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Reducing the Seismic Response of Nonlinear Hysteretic Structures Using Optimal
Multiple Tuned Mass Dampers

M. Mohebbi H. Shabani S. Moradpour

Abstract In this research, the effectiveness of multiple tuned mass dampers (MTMDs) in mitigating the
response of nonlinear hysteretic structures has been studied where the optimal parameters of MTMDs
have been determined based on minimization of maximum relative displacement (drift) of structure. For
solving the optimization problem the genetic algorithm (GA) has been used successfully. For numerical
analysis, an eight-storey bilinear hysteretic shear frame subjected to a white noise excitation and optimal
MTMDs have been designed. The results of numerical simulations have shown the effectiveness of the
proposed method in designing optimal MTMDs for nonlinear structures. Also, it can be said that the
damage of structure can be reduced using optimal MTMDs where the performance has been affected by
earthquake characteristics and mass ratio.

Keywords Passive Control, Tuned Mass Damper (TMD), Multiple Tuned Mass Dampers (MTMDs),
Nonlinear Shear Frame, Optimization.
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Stability and Vibration Analysis of Cracked Columns under Compressive axial L oad

M. Ghaderi H. Ghaffarzadeh V. A. Maleki

Abstract In this paper, a new analytical method is proposed to study the effect of crack and axial load
on vibration behavior and stability of the cracked columns. Using the local flexibility model, the crack
has been simulated by a torsional spring with connecting two segments of column in crack location. By
solving governing eigenvalue equation, the effect of crack parameters and axial load on the natural
frequencies and buckling load as well as buckling load are investigated. The results show that the
presents of crack cause to reduction in natural frequencies and buckling load whereas this reduction is
affected by the location and depth of the crack. Furthermore, the tensiel and compressive axial load
increase and decrease the natural frequencies, respectively. In addition, as the compression load
approaches to certain value, the fundamental natural frequency reaches zero and instability occurs. The
accuracy of the model is validated through the experimental data reported in the literature.

Keywords Vibration Analysis, Crcked Column, Natural Frequency, Axial Load, Buckling Load.

Al AY/0/N 0T iy gl 5 VAN Wlie Sls sl K
S Dl ST oS o 8 Ay Ol s wkige 05 S e (V)
s oL ls Ol s (GodSLEls Ol jae u}j§ Slls ()

)'i)"; cmlb u;.:.:&ﬁ L;vl.)v.e.ﬂ J..e dev\.{.:.;‘: géﬁb 6}>=~b.b LJ‘,}\—\M d@M}J (T’)



. S S slad pi il S, 6 ool ST

oo Slesla W L [18] Ol,Llsen 5 sy Llesls
slaisiw (Bles )L gaub 4 JaEl w5l
@l_:.} Aolastls el L;Lacla.é.a C)a.ﬂ Loobs s
S S 5 Ges LRl L aS s e 0Lis T Sllas
3 Oy Aok el Ll i LS Sl
T olals )l s 5S4 [19] 0L Kes
L Ll lazsls 5y 05, 55 S5 5 e saie o b
Oy piny 1y dlas (2 is Ol iy 3l eslizal
ot & e 3 03305 e (il sl
S 5 gl s sl ke, S5 gla mlb
Shesliul L [20] OLLSKen 5 55 dalassls
AU s a3k Ol Sy 5 e Slaces
FisrS slas BlaS (Sl s S S
bl s s e Sl [21] Sy Lilaxsls
Sy o Sa s AU Cos S5 S
AS das o 0L G gl ool 03l 13 asdllas
Al e dizes LS LYY U aS g lis sla L
o=l aS ks a5 /N0 Uy a8 5l
5 [22] el il e 2eS a8 5 ule o
saled (S 5 SO L L G0 s s, Slidss
O g S L Ol 5 O 52 (5l b b s
.3l rl;;_?\

o3 el plonil Slasd (Gl 5 Lo o
S,y = S sl bl Sl ) 2 e )
o S 5 glad s 5 las oll 5 Al
So e cld o 5 s [15-18] () e S5 5
Godas Lol cmal sl asstls  [9-13] (5 5
ol Bas aas ol s sl el Sl
[2] JL&l s 5le sy Jd 5l s Lo s
55m ce 4S Sl 0355 [3,4] 3505 O 2,
ol shesleal b g o S e Slwle 3 (5oL sla
Lol st 53 bS5 Gl Ol ood S g L2
23 g oslinal Cilise gla eyl 31w s

ssbea Gl S By ol Gaid s
LS Sl sl s bl s gaallas

\Y4¢ 9> Lga)La.j LM}WJL&

YY

4adde

e Sl 5l 32 ke ae Jsb s Lol
3 SF (S5 oS5 S 5ol Jod
ol 5 e ) G
el S ssban 5 b S b s, Jelss
5,5 55 0T b s s G i b o3l
5 SolSe b, Ll e besle )5 S 5 sy 55
SoalS o ge sy s 13 S5 cou |, 0T Sl
Ol alg Canslie 5 (0l b b s (slaa>ds L5
L Ll sl S5 505 45 age bl 5150
S L s slal g das o 3 56 o
=l > s S a sy 48 il e (5o
OF ol 5 o3l by 3 ns el Laoslo
Ll e 3525 03ls s X5 S NEERW

Sah obanxrb Shlus 5 ol 4 e
sy s an cnl S o gt 53 S S
3l K sl e s g s Al
O asle 5 Saligs sl ol dla alas) O g
g aS Sl pl cld el 4;;()1 2l sl
il o 5 30 o S el (S S
b OF 6ol Olyes SEalS 5 0w O
O 5 SOk s S 03 e Dlais
E—b o 5 [177] GRlaS (Hlom L Ol
s O o [8-14] JIsS 15 a0 s Sl
s 5sds 0Ll oss 3l eslized L [15] LS .o
S S 5 sla,s ol o el Sl e
5 3l eslial Ly S 5l al 4l (5 pn L
s L ol o e 5 0500 Je ey
5 LS ol a3l plonil LELS il L dslons
=l 5 Al L e 4 [16] O Ses
el s (G S0 Sl Cas S 5 Js
Sl edd (o5 5kad S pen S5 T oS 5
CS o gadslas s Sl s s @U 5 eslazal L ol
S5 7] OSan 5 Lo el 0k Jes!

)‘AW)J{J)F‘))\)SHLgujg‘;.:w)‘)w)

325 Ol et pudige 4 pL



A\

d 9’ a,

Cu J((X) cL;LQ&\ )jl:_.;S/ M‘j.".;" 64.24\) L

Ol ) S smois 45 Sl L5 S (65, S

123] 554 o
1) = 1'EV K3(a) ™
/"_"'ﬁM
|<7h—>
T
b
v
a2l
M

bt e o S 5 05 ) IS

JJ‘J)_A)JJ':JJCJM g.,-if.o KI(G)OI)JAS
Sl aS Wil oM e 5SS L bl sl

[24] A2L o 15 oot latn ek
_Mh 3
K, (a,)= o nacF( . j )

Wﬁ‘dw Iojtu)|heﬂ>.-‘64_k{b))

e plaie sl (gl AL o O gier shaie

24] 55 Oly 55 ospots Ol5 s | F(%)@U

a a a. .2
F(=%)=1.93-3.07(=%) +14.53(-%
(h) (h) (h)
a. . 3 a. . 4

-25.11(=%)" +25.080(==

(h) (h)

&)

(V) gadslrs 53 (F) 5 (Y) gakal, 18> L
e D I3 S 5 lae s 53 (5SS
S S0 sl age sl € b e 6 plydllanl
) ot Sl Lalt e 55kiS L bl
:,\.ﬂdo Cewddy

SLCa R ST ©)

C 2
E M

532 Ol jos pudige 4 ;00

o e g =03 liE e — (5530 3 s

o5 ) (55 S35 AU o 1S 5 sl s
Al a5 o iy 3 5l eslinad L S 5 o
e 3l oo Jate U a0 S5 oo 53 1y 05
St (S Sl (5555 3l ealizal b ] 2
S5 Gas e U Do o 3 ol
S, oS el g Gaalrs ol sl gl A
S S35 AU Lo Dt e il
J=ol Sloslaal Ly Blics (55 s Loyl 3 ol
Lyl s sl 5l e sl 0lis S gl Al O shean
LS gatolas 4 S5 e 53 S50 O 5 SO
At s 3 okl ey JBlze oty s e salle
Sy L = S5 sl Bl e
il (g5 e a5 Sl 1S 5 O s Sl
Jie 3 Jeolo a5 o el ol 05 s
edle (b sl 53 3y pn o gl L ek il
A e OLES el Al i Je ()1 0S4 5
Sl aesbe @B U (Sole pas s Jie oS
s o S 5 slal s ol 5 il
S5 sl bl Sl sles 2uS sesb slila 1) (5 s

S o e G S 5

S5 5 L O 53 b gn (5 g Sl
S 5 Sa bl D5 S& Sl ke (V) IS s
oho Dl ot eals OLA 2B 5 b L L s
i Oy Sl 55 S5 S sl 6l J sone
o3l b S5 0T 53 &S ol Lm0 (5l illans]
Jolre (gt 5250 00 do o r 05k (o 53 5
S5 A ez S8 SIS (5555 Sl
et e Sy Sl G LA S
O SAE b S Al S (b 6y llan]
Slr e G plibllanl g b 55 e Oly o
(V) IS8 s sdd esls glidae Ges sb sl LS 5
s oty UKL (gandl Sl eslinad b Ol e 1,

23] 5,51 casay 3

\Y4¢ 9> da)u LMJ%JL&



. Sl Jf“‘;&dﬁd‘;,ik’)/}/.;é)jgj/ygéwéjj/

:.Lﬂde Cowdds i ikl (V) (galslas

EI‘FY—E"MP@-;}AJY@):O )

2
dx X

Gadslae (B2 (galslae . AEL 0 (550 (S5, LS
s Sl s 5 o) e

Y(x)= Alsin(%) + Azcosh(grX
+ Assinh(n%) + A4cosh(”%)

