various values of length a.
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Figure 2.17 Maximum deflections of the beams with fixed supports and two V-shaped cable
patterns for various values of length a.

2.9 Comparison of bending moment diagrams of beams
with and without cables

The bending moment diagrams of the simply supported, fixed supported, and canti-
lever beams without cable and with various cable patterns are drawn according to
Table 2.1 for the cross section of simply supported and fixed supported beams and
also, Table 2.2 for the cross section of steel cable. The graphs were compared with
each other then. Furthermore, in those diagrams, the initial pretensioning stress of
the cable is 600 MPa.
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2.9.1 Comparison of bending moment diagrams of simply
supported beams without cables and with cables

In Fig. 2.18, the diagrams of bending moments for the beams with simple supports
and either without cable or with various cable patterns (V-shaped cable pattern,
modified V-shaped cable pattern, and two V-shaped cable patterns) are drawn
according to Egs. (2.33), (2.36), (2.37), (2.39), and (2.40) [20,21].

As observed in Fig. 2.18, the bending moment of the beams with simple supports
with various cable patterns is increased compared to those without cables from each
support to the bending moment location being equal to those of beams with simple
supports and without cables and then is reduced between two equivalent bending
moment locations of the beams with simple supports and various cable patterns,
and the beams with simple supports but without cables. Thus it is inferred that
should the cables start from the neutral surface at each support, the bending
moment of the beam with simple supports and various cable patterns will not
increase compared to the simply supported beam without cables [20,21].

2.9.2 The comparison of the bending moment diagrams of the
beams with fixed supports, with and without cables

In Fig. 2.19, the bending moment diagrams of the beams with fixed supports
without cable and with various cable patterns (V-shaped cable pattern, modified
V-shaped cable pattern, and two V-shaped cable patterns) are drawn according to
Eqgs. (2.42), (2.46), (2.47), (2.49), and (2.50) [20,21].

20000
18000 — simply supported beam
without cable
’g 16000
£P 14000
N’
= 12000 ——— simply supported beam
g with the V-shaped cable
S 10000 pattern
£
sy 8000
£ / \
= 6000 simply supported beam
5 2000 with the modified V-
m shaped cable pattern
2000
0 ——— simply supported beam
0 2 4 6 8 10 12 with two V-shaped Cable
Distance from support (m) patterns

Figure 2.18 Bending moment diagrams of the beams with simple supports either without
cable or with various cable patterns.
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8000

6000 fixed supported beam

4000 without cable

2000
0

fixed supported beam with
2000 the V-shaped cable pattern
-4000
-6000 fixed supported beam with
the modified V-shaped
cable pattern

-8000

Bending moment (kg.m)

-10000

-12000 fixed supported beam with
-14000 two V-shaped cable
patterns

Distance from support (m)

Figure 2.19 The bending moment diagrams of the beams with fixed supports without cable
and with various cable patterns.

As Fig. 2.19 presents, the bending moment of the beams with fixed supports and
various cable patterns is reduced in comparison with those of fixed supported
beams without cables [20,21].

2.9.3 The comparison of the diagrams of the bending moments
of cantilever beams with and without cables

In Fig. 2.20, the diagrams of the bending moments of cantilever beams with and
without cables are drawn according to Eq. (2.52) [22].

As observed in Fig. 2.20, the bending moment of the cantilever beam with cables
is reduced in comparison to that of the cantilever beam without cables from each
support to the bending moment location being equal to that of cantilever beam
without cables and after that is augmented. Thus it is inferred that should the cables
lead to the neutral surface at the free end, the bending moment of the cantilever
beam with cables will not increase in comparison to the cantilever beam without
cables [22].

2.10 Conclusion

In this research, the steel cables are used to control the maximum deflection of long
steel beams under uniform distributed loadings. In spite of proper design subjected
to bending and shear the maximum deflections of the beams are not within the
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Figure 2.20 Bending moment diagrams of cantilever beams with and without cables.

allowable range due to their distinguishing characteristics such as high tensile
strength, small cross section, and low weight. The theoretical relations were derived
to determine the increment of the pretensioning force in the cable and the maximum
deflection in the beams with simple and fixed supports and the cantilever beam
with various cable patterns. The results compared with the results of numerical
models employing the Abaqus FE software. The most important results of this
research can be summarized as below:

1.