A)
slacb A, 1=1,2,3,4 ol o of j5 48
S 3 o hl s dsl 5l aS das Jseme
sla by € J“ju—‘ Cwddn S5 Jowe 53

U R Fe ST R VLU LN LN P-R F

| (P2 P2 (pA),
[ e o
PL’ PL2Y (pAY), >y
[EJ*J@EJ (5 )

Y=/(pA/ED®L’ 5 ¢ =PL*/2El i =5 Lo

n

g ) Do gens OlF e |y et Ll

M=o+ +37 L, L=q-0+ 0 +y7 (1Y)

Qs‘J‘;bPﬁvSt’M‘}&'}.bddbwg}’
S5

oo il sl 5 gadslas ol sl

WQJJJ&AQSJ)WLSJJ_:JM)‘JSJSQ)M

ol o3ls UL (& =) K 5 &S 1, SIS 5 O g

c(‘\) LS“—]GJ‘J )‘ AJLﬂdﬂ\bﬁjﬁfﬁj_]ﬁ;)J Sl

33 {)}:_.N(JL.AQA_“_EJJ Sle V) gdslas Ol g

\Y4¢ <93 de)Lo..i: cr..i.:z 9 S JL\»’

\§2

G i S 5L dolre dmy 8 2iw Ky S|
22] 3,51 Gty 23 oy ot 1 OF 05 0

K, = @Y,

SoP S35 o8 LIS 5 O g Al
S S S 5 Js = ksl 05 (V) S s
Jios ol manay 305 1,3 (6 mme il 55,0 0
35 S 5 il ol o3l DL ealizad 3550 L,
b eslid L OF 31 5 a8 8 51,5 x Cd 5o
SIS 4 S5 e 53 1) b a3 534S Lty

(o =Y K8 ol ot Joe 35l o Jeaze

B |
Al L
< Kt
| ixc |
\gu |
— 0 VT,
(< (o)

SIS 5 Ot ol Jde (IS 5 O (A Y S

5 o5 Dl 5 Ol ol S aslina L
)u)ﬁgbw\ﬂ: Ls‘t—bt*"‘;;))—’j_jli}‘

- 84y(x,t) P Bzy(x,t) Lok Bzy(x,t)

=0 \%
ox* ox’ o’ W)

S Peady iex colo BL Ol 3 a8

b e Ot Ik Aty oz PA 5 (LS (55 g
Sl Gl Il oy 53 e Sl eslind )
Sl > 250 RIEYVR ST JUNT-TUEEP WEsl
53 Y1) = Y(R)E® &) pmas (V) S > (galslas

23 A gadaly Sl bssd o 4 S

335 Ol s (e (S #2



Yo

o S wou S 5 gyl Ogw kS
Ogims i oSl adobee ((Slul S s
)\bbw\bd\jdn‘)é)fwéjﬁMJ\JJJJ

2305 Ol 3 Doy sons (N) (gabail
d Y(4X) P d Y(Zx)
dx dx

El =0 ()

Ol o 1y = el as (gadslne Chwl.l
:.})}TC,MJA.:J.L). Q)_}J‘U
Y(x)=C, +Cx +C, sinh(nTX) +c, cosh(nTX) (\V)
"’\'.’.TL;“ &;MAJ‘U.
Y, (x)=D, +D,x +D, s1nh( )—|—D cosh(—) \A)

Y. (x)=D;+Dx +D, sinh(T) +D; cosh(T) (\a)

Jo—gme o s 1 OVsl s
S kil s Jlesl 5l aS wsb e Dy, i=12,..8
L o et S S 03 So 0 O Rl
L bloe o5 sliie ol #l 5l sl
L SIS 5 O LS 5 e liles )
e Cand 53 sdel sy Lailg, ISl
S 5 00) gadaly s bl 2 53 05
G S Salas Sla (550 Ll 28 Jles
D={D;},i=1...8 U 5 B={B;} Jszes <sl,>
i-ue.l;“ Cwddy 2 ) pod
[Al{B}=0 (¥+)
[A{D}=0 v

o [A] el Sl pole Gl Ly
(e Jal 5 (SO S (ks SLasl

Gl 3ls (S Gogoe S8 5 S5 slaulil
o Ol 33 (gl (a8 Sl 21
o303 Sis sl (ol ol B o Sl il

Co3oh Sogme Sopm Low HIS 5 O oS>

532 Ol jos pudige 4 ;00

o e g =03 liE e — (5530 3 s

Y, (x) =B, sin(C—x) +B, cosh((:—x)

+ B, smh( )+B cosh(—)

(\Y)

Y, (x)=B sm(C =)+ B, cosh(cx)

+B, sinh(T) +B, cosh(n%)
e
(V8 31 Bl y)) e 3l glas e IS0
Sl aS A3l e By i=1,2,008 Jsgmes Sotia (5l
Cmmd o 53 (S50 e Bl 5 (650 ol 5 dlesd
2 1S e it Bl L e e S
DS ot S g Ll Sl X=X Ca e

Jmol S5 b st VS L s
Sl Ake o Ja aS Lyl e

Yo (x) =Y (x), Y7(x)= Vi (x,)
V(5 )+ ZEVL ()= X7 (x)+ 22V (),

K.Y (x,)— K, Yg(x,)=EI Yy (x,)

(10)
gl Gl Ol e 1) el Sl s Jks
o G 3 Gl b 3 S dlesl 550 Ll 2
OIS S Nt ) sl (650 Ll 3
ot 2050 UlosS pass s V51 S =18 S5
=S o ks (V) Jsdr 3 5,8 e 1B

.w‘o.lﬁ:bb)ji)js;ué‘jj&,]aﬂ‘f;

3 1kl 6LA¢L§4._,<3J5V5\;- Skl ) Ui

S ¢ 5 Sl
rﬂ
Y9 | v =0, Y'(0)=0
S'-:;_v'l

S Yy=0, Y'(0)=0

T (o)+2—fY’(o)=0

\Y4¢ 9> da)u LMJ%JL&



. Sl Jf“‘;&dﬁd‘;ﬂ‘k’)/}k@jgj/ygéwéjj/

ol pls A3l e T VE 5 L /A /A0 S S
Sl B Lol &1 e oS S5 S 4 018 e
ot b IS S slal s L2 L, il
&S e
£33 5l8 b e DS e (1) JSS5 55
st Smmdp e (Bl Il O g S 3
03 4SS das e Ol CJL\J sl ol 03l OLAS S
b I RS S (Al g3 35 IS
< “,;),A‘)JC 3\_56,_?4_3.199_3]0(533

LLE 50 comdpe Coul od b osls OLES £ IS
o=l s as el Al e :yJ&icUu'zb.c
Sl e ol U e GRie Laloab s
s BB 53 ead sl e j5kiS s ojle
Al e Rl pad 350 3 Dy SN (B s
SLa il 3 Slals Jole o jodes Sipl a5 L
Wil e s sl i8S SeS 5 sl b
2218l S5 s Sl age IS5 sl ol
LS B LS G 5 BE02 s laond s

BSasm o Sl pss b

AN

1l o S

det[A(K,.x,,P,0)]=0 (YY)

5w b b 8 3 Gl gdslae >
Sl - 0sls 13 e e 5 oS S
Cosday SIS 5 O s JHS Gl 5L (M) galail)

Al e

el @l:d
el Sl el a8 1 s Jhs Gidar ) shes,
33 el el eala il [25] A sbels
2SS 5 s e Lagles] S &z
e 5 SO S Pl 3 S
b=20mm 5, ¢ 1=820mmJ, b
E=70GPa waNl Jsde ‘h:10mmCu;)\
53 Sl s ool p=2700 Kg/m* JLSs 5
a5l ol b5 s alia (1) st
NS S Uy S35 = [25] oz o (2
e S L (o 5me S Sls 0o 1S
ol 03,51 S 5 il gla el b glila el
Jds gl Slas> oS das e oL Cu ]

ryjrj: cd)\ﬁbéuwgfﬁjb a.\.@m‘b\

S5 iln (sla bl g3l [25] o2 s b OF (samalin 5 1S 5 13 8 G Ot b Sla S 3 Y Js

sl bl S
Hz . [Eygenige
mm S 3 L Zﬁdwﬁ
e 5 K KN /rad
o m/ ra f] f2 ﬁ
S S
Exp. Error Exp. Error Exp. o
[25] Pressent % [25] Pressent % [25] Pressent Error%
30 1 99.42 11.49 11.58 0.73 72.11 72.60 0.69 201.99 203.3 0.68
30 2 24.88 11.47 11.50 0.23 72.04 72.23 0.27 201.92 202.6 0.34
600 1 99.42 11.51 11.60 0.83 72.11 72.69 0.81 201.98 203.5 0.74
600 2 24.88 11.49 11.60 0.95 71.93 72.57 0.90 201.73 203.0 0.63

\Y4¢ <93 da)Lo..i: cr.i.:: 9 S JL\»’

332 Ol pes dige (G4 ;55




Yv

o e g =03 liE e — (5530 3 s

LSJJ;&»wéuwd\jlgdjswwfwﬂpaafywlsjég:,@olmi;&m Y'J.Qi,

093
098

097 A
@,

094 A
095

094

G o8 e ) (ol B L D i e 0SS
S 5 calin el glacad s glila S

eaalin (YY) il 3 sedolas 51 45 5 b0las

o wly OIS 5 Ot b gla 0 B s
St e (V) K8 AL 0 50 (S mee S50
S L S 5 b Jol (S e
33 Sl s b el e 1 1 (5 5
S s e 0L LIS 5 g L GOIS L I
oeldl el EAS (6 4 S Aas e 0L
SIS S G 250 b Gl S
S Sosbar 35 o b la S 5 el e,
b Sla S E ot 6 Ol SRl L
sl b LS 8 Rl L 3 Bl e RalS