Although the fixed end moment (M) in the beams with fixed supports and the V-shaped
cable pattern and two V-shaped cable patterns is equal to that of the beam without cable,
( ) the fixed end moment in the beam with fixed supports and the modified V-shaped
cable pattern is dependent on the external loading and the total cable force.

. Based on the results of numerical models, the theoretical equations can satisfactorily pre-

dict the maximum deflections of beams with different support conditions and cable
patterns.

. Utilizing different cable patterns reduces the beams’ maximum deflections with various

support conditions compared to the beams without cables and satisfies the code’s allow-
able limit.

. The most appropriate cable patterns to reduce the maximum deflection are the modified

V-shaped cable pattern and two V-shaped cable patterns in the simply supported and fixed
supported beams, respectively.

. Based on the obtained results from the investigation of the effects of the horizontal

cable lengths on the maximum deflection, when the horizontal cable lengths are zero,
the maximum deflections in the beams with simple and fixed supports and the
V-shaped cable pattern are acquired. By increasing the horizontal cable length, the
maximum deflection is reduced. Eventually, the maximum deflections for specific hor-
izontal cable lengths are minimum. After that, as the horizontal cable lengths increase,
the maximum deflections increase too. When the horizontal cable lengths equal beam
lengths, the maximum deflections in the beams with simple and fixed supports without
cables are acquired.
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6. Based on the obtained results from the investigation of the influences of the length a on
the maximum deflection, when the length a is zero, the maximum deflections in the
beams with simple and fixed supports without cables are acquired. Finally, when the
length a equals half-length of the beam, the maximum deflections in the beams with sim-
ple and fixed supports and two V-shaped cable patterns are minimums.

7. According to the bending moment diagrams, the bending moments of the simply sup-
ported, fixed supported, and cantilever beams with various cable patterns are reduced
compared to those of beams without cables.

References

(1]
(2]
(3]

(4]
[3]

(6]

[7]

(8]

[9]
(10]

[11]

[12]

[13]

[14]

M. Razavi, M. Sheidaii, Seismic performance of cable zipper-braced frames, Journal of
Constructional Steel Research 74 (2012) 49—57.

X. Hou, H. Tagawa, Displacement-restraint bracing for seismic retrofit of steel moment
frames, Journal of Constructional Steel Research 65 (5) (2009) 1096—1104.

N. Fanaie, S. Aghajani, E.A. Dizaj, Theoretical assessment of the behavior of cable
bracing system with central steel cylinder, Advances in Structural Engineering 19 (3)
(2016) 463—472.

Dassault Systemes, Abaqus, ABAQUS Inc. (2014).

N. Fanaie, S. Aghajani, E. Afsar Dizaj, Strengthening of moment-resisting frame using
cable—cylinder bracing, Advances in Structural Engineering 19 (11) (2016)
1736—1754.

G.F. Giaccu, An equivalent frequency approach for determining non-linear effects on
pre-tensioned-cable cross-braced structures, Journal of Sound and Vibration 422 (2018)
62—78.

E. Brunesi, D. Bolognini, R. Nascimbene, Evaluation of the shear capacity of precast-
prestressed hollow core slabs: numerical and experimental comparisons, Materials and
Structures 48 (5) (2015) 1503—1521.

AL Al-Negheimish, A.K. El-Sayed, M.O. Khanbari, A.M. Alhozaimy, Long-term
deflection of prestressed SCC hollow core slabs, Construction and Building Materials
189 (2018) 181—191.

ACI PRC-209.2-08 Guide for Modeling and Calculating Shrinkage and Creep in
Hardened Concrete (2008). ACI Committee 209.

M. Troitsky, Prestressed Steel Bridges: Theory and Design, Van Nostrand Reinhold,
New York, 1990.

T.D. Le, T.M. Pham, H. Hao, Y. Hao, Flexural behaviour of precast segmental concrete
beams internally prestressed with unbonded CFRP tendons under four-point loading,
Engineering Structures 168 (2018) 371—383.

M.A. Pisani, Behaviour under long-term loading of externally prestressed concrete
beams, Engineering Structures 160 (2018) 24—33.

T. Lou, S.M. Lopes, A.V. Lopes, Effect of linear transformation on nonlinear behavior
of continuous prestressed beams with external FRP cables, Engineering Structures 147
(2017) 410—424.