.;:J_fd»)lv\ilf:l;w):}.igfjwﬁlﬁ

532 Ol jos pudige 4 ;00

Jol 25m 5o oS3 il poia (0) JSS o

S5 Gof Copmd) S5 (o 508 > 1 (o)
et S ge il olie ol 5 (bl 4
edalie L2 51 S 5boles il ol s S5
3t b R A Lol S 5 sy 35
i Sadaly S5 G b 1Al pl Olje oS
Rl e 3 5 S5 Gee SRl sl
O 03 S5 S aaie 53 O st nosm (5 Ay llas]
St e ek SlaplS B lals osls 3
S5y A S e Ol S e 5
SalS 0T s aal Sy s S olSaSS o,

Sy el i S

1

.i: //_d_ = --\.._\_\_\_H\
A, 0s b b X
'% ,/ \
‘L 0.2 0.4 0.4 D;@\ 1
4 %
205 \

1 A

)\éfsy&‘.}j;“kfiw)\f)::f&;'j iJS«Z

s b S S

\Y4¢ 9> da)u LMJ%JL&



. Sl Jf“‘;&dﬁd‘;ﬂ‘k’)/}k@jgj/ygéwéjj/

\)Hbcj@qw)\séjopﬁbs)pmff
Js amasr g Lodas o a8 9.67% o5l lila
L_:cgs_)_? gL._:UCA_:&%jA u<_.{)245>).1w odalin

Al 215 Ot LS U S Gae 1

09z T T T T
0 nz 04 B 0& U4 1

S35 5l S S O (S Sl Sl s VS

S s Gof o

e O LS DL S5 i e L

LA b S8 s il o woslate (55,0 Lyl 5 &
Sl IS 5 e LS Sl Sl i N
N Sl =l 1S5 e il 53 55 03l a8 aSS
B ) S oo Sgmdge e 135S g
Cel S5 sy 558 0 odalin &S ) bolen .l
SosS a5 b osd o0 O NS L Jals
e S (S5l A cal etk ie CllSa SO
DS e b et )5liS o el 6
b as b S5 8 el il e ok Jlas!
ezt 53liS Sl b blae Csbge )3 W35 S5
Sl o by ks L S Ll S e il
oS i Ui s pily S5 e 33 O 5
b AL Bl o Rl 0T ez 558
Gl SSS )50 )3 2,10 1S 5 O LS
35t S5 oS4 4 S5 b g 0l S

Sy o S U sy o

\Y4¢ <93 da)Lo..i: cr.i.:: 9 S JL\»’

YA

15
I AL L
2 T
Lo ———
3 5 — = sl
N

J:M:.Sé)ﬁ.
D T T T T T

i 50 100 150 200 250 300
N g0 S50

Sosmes Sy iy gl ol Cd Ol is VS

LSl sl aslyl Jue s slac e 5

Sl Al o SIS 5 a0 e S 5l el

sl s 31 sl U e L ol 0

[27] 250 o0 aulone 15 &) gots
(Yv)

_ m’El
=
(KL)*

Ot 85 Al o o8aSS o b KOl 3 a8

N s 3T G =18 S saelS ST
o=l MR Sls S s s VS S 1S S
[26] 42l 0 0.5 50.7 d 24 pl s i e
S Ol s (1)) Goins slobie salabas Sl osliza |
Db Sl 3 ped aaloee | 1S 5 g0 g LS
o S 8 S IS 5 Ot A o BLS
il ol GGes Gl 5 S5 md b s
Py 5 Py ol 0l nls OLAS (V) IS5 55 S5
LG ) v 5 bS5 Oy (RleS 5L S
Celb S S5y aS das o Ol @Lg Las e
By o O 0 S b 5 S L als
355 0138 S Wl O st (S 4508 Ul
sl gedaly Gl LS L o
Goe LI5S 5 05t (sl 5 L3l s P, = 3.67EI
USRS S 0,001 Lo Emign 53 506 s

s onlpl anT e Cowsay Py = 3.35ET L,

332 Ol pes dige (G4 ;55



Y4

& S 4o
DL, o Sl S s el G 2
AU o s 5 slad s sl 5 b
el Ayl Jde il ol 1) (5 sme (S5,
S ey b el bS5 gsledie glhs
S SOl (655 3l eslizad L OT Jslbes i
Satslas 03550 Cowsas 3l RS WV odkal o
S Qg b2 b B (S el 0
22 oo 5 ikl Jlesl bighsme S50
Soims olis salls (SLs Glslen 4 S5 e
S s G Sa A o p sk Bl
gl Osi (LS L il slaeasia
5 Sosme S ) o p & e Dol 03 S
oleS S s bl Jld, o S S sl bl
DL mls ool el ey JsS 5 slad s
ORI Eely (EES (g s G 4S L
Soge S Jlae 3 25 (aeb Sla S 4
3500 Qg b Gl 3 fals el oL
Slr ilS 3 (oLt (g 5o 5 Rl L
(GRS 5L 55 S ol e ialS (Glesll b anb
Mol o 5 0k ol ol b 6 5
S5 552545 das e 0L @Lﬁ R 5 0
S 53 5 35 Qs b o i S sl
Gt A i Gee U S5 paste Caal s
b b L Glas L s s ) slaaasiis
Sl 30l S Gas LS5 4 S 050 50
LS S i e S S et Ges
S o0l 5l s)liS o Sl b gla S 3
Db s b sla s B fals sl (p pedes
S P DU CAA S TS v - ER |
o s 5 skiS ke aS Slacad se 3 1
b s b sla S S S A S e e

353 Ol pes ndige (G4 05

o e g =03 liE e — (5530 3 s

1
098
LS
Poogs
094 —
a=0.25
a=0.5
092 . .
0 0z 04 06 03 1

B

5o ool GaelEasS L bS5 s (S SL Sl s A S
et SGes Gl 4 S J o Sod e 1 LSl 2

Vo) s =1 1S Sl Qg S L ol e 4SS
o SlGes (il S5 eed amdpe e I3 S
S 5 ke

20 ‘Q‘U

n9E

098

0 02 04 B s 0e |

SIS 5 1,8 s 55 Ot GRS HL Sl Ve S

S5 it d $laGes Ghila S5 el S o

\Ya¢ 9> Lga)La..'Z AV.«.L.::)CMM:JJLA



o S s S slad i il U8, 5 solbl L/ Y

S 5 sla bl 3l (gles xS (so3L shilas I C"L 95 @l_:;l_:w_w ul)\dl&u”t}}@l.ﬁ S in
leals

1. Krauberger, N., Bratina, S., Saje, M., Schnabl, S., Planinc, I.; "Inelastic buckling load of a locally
weakened reinforced concrete column", Engineering Structures, Vol. 34, pp. 278-288, (2011).

2. Gurel, M., Kisa, M., "Buckling of Slender Prismatic Columns with a Single Edge Crack under
Concentric Vertical Loads", Turkish J. Eng. Env. Sci., Vol. 29, pp. 185-193, (2005).

3. Jiki, P. N., "A Finite element java program for stability analysis of pre- cracked beam-columns",
Indian J. Edu. Inf. Manage., Vol. 1, pp. 49-55, (2012).

4. Jiki, P. N., Karim, U., "A Numerical model for stability of fre-cracked beam-columns", 1st
International Technology, Education and Environment Conference, (2011).

5. Vadillo, G., Loya, J. A., Fernandez-Saez, J., "First order solutions for the buckling loads of weakened
Timoshenko columns", Comput. Math. Appl. Vol. 64, pp. 2395-2407, (2012).

6. Nikpour, K., "Buckling of cracked composite columns”, Int. J. Solids Sructures, Vol. 26, pp. 71-86,
(1990).

7. Anifantis, N., Dimaragonas, A., "Stability of columns with a single crack subject to follower and
vertical loads", Int. J. Solids Structures, Vol. 19, pp. 281-291, (1981).

8. Rahai, A.R., Kazemi, S., "Buckling analysis of non-prismatic columns based on modified vibration
modes", Commu. Nonlinear Sci. Numer. Simul. Vol. 13, pp. 1721-1735, (2008).

9. Deliang, C., Wenting W., Feng L., "Vibration analysis method of cracked beam based on the
principle of energy", Applied Mechanics and Materials Vols. 94-96, pp. 1633-1637, (2011).

10. Guirong, Y., Alessandro, D., Emiliano, M., Ruoqgiang, F., "A novel approach to detecting breathing-
fatigue cracks based on dynamic characteristics", Journal of Sound and Vibration, Vol. 332, pp. 407—
422, (2013).

11. Ma’en, S., Eric A. B., "Natural frequencies and critical loads of beams and columns with damaged
boundaries using Chebyshev polynomials", Int. J. of Engineering Science, Vol. 48, pp. 862-873,
(2010).

12. Giirkan, S., Hasan, O., Mustafa, S., "Dynamic stability of multi-span frames subjected to periodic

loading", Journal of Constructional Steel Research, Vol. 70, pp. 65-70, (2012).

\vqigjadeJWLru)WJLﬂ w)}ﬁd‘ﬁ&w&ydqf.b



Y\

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

o e g =03 liE e — (5530 3 s

Seong-Min, K., Yoon-Ho, C., "Vibration and dynamic buckling of shear beam-columns on elastic
foundation under moving harmonic loads", International Journal of Solids and Structures, Vol. 43,
pp. 393-412, (2000).

Jiki, P.N., "Buckling analysis of pre-cracked beam-columns by Liapunov’s second method",
European Journal of Mechanics A/Solids, Vol. 26, pp. 503-518, (2007).

Kisa, M., "Vibration and stability of multi-cracked beams under compressive axial loading",
International Journal of the Physical Sciences, Vol. 6(11), pp. 2681-2696, (2011).

Caddemi, S., Calio, 1., "The influence of the axial force on the vibration of the Euler—Bernoulli beam
with an arbitrary number of cracks", Arch Appl Mech, Vol. 82, pp., 827-839, (2012).

Jena, P. K., Thatoi, D. N., Nanda, J., Parhi, D. R. K., "Effect of damage parameters on vibration
signatures of a cantilever beam", Procedia Engineering, Vol. 38, pp. 3318 — 3330, (2012).