B.M. Ayyub, Y.G. Sohn, H. Saadatmanesh, Prestressed composite girders under posi-
tive moment, Journal of Structural Engineering 116 (11) (1990) 2931—-2951.


http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref1
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref1
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref1
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref2
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref2
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref2
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref3
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref3
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref3
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref3
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/otherref0005
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref4
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref4
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref4
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref4
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref4
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref5
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref5
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref5
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref5
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref6
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref6
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref6
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref6
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref7
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref7
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref7
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref7
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref8
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref8
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref9
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref9
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref9
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref9
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref10
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref10
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref10
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref11
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref11
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref11
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref11
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref12
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref12
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref12

50

Seismic Evaluation, Damage, and Mitigation in Structures

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]

[27]

B.M. Ayyub, Y.G. Sohn, H. Saadatmanesh, Prestressed composite girders. II:
Analytical study for negative moment, Journal of Structural Engineering 118 (10)
(1992) 2763 —-2782.

J. Nie, C. Cai, T. Zhou, Y. Li, Experimental and analytical study of prestressed
steel—concrete composite beams considering slip effect, Journal of Structural
Engineering 133 (4) (2007) 530—540.

H. Zhou, S. Li, L. Chen, C. Zhang, Fire tests on composite steel-concrete beams pre-
stressed with external tendons, Journal of Constructional Steel Research 143 (2018)
62—71.

B. Belletti, A. Gasperi, Behavior of prestressed steel beams, Journal of Structural
Engineering 136 (9) (2010) 1131—1139.

S. Park, T. Kim, K. Kim, S.-N. Hong, Flexural behavior of steel I-beam prestressed
with externally unbonded tendons, Journal of Constructional Steel Research 66 (1)
(2010) 125—132.

N. Fanaie, F. Partovi, S. Safaei Faegh, Controlling the deflection of long beams using
different patterns of pre-tensioning cables, Scientia Iranica 28 (2) (2021) 598—617.

F. Partovi, N. Fanaie, Controlling deflection of long steel I-shaped girder bridge using
two V-shaped pre-tensioning cables, Journal of Central South University 27 (2020)
566—5717.

N. Fanaie, F. Partovi, Controlling the deflection of steel cantilever beam using pre-
tensioning cable. 3rd International Conference on Steel & Structure, Tehran, Iran
(2018).

M.E.M. Kambal, Y. Jia, Theoretical and experimental study on flexural behavior of
prestressed steel plate girders, Journal of Constructional Steel Research 142 (2018)
5—16.

W.-F. Zhang, Symmetric and antisymmetric lateral—torsional buckling of prestressed
steel I-beams, Thin-Walled Structures 122 (2018) 463—479.

S. Thai, N.-1. Kim, J. Lee, J.-W. Kang, Optimum design of cable nets by using genetic
algorithm, International Journal of Steel Structures 17 (3) (2017) 1183—1198.

J.M. Fisher, ANSI/AISC 360-10: Specification for Structural Steel Buildings, American
Institute of Steel Construction 13 (2010).

ASTM Standard specification for low-relaxation, seven-wire steel strand for prestressed
concrete. ASTM West Conshohocken, PA (2016).


http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref13
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref13
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref13
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref13
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref14
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref14
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref14
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref14
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref14
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref15
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref15
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref15
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref15
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref16
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref16
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref16
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref17
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref17
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref17
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref17
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref18
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref18
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref18
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref19
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref19
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref19
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref19
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref20
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref20
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref20
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref20
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref21
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref21
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref21
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref21
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref22
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref22
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref22
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref23
http://refhub.elsevier.com/B978-0-323-88530-0.00003-9/sbref23

	Front Cover
	Seismic Evaluation, Damage, and Mitigation in Structures
	Copyright Page
	Contents
	List of contributors
	About the editors
	Preface
	1 Introduction to earthquake-induced damage evaluation and repairs in structures
	1 Damage indexes for performance assessment of low-rise reinforced concrete walls
	1.1 Introduction
	1.2 Performance variables
	1.2.1 Damage index based on residual cracking
	1.2.2 Damage index based on a fractal dimension of cracking
	1.2.3 Damage index based on stiffness degradation
	1.2.4 Damage index based on the Park and Ang approach