Yazdchi, K., Gowhari Anaraki, A. R., "Carrying capacity of edge-cracked columns under concentric
vertical loads", Acta Mech., Vol. 198, pp. 1-19, (2008).

Ranjbaran, A., Hashemi, S., Ghaffarian, A. R., "A new approach for buckling and vibration analysis
of cracked column", IJE Transactions A: Basics, Vol. 21, pp. 225-231, (2008).

Evren Toygar, M, Kiral, Z., Onur, S., Yusuf, A., "Effect of interface crack on lateral buckling
behavior and free vibration response of a sandwich composite beam", J. of Composite Materials, Vol.
1, pp. 1-9,( 2012).

Binici, B., "Vibration of beams with multiple open cracks subjected to axial force", Journal of Sound
and Vibration, Vol. 287, pp. 277-295, (2005).

Okamura, H., Liu, H. W., Chu, C., Libbowitz, H., "A Cracked column under compression",
Engineering Fracture Mechanics, Vol. 1, pp. 547-564, (1969).

Ricci, P., Viola, E., "Stress intensity factors for cracked T-sections and dynamic behaviour of
T-beams", Engineering Fracture Mechanics, Vol. 73, pp. 91-111, (20006).

Tada, H., Paris, P., Irwin, G.R., "The Stress Analysis of Cracks Handbook", ASME Press, New York,
(2004).

Vakil Baghmisheh, M.T., Peimani M., Homayoun Sadeghi, M., Ettefaghb, M.M., Fakheri Tabrizi,
A., "A hybrid particle swarm—Nelder—-Mead optimization method for crack detection in cantilever
beams", Applied Soft. Computing,Vol. 12, pp. 2217-2226, (2012).

Surya, N., Patnaik, Dale, A. Hopkins, "Strength of Materials", Elsevier, New York, (2004).

=333 Olpes pudige (a2 WAL (53 Soslad cpid 5 oy Sl



LS s S slad g il L8, 5 solbl L) Yy

\vaigad%\w‘ru)g;wﬁdu ;5“«92}'90‘}*9;5""\“@‘6%};"



\\'"\Lj;‘jajw‘ruj;‘mfdb ot Ol pes pmdige (S o

% S 2l Cwglio 5 CFRP (SE )9 Sz § (3 Cwnglin 3

) - ) .
ol g Je RS HEPPE

)).&_:\Aﬁ’/ﬂ—’ﬂ 4.3-{},0‘5.1‘.5}47'}) JL.‘ZCw/LFRP LJU/@C:LMAJM d[&d)})/:)&iw/d)bﬁj@wwd[&u{;j JL:AJJ Ov\g’:%

stallls (oliizer ol o U 3,0 i s FRP o | Sl Cusplés &/a.uj;ctw"ﬂ;[lnﬂﬁﬂd Cuogléo FRP j/ osliz!

Slotisnd 1 oo Sl b o] oy ol 0 o iliis Casslis ety il o il i Lsod e (53 o Aekoed 5 A5

Lo gt Sty U o o a8, S )5 el 3 50 halid Olsioats SO0 o o Lok g 55 CFRP (sladys Lot oL

s il esliz o] U it s 4 CFRP | Sl Caopléo ] 48 ,5” )y 50 CFRP @y&~&;qy/@5w5j% sl s

PN )J/./b‘[—:_,wr/",:i[_ﬂj/’J.’ Ladipai oSS jl ool CLLQ Lootol Covnt C;’Lj w/:vg:fdxfaj/x/w b & i

Lol Cosdr i sla i ol Conslio st 0 CFRP Sl Conslio 5 o meba Caaslio Sl Coly 55 ilortss S aug i
ol 0t 3L,/ CFRP (clai s

CFRP (S o 55 o Canslie  Jiome O5e3l (SOl (S0 519

The Effect(s) of Concrete Strength and its Bond to CFRP sheets on the Ultimate Strength
of Concrete Beams

M. Naderi A. Khonsari

Abstract Among the systems used for Retrofitting and Strengthening of structures, FRP systems seem to
be more popular. When using FRP, the surface strength of concrete plays major role in producing
sufficient adhesion between FRP laminates and concrete. Therefore, this paper is devoted to the findings
of research on five different concrete strength that were used in manufacturing concrete beams for
Retrofitting. In total twenty beams were prepared for studying the changes in adhesion between concrete
and CFRP layers. While half of the beams were wrapped with CFRP's, the other half were left as they
were for comparative studies. The adhesion of CFRP layers on concrete beams were measured by new
Twist-off method and the results were compared with those obtained from standard flexural testing of the
beams. Finally, the effect of concrete surface strength and the bond strength of the CFRP on the ultimate
strength of the strengthened beams have been assessed.

Keywords Twist-off Method, Concrete Strength, Concrete Beam, Adhesion, CFRP.
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Restoration Plan of Adobe Tower No. 32 in the Bam Citadel

M.Hejazi B.Hgazi  H.Mehdad S. Hejazi

Abstract The world largest adobe citadel in Bam (Arg-e Bam) was damaged seriously in the 26
December 2003 earthquake. Snce then many studies and researches have been done to restore this
historical complex. One of the first structures in the citadel for which a restoration plan was prepared
over a project was adobe tower No. 32. The objective of this project was studying the seismic behaviour
of the tower to find out the cause of damage, the weakest parts of the structure in future earthquakes, the
best way to improve the seismic performance, and the most approperiate restoration plan. This paper
presents the study on seismic behaviour of tower No. 32 and its restoration plan.

Keywords Adobe Tower, Seismic Behaviour, Restoration, Bam Citadel
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Evaluating Rectangular L oading Pattern in Nonlinear Analysis of Composite
Bridgesunder Blast

A. R. Habibi N.Khaledy

Abstract While significant advances have been made on the blast analysis, applications of nonlinear
analysis of structures under explosion have been limited to the frames and structural behavior of bridges
subjected to blast is an issue that has attracted attention of researchers in recent years. Nonlinear
dynamic analysis can be lead to the most accurate responses of the structure under blast but the use of it
is not justified in many cases because of its complexity and excessive computing times. Pushover method
is often seen to be a viable and attractive alternative to nonlinear analysis because of its simplicity and
ability to estimate deformation demands with acceptable accuracy without the intensive computational
and modeling effort of a nonlinear dynamic analysis. In this study, a rectangular load pattern is
developed to estimate nonlinear responses of composite bridges subjected to blast using pushover
method. For this purpose, first, an efficient method is proposed to determine equivalent static blast
loading and then the accuracy of pushover analysis based on the devel oped load patternis evaluated. It is
shown that the proposed method can be easily used to conservatively estimate maximum displacement of
composite steel girder bridges under explosion.

Keywords Nonlinear Dynamic Analysis, Pushover Analysis, Blast Loading, Composite Bridges.
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Optimum Stiffness of Tuned Mass Damper with Combining Transient and Steady
State Responses for Undamped Structure

P. Ashrafi J. Alamatian

Abstract This paper deals with new method for designing the tuned mass dampers (TMD) with
considering both transient and steady state responses, simultaneously. This formulation is presented for
undamped vibrations. For this purpose, the absolute value of the structural displacement ratio is
minimized numerically. This procedure leads to optimum value of TMD's specifications. For numerical
verification, the vibrations of some structures a controlled by proposed method. Results show the
efficiency of the proposed technique in comparison with other existing approaches.

Key Words Tuned mass damper, Transient and steady state responses, Undamped vibration.
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Evaluation the Behavior of Composite Multicellular Steel Decks Strengthened by GFRP
Plates
E. Ali zade M. Dehestani B. Navayinia

Abstract Design of bridge deck with long-term strength, durability and permanence is a significant
interest for engineers. One applicable solution to this challenge could be via using hybrid system
consisting of conventional materials such as concrete and stedl with FRP plates which is also known as
composite deck. Since these deck are relatively new so their performance is not completely known. The
present study is dedicated to composite deck consists of a steel core and GFRP plates. This composite
sandwich bridge deck system is composed of wrapped hybrid core of GFRP grid and multiple steel box
cells with upper and lower GFRP facings. The structural performance of deck was evaluated by
nonlinear finite element method and numerical results have been compared with available experimental
results where possible. After ensuring the validity of numerical modeling of composite deck, parametric
studies such as change in geometry, steel core shape and mechanical properties of materials have been
done. It was found that failure mode of the proposed hybrid deck was more favorable because of the
yielding of the steel tube when compared with that of absolute GFRP decks. Increasing the thickness and

changing the steel core geometry can improve the ultimate load capacity of the deck. The grid layer has
the maximum thickness among the GFRP layers and therefore ultimate load capacity of the deck
enhanced by increase the elastic modulus of grid layer.

Keywords Composite Decks, GFRP Plates, Rectangular and Trapezoidal Steel Core, Nonlinear Finite
Element Method.
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Behavior of Clayey Soils Mixed with Tire Chips

A. Ersizad H. Soltani-Jigheh M. Asadzadeh

Abstract Recently, mixtures of clay-tire chips are used as construction material in civil engineering
projects. With respect to the tending for using these materials, it is necessary to know their mechanical
behavior. Thereby, a number of undrained monotonic triaxial tests are carried out on the specimens of
pure clay and clay-tire chip mixtures. Mixed specimens prepared by mixing pure clay with 10%, 20%,
and 30% tire chipsin weight. The results of the tests indicate that shear strength and pore water pressure
due to shearing depend on the amount of tire-chips and clay type. As dependent on the clay type used in
the mixtures, there is an optimum content for tire-chipsto mix with the clay.