	1.3 Final remarks
	Acknowledgments
	References

	2 Controlling the deflection of long steel beams using pretensioned cables
	Notations
	2.1 Introduction
	2.2 The pretensioned symmetric I-shaped steel beams with steel cables
	2.3 The increment of the pretensioning force in the cable under external loading
	2.3.1 The beam with simple supports and the V-shaped cable pattern
	2.3.2 The beam with simple supports and the modified V-shaped cable pattern
	2.3.3 The beam with simple supports and two V-shaped cable patterns
	2.3.4 The beam with fixed supports and the V-shaped cable pattern
	2.3.5 The beam with fixed supports and the modified V-shaped cable pattern
	2.3.6 The beam with fixed supports and two V-shaped cable patterns
	2.3.7 The cantilever beam along with the cables

	2.4 Deflection
	2.4.1 Maximum deflection of the beam with simple supports and the V-shaped cable pattern
	2.4.2 Maximum deflection of the beam with simple supports and the modified V-shaped cable pattern
	2.4.3 Maximum deflection of the beam with simple supports and two V-shaped cable patterns
	2.4.4 Maximum deflection of the beam with fixed supports and the V-shaped cable pattern
	2.4.5 Maximum deflection of the beam with fixed supports and the modified V-shaped cable pattern
	2.4.6 Maximum deflection of the beam with fixed supports and two V-shaped cable patterns
	2.4.7 Maximum deflection of cantilever beam along with cables

	2.5 Finite element modeling of I-shaped symmetric pretensioned steel beams with steel cables
	2.6 Calibration of theoretical relations with numerical models
	2.7 The effects of horizontal cable length on the maximum deflections of the beams with simple and fixed supports with the ...
	2.8 The effects of length a on the maximum deflections of the beams with simple and fixed supports with two V-shaped cable ...
	2.9 Comparison of bending moment diagrams of beams with and without cables
	2.9.1 Comparison of bending moment diagrams of simply supported beams without cables and with cables
	2.9.2 The comparison of the bending moment diagrams of the beams with fixed supports, with and without cables
	2.9.3 The comparison of the diagrams of the bending moments of cantilever beams with and without cables

	2.10 Conclusion
	References

	3 Cable-cylinder bracing system: theoretical background, structural behavior, and seismic design coefficients
	3.1 Introduction
	3.2 Theoretical equilibrium relationships
	3.3 Influence of cylinder size on behavior of the cable-cylinder bracing system
	3.3.1 Cylinder length
	3.3.2 Cylinder diameter

	3.4 Influence of prestressing force of cables on the behavior of the cable-cylinder bracing system
	3.5 Finite element modeling and validation
	3.5.1 Verification of theoretical relationships
	3.5.2 Influence of rigidity of the cylinder

	3.6 Nonlinear time-history analysis
	3.6.1 Case-study structures
	3.6.2 Ground motions
	3.6.3 Results and discussion
	3.6.3.1 Hysteretic response
	3.6.3.2 Distribution of drifts along with the height of structures


	3.7 Proposed fiber element modeling technique and validation
	3.8 Nonlinear dynamic analysis
	3.9 Response modification factor
	3.10 Influence of structural details on response modification factor
	3.11 Sensitivity analysis
	3.12 Proposing an equation for the response modification factor of cable-cylinder bracing system
	3.13 Conclusion
	References

	4 Method of seismic resistance design—case studies
	4.1 Introduction
	4.2 Method of seismic resistant design: reinforced concrete moment frames
	4.2.1 Overview of the design approaches of reinforced concrete frames
	4.2.2 Improved performance-based plastic design method for reinforced concrete moment frames
	4.2.2.1 Modified energy balance equation
	4.2.2.2 Hysteretic energy reduction factor η for inelastic strain energy
	4.2.2.3 Improved plastic design procedure
	4.2.2.4 Comparison with the code-based design

	4.2.3 Code-based damage control design
	4.2.3.1 Column tree method based on code design results
	4.2.3.2 Design examples


	4.3 Method of seismic resistance design: buckling-restrained brace-RCF systems
	4.3.1 Buckling-restrained braces
	4.3.1.1 Concept of buckling-restrained braces
	4.3.1.2 Design parameter of buckling-restrained brace core
	4.3.1.3 Low-cycle fatigue behavior of buckling-restrained braces

	4.3.2 Buckling-restrained brace-to-frame connection
	4.3.3 Dual structural system for buckling-restrained brace-RCFs
	4.3.4 Performance-based plastic design of buckling-restrained brace-RCF systems
	4.3.4.1 Energy balance concept for buckling-restrained brace-RCF system
	4.3.4.2 Design base shear and lateral forces
	4.3.4.3 Plastic design procedure for structural components