Keywords Clay-Tire Chip Mixtures, Undrained Triaxial Test, Shear Strength, Pore Water Pressure.
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Determination of Bond Strength of CFRP Sheets, Exposed to Temperature Changes,
Wetting and Drying, and Freeze-Thaw Cycles, Using Twist-off M ethod

M. Naderi S.A. Hgjinasri

Abstract Nowadays FRP composite sheets for structural repair, as an efficient and cost-effective
technique for restoring and upgrading the load bearing of concrete structures are have become very
common. In addition to high strength to weight ratio and the use of FRP sheets while structureisin use,
these sheets have good fatigue resistance. Furthermore, their easy application is also an undeniable
advantage. When exposed to cyclic temperature changes, wetting and drying and freezing and thawing,
the FRP retrofitted structures do not show acceptable durability. Although, considerable researches have
been reported on failure modes and increment of strength and changes in ductility of the FRP
strengthened elements, but experimental data on their durability are scarce. Hence, this investigation
focuses on the durability of these sheets under temperature changes, wetting and drying and freeze - thaw
cycles. During this investigation, CRFP sheets were glued to all 8 surfaces of 15x15cmconcrete cubes for
every environmental condition. At the end of every thirty cycles, adhesional strength of CFRP sheets were
determined using the Twist-off method. The results show that, while the effects of wetting and drying and
temperature changes on the CFRP/concrete interfacial adhesion are not considerable, the decreasing
effect of freezing and thawing is enormous.

Keywords CFRP, Temperature Changes, Wetting and Drying, Freeze and Thaw, Twist-off Method.
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Rehabilitation of Steel Structures by Using the Rotational Friction Dampers

M. A. Hadianfard

Abstract The rotational friction dampers can be improved the seismic behavior of the steel structures,
and they can be reduced the internal forces in the bracing members, columns and the other structural
members. In this research, a simple method for modeling and analysis of braced frames equipped by
these dampersis proposed. The proposed model describes seismic behavior of dampers very well and it is
applicable to analysis of braced frames with common sections in Iran. Braced steel frames with dampers
and without dampers are considered for time-history dynamic analysis, and some parameters such as:
base shear, axial forces of the columns and the bracing, drift of stories etc. for two different cases are
compared. In the entire analyzes, the structure with damper has been shown the better performance and
the more stitable seismic behavior than the structure without damper. Then, use of frictional dampers for
rehabilitation of existing buildings or designing of new structures with minimum weight is very useful.

Keywords Rehabilitation, Rotational Friction Damper, Steel Structure, Energy Dissipation.
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Presentation a Fuzzy Model to Deter mine Shor eline Sensitivity due to Oil Spill
(Case Study- M azandaran Coastal Area)

F.Vafaie  V.Hadipour A.Hadipour S.A.Mousavi

Abstract The Caspian Sea shoreline especially Mazandaran coastal area is very important area because
of its economic, environmental, and fishery parameters as its high length is always exposed to the
negative effects of oil spill. So, determination of its sensitive coastal areas due to oil spills, presentation
of some approaches to develop the models, localization the methods and determination of sensitive
coastal criteria to ail spillsis much necessary. For creating this model, after recognizing the hazard line
and creating the objective layers, the processed layers are weighted using analytical hierarchy process
(AHP) and Fuzzy AHP methods, then according the fuzzy model the layers are combined by using
geographic information system (GIS) software and the final sensitivity maps are produced. The fuzzy
results show that the most area of Mazandaran province has a high sensitivity during the oil spills.

Keywords Qil Spill, Coastal Area Sensitivity, Mazandaran Province, Caspian Sea, GIS, AHP, Fuzzy
Model
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Reducing the %Snﬂnc Respon% of Non”near on using optimization procedure, a new method has

Hysteretic Structures Using Optimal
Multiple Tuned Mass Dampers

M ohtasham Mohebbi®*, Hosein Shabani?
Solmaz Moradpour *

1-Introduction

In previous research works about the application of
control systems, passive tuned mass damper (TMD)
has been studied extensively both theoretically and
experimentally. Results of previously reported
research have shown the effectiveness of TMD in
reducing the response of structures. However, there
are some limitations in practical application of single
TMD such as sensitivity to tuning frequency and the
damping ratio of TMD. Using multiple tuned mass
dampers (MTMDs) that consist of several TMDs has
been proposed to overcome the shortcomings of
single TMD. A lot of research works have been done
about design and assessment of MTMDs
performance on multi-degree-of-freedom (MDOF)
structures most of which are concerned with
application to linear structures. According to the
results of these studies, it can be said that the
performance of MTMDs depends on the total humber
of dampers, damping ratio and the distribution of
TMDs on the floors. Also different methods have
been proposed for optimal design of MTMDs on
linear structures such as determining the optimum
parameters of MTMDs based on minimizing the
steady-state displacement of the main system,
designing MTMDs based on tuning to several modes
of structure’'s vibration and designing optimal
MTMDs for linear structures based on defining an
optimization problem and minimizing different
objective functions using genetic algorithm (GA) to
determine the optimal parameters of the TMDs.

Most of the reported research on the application of
MTMDs has been focused on linear structures while
under severe earthquakes; most structures experience
nonlinear behavior. Therefore, designing MTMDs on
nonlinear structures should be considered. Designing
optima MTMDs for nonlinear structures has not
been studied completely in previous research works.
Thus, the main objective of this paper is to design
optimal MTMDs for nonlinear structures.

2- Designing Optimal MTMDs for
Structures

Several methods have been proposed for designing

single TMD and MTMDs on linear structures based

Nonlinear
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been developed to determine the optimal parameters
of TMDs by defining an optimization problem. In
this method the parameters of the TMDs are
considered as design variables and minimization of
the response of the structure is considered as the
objective function. Different responses of the
structure could be considered in the objective
function. Since the maximum drift of the structure
plays an important role in the damage done to
nonlinear structures, in this research minimization of
the maximum drift has been selected as the objective
function. To solve the optimization problem which
includes a large number of variables, genetic
algorithm (GA) has been used.

For numerical analysis, an eight-storey bilinear
hysteretic shear frame subjected to a white noise
excitation and optimal MTMDs located on the top
floor in parallel configuration have been designed.

To show the effectiveness of the proposed method in
designing optimal MTMDs, results of a case study
design for TMDs number equal to 5 and TMDs mass
ratio vaue (u) equal to 4% the variation of the
objective function value (maximum drift of the
structure, Y,,..) have been reported in Fig. 1 for three
runs of GA. Also in Fig. 2 the stiffness and damping of
optimal TMDs has been shown for this case.

18
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sy Run2
17 : ----Run3
= |
S 165
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- T | |
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145
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Fig.1- Convergence of GA for different runs

35 1000

Ka (kN/m)

TM D Number

Fig.2 - Stiffness and damping of optimal TMDs

All runs have approximately the same final
optimum answer. Therefore, the results show the
capability of the proposed method and its ssimplicity
and convergence behavior. Also it is found that
though the same mass has been considered for
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TMDs, the stiffness and damping of TMDs in the 10
optimum case are different. % -~ 10TMD @
a) Designing optimal MTMDs for different mass & 081 _:_img
ratio and TMDs number @
To assess the effect of different parameters on B 067
MTMDs efficiency, for different TMDs number and T;rs
TMDs mass ratio (u), optima MTMDs have been 5 041 s RS B ]
designed when the structure is subjected to white 2 1 7 T T
noise excitation. The maximum drift of the controlled 02
structure has been divided to the maximum drift of " 10 %
the uncontrolled structure and has been reported in S RN ®)
Fig. 3(a). According to the results, it can be said that g 08 ‘a.
increasing the mass ratio has led to more reduction in o
the maximum drift. Consequently there is a greater B 06| . iotmp g
reduction in damage to the structure while it is clear é 04 |—=—5T™MD X RTTIT )
that in most cases the performance of MTMDs is not 5 |---e--1TMD
sengitive to the number of TMDs. While increasing = 02
the number of TMDs has not affected the ’
performance of MTMDs, the method yields a smaller 1.0 #
size for an individual TMD which is more attractive 8 ©
regarding its ease of installation. % 08 oo 10TMD
To assess the effectiveness of designed optima & —H—5TND
MTMDs in mitigating the response of structure under g 06 X e 1TMD
real earthquakes with different pesk ground =S B
acceleration and frequency content, controlled E 04 f
structures have been tested under the EI-Centro (1940, =
PGA=0.34g), and the Hachinohe (1968, PGA=0.23Q) 0.2
records as far-field earthquakes as well as the
Northridge (1994, 0.84g) and the Kobe (1995, 0.83g)  ,, *° @
records as near-field earthquakes. The normalized S 09 ©
maximum drift is shown in Fig. 3(b-€) which indicates g
that the effectiveness of MTMDs depends on the X 08 _
characteristics of the earthquake. Under testing § 07 ---%-- 10TMD 1
records, too, it has been found that increasing the mass TE“ A 5TMD
ratio has improved the performance of MTMDs in 5 06 cee@--1TMD
reducing the maximum drift and damage of the < 05
nonlinear structure. '
1.0
3- Conclusions RN (e)
In this research, the effectiveness of optimal multiple % 0.9 g
tuned mass dampers (MTMDs) in mitigating the g | T e T i
response of nonlinear hysteretic structures has been x 08
studied. To determine the optimum parameters of § 07 ceo%-- 10TMD x 3
TMDs a method based on defining an optimization g ' —a—5TMD
problem has been developed which minimizes the 5 06 8- 1TMD
maximum drift of the structure by using GA. =
According to the results of numerical simulations it 05 ; : : :

has been found that: (1) the proposed method could be

0 2 4 6 10
used successfully for optimal design of MTMDs on W (%)
nonlinear structures which has some benefits such as ' _ . .
imolicit d abili f i deri diff t Fig. 3. Normalized maximum drift of the structure for
smplicity - an cgp | 'ty of considenng d eren different massratio and TMDs number when the structureis
number and configurations for TMDs, (2) optimal subjected to (a) white noise; (b) the El-Centro(1940); (c) the
MTMDs has been effective in reducing the maximum Hachinohe(1968); (d) the Northridge(1994); and (e) the
drift, consequently the damage to the nonlinear K obe(1995) earthquakes

structure, (3) the performance of MTMDs has been
affected significantly by the mass ratio of TMDs and
input earthquake characteristics.
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Stability and Vibration Analysis of
Cracked Columnsunder Compressive
Axial Load
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1-Introduction

Existence of cracks in structures reduces their load
capacity and final strength. And if cracks are is not
detected, they may lead to destruction and disastrous
damages. Many research works have been
accomplished in the field of investigating stability, and
defining buckling load and dynamic response of
cracked columns. Using the finite element method,
Kisa investigated stability behavior of cracked beams
under axial load. Ranjbaran et al. investigated the
buckling and vibration analysis of the cracked
structure. Using the calculus of variations, they
modeled the problem as an optimization problem, and
they studied the effect of the crack on vibration
behavior of the cracked beams.

Research works investigating the effects of crack
parameters on vibration behavior and stability of beams
and cracked columns are mostly based on numerical
methods, while these methods cannot be easily used for
detecting cracks and investigating various parameters
in the columns.

In the current research, a new analytical method is
presented to study the vibration behavior and buckling
load of cracked columns under axial load. The
governing differential equation is derived by the
Hamilton’s principle. After deriving the eigenvalue
problem, the effect of crack parameters on vibration
behavior and buckling load of the cracked columns is
investigated.

2- Local Flexibility in the Column Caused by the
Crack
Fig. 1 shows the cross section of a column having an
open edge crack with constant length. The stiffness of a
torsional spring K, , equivalent to a crack with width
b and depth ¢, is derived using Castigliano’s theorem
as:
1 b(l-v) 9 fa
?ZTWL Klz((l)d(l (1)

t
where M is the applied moment. K; (o) is stress
intensity factor for first mode of fracture in
correspondence with bending moment M, which is

C=
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shown in (2) for a rectangular section:
K, (a.)= % ra, F[%) @)

where h and I, are height and inertia moment of
column section. For rectangular section, the function
F(a./h) is expressed as:

a a acy\2
F(=%) =1.93-3.07(=%)+14.53(=)
h h h €)

a.. 3 a. 4
-25.11(=%)” +25.080(==
(h) )

3- Vibration of Cracked Column Under Axial Load
The cracked Euler-Bernoulli column under constant
axial load and the mathematical model used are shown

in Fig. 1.
b b

Al |
L | i
-|$1 <, ]
I @k
i X i
v L I ‘ I
T T s

(@) (b)

Fig. 1. (a) Cracked column, (b) Mathematical model
of the cracked column

The governing differential equation of lateral
vibration behavior of the two intact parts of the column
is derived as:

EI aAY(f’t) Paly()f’t) +pA 82y(f’t) =0 4)
ox ox” ot
where EI, P, pA are bending rigidity of the column,

compressive axial load and mass per unit length of the
column, respectively. Considering y(x,t) = Y(x)e™
where o is the natural frequency of the column under
axial load, for the two intact parts of the cracked
column shown in Fig. 1, the solutions of Eq. (4) can be
written in the following form:

Y, (x)=B, sin(C—X) +B, cosh(C—X
L L (5)
(T LS
+ B, sinh( L )+ B, cosh( L )
Y, (x) =B, sin(%) + B, cosh(CTX
(6)

+B, sinh(%) +B, cosh(%)

The vibration mode shapes of the system (Egs. 5 and
6) have 8 unknown parameters, B;,i=1,2,....,8 , which

are calculated by applying the boundary conditions and
compatibility conditions at the crack location.
Substituting the boundary and compatibility conditions
in equations (5) and (6), the corresponding eigenvalue
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problem is derived as [A|{B} = 0. To have a non-trivial

solution, the determinant of the coefficients matrix
should be zero. Therefore, the characteristic equation
of the cracked column under axial load is derived as:

det[A(K,.x,.P,0)|=0 (7)

By solving the last equation, natural frequencies and
buckling critical load of the cracked column are
obtained.

4- Analytical results

In order to validate the results, experimental data of
the Vakil et al. work are used. Table 2 shows the
comparison between results from the presented model
and experimental data for various crack parameters.
Results show that the maximum error of the presented
model for defining the first, second and third natural
frequencies are 0.95%, 0.90%, 0.68%, respectively. So,
it can be concluded that the presented model predicts
the vibration behavior of cracked columns with proper
accuracy.

One of the other advantages of the presented model is
the possibility of calculating the buckling load of
cracked columns. Using Eq. (7), the buckling load of
cracked columns is calculated. Variations of buckling
load of the cracked column with the crack relative
location for different relative depths of the crack are
demonstrated in Fig. 2. P, and P, are the buckling

load of the cracked and the
respectively.

Results show that the existence of the crack reduces
the buckling load and load capacity of the column. For
the studied intact cantilever column, the buckling load
is P, = 3.67EI according to Euler formula, and for the

intact columns,

cracked column with the crack relative depth 0.6 at

buckling load of the cracked column by 9.67% in
comparison with the intact column. As shown in Fig. 2,
at a constant crack location, increasing the crack depth
reduces the buckling load of the column.

098
P
cr
— 098
Pe
094
09z T T T T
0 0z 04 06 0.e 1

Fig. 2. Variations of buckling load of the cantilever cracked
column with the crack relative location

5- Conclusion

In the current study, an analytical method for
investigating the vibration behavior and stability of
cracked columns under axial load is presented.
Results show that the existence of the crack reduces
the buckling load considerably, and the magnitude of
this decrease depends on the location and depth of the
crack. It is seen that at a given crack location,
increasing the crack depth reduces the column
buckling load.

The results have been validated by the
experimental data reported in the literature. There is a
very proper agreement between the results obtained
through the proposed method and those obtained
from the reported experimental data.

relative location 0.001 the buckling load is
P, =3.35EI. Therefore, the crack decreases the
Table 1 Natural frequencies of the cracked cantilever column for various crack parameters
Sprin,
Crack pring .
torsional Natural frequencies, Hz
parameters, mm .
stiffness
Crack Crack
- K., KN.m/rad f, £ f:
location  depth ' ! 2 3
Experiment  Present Error% Experiment  Present Error% Experiment Present Error%
30 1 99.42 11.49 11.58 0.73 72.11 72.60 0.69 201.99 203.3 0.68
600 2 24.88 11.49 11.60 0.95 71.93 72.57 0.90 201.73  203.0 0.63
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The Effects of Concrete Strength and its
Bond to CFRP sheets on the Ultimate
Strength of Concrete Beams

Mahmood Naderi®’, Ali Khonsari?

1-Introduction

Although, for increasing the strength and durability
of structures, the use of FRP is attracting more
attention, its surface adhesion and the bond to the
substrate concrete is not yet fully understood. Low
bond strength between FRP and substrate concrete
and insufficient strength of the substrate concrete
which is the real cause of early failures has reduced
the use of FRP laminates because the safety
considerations of the systems have become more
important.

Therefore, in order to give more assurance about the
behavior of the strengthened systems, knowledge of
the true strength of the substrate concrete has become
anecessity.

2- Experimental Work

In these experiments, five different concrete mixes
with the maximum aggregate size of 20 mm were
used. CFRP laminates used were of 4900 MPa
tensile strength, 230 GPa modulus of eagticity and
0.111 mm thickness. The epoxy resin used for these
experiments was of two components which was
mixed with the ratio of 1 to 0.58.

After making sue of the quality of the aggregates,
mixes were designed for the strength range of 15-35
MPa. The standard method based on ACI 211.1 was
used with maximum aggregate size of 20 mm and
slump of the mixes were between 30 and 50 mm and
the percentage of air content was about 2. The water
cement ratios of the designed mixes were, 0.7, 0.61,
0.5, 0.42 and 0.3.

A tota of twenty beams were cast with the
dimensions of 100x100x350 mm. For each concrete
strength, two beams were strengthened with FRP and
two beams were left as cast, for comparison of the test
results. Figs. 1 and 2 show the methods of
strengthening the beams with FRP laminates and the
method of loading the strengthened beams during
testing.

In order to measure the compressive strength of the
concrete, for each concrete mix, two concrete
cylinders of 150x300 mm dimensions and one
concrete cube with 150 mm dimensions were also cast
and were compression tested at the specified ages. The
measured compressive strength of the mixes were
23.03, 26.42, 36.13, 39.67 and 43.62 MPa

v Corresponding author, Associate Professor Imam
Khomeini International University.
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2 M. Sc. Imam Khomeini International University.
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Fig. 1- Method of strengthening of the concr ete beams
using FRP laminates.
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Fig. 2- Method of L oading the Strengthened Concrete Beams.

3-Twist-off method

According to the classification specified for in situ
tests, the Twist-off method is considered as a
partially destructive test method. For measuring the
concrete strength and the adhesion of FRP laminates,
150 mm concrete cubes were prepared and the
Twist-off method was used. For each set of
experiment, four Twist-off tests were conducted to
evauate the concrete strength and the adhesion of
the FRP laminate and the average value was used for
the analysis.

4- Reaultsand their analysis

As shown in Fig. 3, as the concrete strength
increases up to about 40 MPA, the ultimate strength
of the strengthened beams increases and when the
concrete strength reaches about 43.62 MPa, the
growth in the ultimate strength of the retrofitted
beam tends to decrease.

A 182.4 %

@ EZOO 16629 173.3% 180.6 % 01693%
Ca §175
£x 8

o5 |
g:&::ngS
£ S g 100 -+
o< ©
57 75 A
ESE g5 -
S5
2 B2

0 -

23.03 2642 36.13 39.67 43.62
Concrete compressive strength (MPa)

Fig. 3- The effect of concrete strength on theincreased
strength of the beamsretrofitted with CFRP laminates.
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In order to measure the deflection at the center of the
concrete beams, accurate dial gauges were set up
under the center of the beams and during the testing
period, and deflections were read at different loading
stages. Having done so, the load-deflection curves
were plotted. Fig. 4 shows one of the curves plotted
using the readings obtained. As an example, Fig. 4,
shows the deflection occurred at the mid-point of the
concrete beam with a concrete strength of 39.67 MPa,
during loading to failure.

50

40 - Vd

30 - -

e

= == Strengthend with FRP

=== With out strengthening

Applied load (Kn)
=]

T T T T

0 0.003 0.006 0.009 0.012 0.015 0.018
Displacement at the mid-point (mm)

Fig. 4- L oad-displacement at the mid-point of two tested
concrete beams.