	4.3.5 Assessing and quantifying seismic performance of buckling-restrained brace-RCFs
	4.3.5.1 Quantified relationship of the design story shear ratio
	4.3.5.2 Structural response under seismic records
	4.3.5.3 Effects of low-cycle fatigue fracture

	4.3.6 Optimal seismic resistance design parameters
	4.3.6.1 Optimal design parameters of buckling-restrained braces
	4.3.6.2 Quantified relationship between the design and actual story shear ratios


	4.4 Method of seismic resistance design: steel plate shear wall-RCF systems
	4.4.1 Overview of the dual structural system for steel plate shear wall-RCFs
	4.4.2 PBPD method for steel plate shear wall-RC moment frames
	4.4.2.1 Capacity curves of steel plate shear wall-RCF structural system
	4.4.2.2 Plastic design procedure for structural components

	4.4.3 Design examples
	4.4.4 Assessing and quantifying seismic performance of steel plate shear wall-RCFs
	4.4.4.1 Interstory drift ratio
	4.4.4.2 Steel plate shear wall deformation behavior
	4.4.4.3 Yielding mechanism
	4.4.4.4 Residual drift ratio


	4.5 Conclusion
	References

	5 Probabilistic seismic analysis of reinforced concrete frames using artificial intelligence-enhanced mechanical model
	5.1 Introduction
	5.2 Methodology
	5.2.1 Monte Carlo-based artificial intelligence-enhanced shear building model

	5.3 Illustrative example
	5.3.1 Description of selected building
	5.3.2 Numerical results

	5.4 Conclusion
	References

	6 Novel technique of performance-based optimum deign of buckling-restrained braced frames: colliding bodies optimization al...
	6.1 Introduction
	6.2 Buckling-restrained braced frames
	6.3 Utilized algorithms
	6.3.1 The standard colliding bodies optimization algorithm
	6.3.2 The CBO2 algorithm (two-dimensional colliding bodies optimization)
	6.3.3 The CBO3 algorithm (enhanced colliding bodies optimization)
	6.3.4 The CBO4 algorithm (opposition-based colliding bodies optimization)

	6.4 Structural analysis
	6.5 Problem formulation
	6.5.1 Objective function
	6.5.2 Design constraints

	6.6 Evaluation of the colliding bodies optimization algorithms
	6.7 Design examples
	6.7.1 Results
	6.7.2 Layout optimization

	6.8 Conclusion
	References

	7 Development and application of the Bouc–Wen model in seismic performance evaluation of reinforced concrete members
	7.1 Introduction
	7.2 Development of the Bouc–Wen model
	7.3 Parameter identification
	7.3.1 Columns
	7.3.2 Joints
	7.3.3 Walls

	7.4 Seismic demand prediction using the Bouc–Wen model
	7.5 Conclusion
	References


	2 Repair of structural and non-structural components
	8 Developing seismic fragility curves for caisson-type quay walls with improved backfill soil
	Symbols
	8.1 Introduction
	8.2 Numerical modeling
	8.2.1 Constitutive model
	8.2.2 Construction of the finite difference mesh
	8.2.3 Boundary conditions
	8.2.4 Interface characteristics
	8.2.5 Damping characteristics

	8.3 Validation of the developed numerical model
	8.4 Improvement patterns of backfill soil behind caisson-type quay wall
	8.5 Fragility analysis
	8.5.1 Selection and preparation of input earthquake motions
	8.5.2 Defining damage state criteria
	8.5.3 Developing fragility curves

	8.6 Comparing the effectiveness of various backfill improvement patterns of the caisson-type quay walls
	8.7 Comparing the efficiencies of various backfill improvement patterns of the caisson-type quay walls
	8.8 Summary and conclusions
	Acknowledgments
	References


	3 Seismic damage mitigation strategies
	9 Machine learning approach for seismic assessment
	9.1 Machine learning: an overview
	9.2 Basic applications of machine learning
	9.3 Examples of machine learning for seismic assessment
	9.3.1 Response prediction
	9.3.2 System identification and damage detection
	9.3.3 Fragility curves and collapse capacity
	9.3.4 Hazard analysis

	9.4 Case study using neural networks for predicting earthquake responses
	9.5 Challenges and future opportunities for machine learning and seismic assessment
	References