It is clear from this Figure that concrete beams
strengthened by CFRP, have obtained considerable
ultimate strength, compared with those that were left
without strengthening.

5- Conclusions

1- It was shown that, when concrete strength increases
from about 23 MPA to about 40 MPA, the
percentage increase in the strength of the CFRP
retrofitted beams increases from 166.2 to 182.4
percent.

2- From the results of the Twist-off tests carried out
during these experiments, it was shown that when
the concrete surface strength increases from 6.88
MPa to 10 MPA, the ultimate flexural strength of
the CFRP retrofitted beams increases from 8.13
MPa to 13 MPa and then with the increase of the
concrete surface strength up to 12.95 MPa, the
ultimate flexural strength is reduced by about 0.6
MPa.

3- With the increase of the concrete compressive
strength from 23 MPa to 40 MPa, the percentage
increase in the shear strength of the CFRP
retrofitted concrete beams increases from 146 to
172 percent.

4- 1t was aso seen that the flexibility of the concrete
beams strengthened with the CFRP laminates has
increased considerably.
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Restoration Plan of Adobe Tower No. 32in
the Bam Citadd
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1-Introduction

The world’s largest adobe citadel in Bam (Arg-e
Bam) was damaged seriously in the earthquake on 26
December 2003. Since then many studies and research
works have been done to restore this historical
complex. One of the first structures in the citadel for
which a restoration plan was prepared through a
project is the adobe tower No. 32. The objective of
this project was to study the seismic behaviour of the
tower to find out the cause of damage, the weakest
parts of the structure in future earthquakes, the best
way to improve the structure’s seismic performance,
and the most appropriate restoration plan.

The tower No. 32 is made of adobe and located at
the north-eastern corner of the citadel. The front side
of the tower is round. Its diameter is about 15.2 m and
10.8 m at the lower and upper parts, respectively. The
wall attached at the western part is about 10.8 mand 7
m thick at the bottom and top, respectively. At the
eastern corner the attached wall is about 6.2 m and 2.4
m thick at the lower and upper parts, respectively. The
height of the tower is about 15 m (Fig. 1). A number
of cracks have been produced on the outermost shell
of the tower and the eastern wall has been nearly
completely destroyed due to the earthquake but the
western wall has experienced no damages (Fig. 2).
Archaeological studies indicate the existence of an
about 1.5 m thick middle layer inside the tower and
theside walls.

ey

Fig. 1- The dimensions of adobe tower No. 32 and itssidewalls
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Fig. 2 - Damagesto tower No. 32 and its eastern wall

2- Phases of the Restoration Plan
Relevant charters and recommendations such as the

Venice Charter and ISCARSAH Recommendations
have been implemented in the projects. From
intervention point of view, all these charters place
emphasis on reaching the adequate safety with
minimum intervention and respecting the originality of
the materials, technologies, typology and environment
of the monument during the restoration work.
Excessive intervention should be  avoided.
Intervention must be reversible as new materials and
techniques may be developed in the future. The
materials used must be durable and compatible with
origina materials. Restoration of adobe tower No. 32
to its state before the earthquake has been the main
objective of the restoration plan. Hence, the existing
structure  will  be restored, consolidated and
strengthened, and some missing parts will be
reconstructed back to their origina shapes. The
phases of the restoration plan of adobe tower No. 32
are presented in Table 1. Phases 2, 4, 9 and 10 are
explained in the following section.

3- Archaeological Survey
In order to identify different layers and construction

materials and technology of the tower, a number of

pits were excavated on the top and on the northern

surface of the tower and in the ground close to the
tower. Some results are as follows:

1. The tower consists of two layers, the core and the
outer layer added at later times for strengthening
and enlarging the tower (Fig. 3).

2. The outer layer has been detached from the core
due to the earthquake (slippage of the outer layer
over the core of the tower).

3. The western wall consists of four layers.

4. The stone cliff, over which the governor building
is built, continues up to the northern wall and
tower No. 32.



Mehrdad Hejazi, Bina Hejazi, Hamed Mehdad and Saba Hejaz

Table 18. The phases of therestoration plan of
adobe tower No. 32

Phase Activity
1 Historical survey of the building
2 Archaeological survey of the building

3 Architectural survey and documentation of the
present state of the building

4 Pathology of the building

5 Experimental tests for determining mechanical
properties of existing materials of the building

6 Study of vernacular and local techniques for
restoration

7 Study of available materials (such as soil,
adobe, palm-tree fibers, etc.) for restoration of
standing parts and possible reconstruction of
missing parts of the building

8 Selection of techniques and materiadls for
restoration based on related internationa
charters and laboratory test data

9 Structural analysis of origina building to
evaluate its seismic vulnerability

10 Design of structural strengthening and
verification by structural analysis

11 Preparation of drawings for restoration and
strengthening  of  standing  parts, and
reconstruction of missing parts

12 End of investigation phase

13 Implementation of restoration,
and seismic strengthening plans

reconstruction

Fig. 3- Thecore of tower No. 32 (front) and the outer
layer (left, right and top).

4- Pathology

Tower No. 32 has experienced shear cracks on its
outer shell at the outer side, without observable cracks
on itsinner side (Fig. 2). The guard’s room on the top
of the tower has been destroyed except in some parts.
Major destruction has occurred in the eastern wall,
while the western wall is in a good condition. Tower
No. 32 has undergone a relatively small amount of
damage compared to other towers around the citadel.

5- Structural Analysis

Structural analysis has been performed for the
assessment of seismic behavior of the origina and
stiffened structures in order to obtain the same

strength as before the earthquake with minimum
reversible intervention. Three-dimensional nonlinear
time history dynamic finite element analysis has been
used. The mechanical properties have been obtained
from laboratory tests. Three scaled ground motions in
accordance with design hazard levels of Bam have
been imposed on the structure. Analyses have been
performed for three models. The first model is the
structure before the earthquake. The geometry of the
walls and the tower has been changed in the second
model. In the third model the eastern wall has been cut
aong its height (creating an expansion joint) about 5
m from the tower where it is destroyed. Maximum
value of stresses and deformations over the three
ground motions have been taken as design values (Fig.

4).
15 Max
10
&
1
0.05982 Min
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Fig. 4 - Safety factor for tower No. 32 and adjacent wallswith
a 0.5 m wide cut (expansion joint) in the eastern wall (third
model).

5- Conclusions
Based on field studies and analytical results, the
following conclusions are drawn:

1. The tower and the walls must be restored to their
original state before the earthquake.

2. The destroyed parts of the eastern wall must be
reconstructed. A cut (expansion joint) must be
provided in the eastern wall along the height of
the wall at the destroyed zone near the tower, and
it must be filled with weak materials.

3. The cracks on the outer layer of the tower must be
restored by inserting FRP rods and injecting
suitable grout.

4. Crushed or loose adobe bricks on the outer layer
of the tower and the wall of the guard’s room on
the top must be removed and replaced by new
ones.

5. The battlements on the top of the walls must be
covered by two geogrid meshes placed on both
sides and interconnected by appropriate
connectors. A vertical FRP rod must be used in
the middle of each battlement.



Journal of Ferdowsi Civil Engineering, Vol.26, No.2, 2015

Evaluating Rectangular Loading Pattern
in Nonlinear Static Analysis of Composite
Bridgesunder Blast

A R. Habibi*', N. Khaledy?

1-Introduction

Roads, highways, and bridges are the infrastructure
of a country’s transportation system. Bridges are used
in the roads, railways, overpasses and underpasses
inside the cities or in the highways and freeways
between them. They are the main targets of terroristic
attacks or at times of war since their destruction can
result in magjor financia losses and fatalities, block
access to some important locations for extended
periods of time and cause mgor disruptions in
transportation systems. Moreover, a bridge can play a
vital role in facilitating rescue operations at times of
disasters. The increasing probability of war and
terrorist attacks in the present world necessitates the
design of blast resistant bridges.

While significant advances have been made on blast
anaysis, applications of nonlinear analysis of
structures under explosion have been limited to
building structures, and structural behavior of bridges
subjected to blast is an issue that has attracted the
atention of researchers in more recent years.
Nonlinear dynamic analysis can be lead to the most
accurate response of the structure under blast.
However, its use is not justified in many cases because
of its complexity and excessive computing times.
Pushover method is often seen to be a viable and
attractive alternative to nonlinear analysis because of
its simplicity and ability to estimate deformation
demands with acceptable accuracy without the
intensive computational and modeling efforts of
nonlinear dynamic analysis.

2- Blast Modeling
In general, the load resulting from explosions is
considered asillustrated in Figure 1.
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Fig. 1—Blast Loading, (TM-5-1300, 1990)
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Moreover, Figures 2 and 3 are useful to predict the
probable blast severity. To determine the amounts of
explosives for design is dependent on economic
importance of

considerations,
stochastic issues.

the building and

Minimem Stand-off ()

Fig. 2 —Predicting the severity of probable blasts (FEMA 426,
FEMA 428, 2003)

Maximum

Vehicle Vehicle Explosives
Configuration Description (Capacity, lbs)
Compact Sedan 500
Full Size Sedan 1,000

Passenger or 4,000

Cargo Van
Small Box Van 10,000

(14 ft. box)
Box Van or 30,000

Water/Fuel

Truck

B Semi-Trailer 60.000

Fig. 3—The maximum capacity of vehicles carrying explosives,
(Bridge Security Guidelines, 2011)

3- Bridge M odeling

In this study, bridge modeling is performed using
the ABAQUS software. The slab is modeled through
Shell-SAR elements; the beams are modeled by the
3-node B32 Timoshenko beam elements and the
connection between the dab and the beam is
modeled by rigid MPC constraints. The Concrete
Damaged Plasticity model is used for concrete
(CDP). Bilinear stress-strain model is used for the
girders considering linear hardening based on real
values of the material stress-strain curve. A sample
bridge modeled by this study is shown in Figure 4.
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(b)

Fig. 4 —(a): Finite Element Model used in thisresearch, (b):
Graphical Model of a sample deck.