	10 Robust design of intelligent control systems to mitigate earthquake-induced vibrations under uncertain conditions
	10.1 Introduction
	10.2 Tuned mass damper–shear building interaction model under earthquake action
	10.3 Motion-based design method under uncertain conditions
	10.4 Application example
	10.4.1 Description of the benchmark building and preliminary analysis of its structural behavior
	10.4.2 Motion-based design of the benchmark building equipped with active tuned mass damper under uncertain conditions
	10.4.3 Motion-based design of the benchmark building equipped with semiactive tuned mass damper under uncertain conditions
	10.4.4 Motion-based design of the benchmark building equipped with passive tuned mass damper under uncertain conditions
	10.4.5 Discussion of the results

	10.5 Conclusion
	Acknowledgments
	Declaration of conflicting interests
	References

	11 Multistory buildings equipped with innovative structural seismic shear fuse systems
	11.1 Introduction
	11.2 Verification of modeling methodology
	11.2.1 Finite element modeling methodology verification with laboratory test II
	11.2.2 Validation of reduced order models implemented for multistory structures modeling and conventional systems

	11.3 Dampers equipped with butterfly-shaped link design procedure
	11.3.1 Brittle and ductile limit states for dampers equipped with butterfly-shaped shear links
	11.3.2 Controlling the drift ratios and stiffness equation requirement

	11.4 Design of prototype six-story structure with structural shear links
	11.4.1 The comparison of the monotonically loaded butterfly-shaped damper system with conventional EBF system

	11.5 Discussion of the results for nonlinear response history analysis for multistory building
	11.6 Nonlinear response history analysis results under for butterfly-shaped and conventional EBF systems
	11.7 Conclusion
	Statements and declarations
	Funding
	Competing interests
	Data availability

	References

	12 Seismic protection strategies for damage mitigation in structures
	Abbreviations
	12.1 Introduction
	12.2 Seismic protection strategies
	12.2.1 Seismic isolation systems
	12.2.1.1 Rubber bearings
	12.2.1.2 Sliding bearings
	12.2.1.3 Roller bearings

	12.2.2 Passive energy dissipation systems
	12.2.2.1 Metallic dampers
	12.2.2.2 Friction dampers
	12.2.2.3 Viscoelastic solid dampers
	12.2.2.4 Viscous dampers
	12.2.2.5 Tuned mass dampers
	12.2.2.6 Tuned liquid dampers

	12.2.3 Semiactive and active systems
	12.2.3.1 Active bracing systems
	12.2.3.2 Active mass dampers
	12.2.3.3 Variable stiffness and damping systems
	12.2.3.4 Smart materials

	12.2.4 Hybrid systems
	12.2.4.1 Hybrid mass dampers
	12.2.4.2 Hybrid base isolation systems
	12.2.4.3 Hybrid damper-actuator bracing control


	12.3 Conclusions
	References

	13 Analytical  formulas of the mechanical behavior of rubber bearings considering the isolator nonlinearities and the influ...
	13.1 Introduction
	13.2 Validation of the numerical models and sensitivity analysis
	13.2.1 Mechanical properties and validation of rubber bearings
	13.2.2 Design of the numerical models
	13.2.3 Numerical analyses and boundary conditions

	13.3 Mechanical behavior of rubber bearings
	13.3.1 Analytical, linear elastic model
	13.3.2 Development of the nonlinear rubber bearing model
	13.3.3 Analytical formula accounting for the nonlinear relationship between Gb, θ, and P
	13.3.4 Influence of the behavior of rubber bearings from the shear modulus, Gb

	13.4 Conclusion
	References

	14 Mitigation of deformations of a hunchbacked block-type gravity quay wall subjected to dynamic loading through optimizing...
	14.1 Introduction
	14.2 Numerical simulation of the seismic behavior of hunchbacked block-type gravity quay wall
	14.3 Sensitivity analysis on hunch angle, backfill friction angle, and hunch height-to-wall height ratio
	14.4 Estimation of the optimum hunch angle corresponding to the minimum deformation of the wall
	14.5 Summary and conclusions
	References

	15 Model-based adaptive control system for magneto-rheological damper-controlled structures
	15.1 Introduction
	15.2 Methodology
	15.2.1 Basic principle of response-based adaptive control

	15.3 Control strategy formulation
	15.3.1 Design and modeling of the controlled structure
	15.3.2 Implementation of control algorithm

	15.4 Numerical study
	15.4.1 Control parameters of magneto-rheological dampers
	15.4.2 Optimizing the number of controllers

	15.5 Results and discussions
	15.6 Conclusion
	References


	Index
	Back Cover