4- The Proposed M ethod

In the proposed method, in order to evaluate the
maximum response of the bridge to blast, the dynamic
non-linear analysis method is replaced by a static non-
linear analysis method to avoid its complex, time-
consuming, and difficult-to-be-interpreted nature.. For
this purpose, the dynamic non-linear analyses are first
performed on a large number of sample bridges with
diverse geometric characteristics subjected to blasts
with various characteristics, and the results of non-
linear responses of the bridges are obtained. Then the
static non-linear analysis is carried out through
controlling the displacement of all samples according
to maximum displacement resulting from the dynamic
non-linear analysis in such a way that the maximum
displacements resulting from both dynamic and static
non-linear analyses are the same. Hence, the
equivalent static load of blasts for each sample is
calculated. Afterwards, several spectra and equations
of dtatic load are presented based on the bridges
(frequency) periods. The spectra are shown in Figures
5 to 7 .These spectra can be used with an equivalent
static load as an equivalent to the effects of a certain
risk level of blast, and they can be utilized to replace
the dynamic non-linear analysis by a static one.
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Fig. 7= Nonlinear static loading spectrum for 1000 Ib of TNT

5- Conclusions

In this study, a load pattern was developed for
pushover analysis of composite deck bridges subjected
to explosion. The curves and equations proposed in
this study can easily estimate the equivalent static blast
load for a composite deck bridge based on the period
of girders. It was shown that the proposed method can
be easily used to conservatively estimate maximum
displacement of composite steel girder bridges under
explosion.
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Optimum Stiffness of Tuned Mass Damper with
Combining Transient and Steady State Responses
for Undamped Structure

Peyman Ashrafi' , Javad Alamatian®

1-Introduction

Structural  vibrations can damage structural
members in addition to disrupting comfort of the
occupants. For this reason, it has become one of the
main concerns of structural engineers. Hence,
researchers have aways been searching for ways to
reduce the movement of structures. For this purpose,
various methods and tools are provided one of the
most effective of which is the tuned mass damper
(TMD). The device is tuned to a particular frequency
until the structure begins to vibrate, the TMD
reduces oscillations of the structure with absorbing
and damping some amount of the vibration energy.
The performance of the device depends on how it is
tuned. Therefore, the procedure of determining its
characteristicsis very important.

TMD is one of the safest tools for structura
control and its performance depends on various
factors such as mass, stiffness and damping. Hence,
many researchers have studied this device and
proposed some methods to obtain its stiffness and
damping. In most methods, the optima
characteristics of the TMD are obtained independent
of its excitation or only considering the structural
steady state response while neglecting its transient
response. Since transient response is a considerable
amount in undamped structures, a method is
proposed to resolve this shortcoming. In this method,
the structure is controlled by using TMD given
proper attention to both parts of the response.

2- The Proposed Method

To obtain the characteristics of TMD, the main
structure and the TMD are assumed as a two degrees
of freedom system. The simplified model is shown in
Fig.1. It is assumed that the structure is subjected to
harmonic ground motion as follows:

Uy, =a sn(Qt)

Considering the fact that there are many
parameters that affect structural displacement,
determining optimal values numericaly will be
difficult. Therefore, some new variables are defined
by combining these quantities, and then the
displacement of structure is obtained in terms of the
new quantities using modal analysis. Therefore, the
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ratio of the dynamic displacement of the structure to
the amplitude of its static displacement will be
defined in terms of fewer variables. Minimizing the
average of the absolute value of this ratio at a
specified time interval, is selected as the
optimization criterion. In other words, this function
or the structural displacement ratio has the lowest
area under the curve in the given time interval for
optimal values. The optimal vaues obtained
numerically are presented in a table for different
mass and frequency ratios.
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Fig.1 Undamped system with two degr ees of freedom
containing the main structure and the TMD

3- Performance evaluation of the proposed TMD

In this paper, the performance of the proposed
TMD is compared with two other TMDs presented
by researchers earlier. For a genera review, the
absolute value of the ratio of structural dynamic
displacement to the amplitude of static deflection is
used. Two new parameters are introduced such that
if they assume a value that is less than one it
indicates a better performance for the proposed
TMD in comparison with other TMDs. The opposite
of this also holds true.

Fig.2 shows the graph of the changes in these
quantities in terms of the mass ratio. As can be seen
in the Figure, both quantities are smaller than unity
for al feasible mass ratios and this clearly
demonstrates the advantage of the proposed TMD.
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Fig.2- Thechangesin A_ and A, intermsof massratio

In order to perform further evaluation of the
performance of the proposed TMD, atwo degrees of
freedom system in the near-resonant state was
studied. The TMDs were tuned to control the first
mode and connected to the second degree of
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freedom.

Figs.3 and 4 show displacement of the first and
second degrees of freedom that are controlled by the
different TMDs.

L

---|\1\|pu.~u|.l.!.\lil ----- ('nm.unll]- /ll]\.:m[.‘l‘—cnnl;ul-uﬂ‘

UI {cm)

0 0.5 1 1.5 2 25
1 (sec)

Fig.3 - Displacement of the first degree of freedom of
2DOF system
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Fig.4- Displacement of the second degr ee of freedom of
2DOF system

It is clear that the proposed TMD has a great
impact on the structure in the near-resonant state.

4- Conclusions

In this paper, a new method was presented to
derive optimum stiffness of tuned mass damper for
undamped structure. Comparing the performance of
the proposed TMD with two others, the following
results are obtained:

1. For dl feasible mass ratios, the probability of
optimality of this TMD is more than that of other
dampers.

2. Although in near-resonant state, all studied TMDs
can reduce the response of the undamped
structure and bring it out of this state, the
performance of the proposed TMD will be one of
the bests.

3. Even though the TMD is designed with
considering both transient and steady dtate
responses, it can reduce the displacement of the
structure to an acceptable level even when the
transient response of structure is negligible.
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Evaluation of Composite Multicellular
Steel Decks Strengthened with GFRP
Plates

Elham Alizadeh', Mehdi Dehestani?
Bahram Navayinia®

1-Introduction

The bridge deck performs a vital role in a bridge
system and its durability affects the whole structural
health of the bridge. Several structural defects in
bridges are due to the bridge deck geometry and
deck condition. Thus, it is essential to design bridge
deck systems that have long-term durability and
require less maintenance costs. In the early 1980’s,
Exodermic bridge decks that consist of steel profiles
and concrete were developed by Neal Bettigole. The
ultimate behavior of a steel-concrete composite deck
with profiled steel plate and perfobond rib shear
connectors was investigated experimentally by Kim
and Jeong. Typically, the weight and thickness of the
steel-concrete deck are lower than that of
conventional reinforced concrete decks and they can
be used in a longer span. However, their resistance
against corrosion is low and they have high
maintenance costs. A promising solution has been
introduced for prevalent problems in steel-concrete
decks by the development of Fiber reinforced
polymer (FRP) composites. The FRP composites
have superior material properties such as high
stiffness, high strength, high corrosion resistance,
light weight, and excellent durability. In recent
years, the interest in using FRP in construction field
has been significantly increased worldwide. Gan et
a. evaluated several cellular deck panels with
different cross-sectional profiles based on finite
element analysis. The specimens used consisted of
hexagonal, triangle and rectangular profiles. They
reported that panels with 3-cell rectangular sections
are more suitable in terms of loca dtiffness and
buckling strength than the hexagonal and triangular
section panels. Reising et al. tested four different
fiber-reinforced polymer decks. They examined
whether the composite decks are able to realize
many of the expected benefits of using FRP
composites. They showed that FRP deck systems
could significantly reduce the installation time, and
avoid lane closures in comparison with standard
reinforced concrete decks. Zi et a. experimentaly
investigated the behavior of an orthotropic bridge
deck made of GFRP and Polyurethane foam.. The
bridge deck was composed of GFRP cells with
rectangular holes filled with foam to improve the
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structural behavior in transverse direction. Results
showed that when the GFRP bridge deck is filled
with foam; structural properties in the transverse
direction such as nominal strength and stiffness are
greatly improved. Because of the low density of the
foam, the bridge deck is still light enough while its
structural properties have improved significantly.

In this paper, the structural performance of the
deck under static loading is evaluated with nonlinear
finite element method. The effects of size and shape
of the steel core on the structural performance of the
deck is examined.

2- Numerical Modeling

Hyo Seon Ji et a. carried out an experimental
investigation into fabrication and flexural testing of a
Hybrid FRP-Steel Core deck. The composite
sandwich panel proposed was comprised of wrapped
hybrid core of GFRP grid and multiple steel box
cells with upper GFRP layer (UFL) and lower GFRP
layer (LFL). The test specimen had an overall
geometry of 3m in length, 1m in width, and 0.164m
in depth. The cross section of the specimen with
eight steel tubesis shownin Fig. 1.

CFL, + Bonding Layer Gird ¥ . 240 b | 65
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Fig. 1 - The composite sandwich panel
(Numerical control specimen)

Three-dimensional finite element analysis was
conducted to predict the flexural behavior of the
GFRP girder systems using the general purpose
software package ANSYS. The DB-24 design truck
load was used for the analysis of the FRP deck. The
deflection limit for the FRP deck panels was taken as
(L/425), where L=center—to—center distance between
stedl girders in the transverse direction of the truck.
The composite sandwich deck with the proposed
hybrid FRP-steel core was designed with the DB-24
truck load. The weight of the DB-24 truck was 423.32
kN. The wheel load plus the impact factor was 122.3
kN. The results of the deck deflection at the service
load level of 122.3 kN are shown in Table 1.

Table. 1 - Resultsof analysisfor the
composite bridge deck

Item Displacement(mm)
Design limits 6.35
Experilmenta 565

Numerical 5.46

As shown in Table 1, the designed composite
sandwich panel satisfied the deflection requirement
and experimental results agree with numerical
analysis. Load versus mid-span displacement curves of
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the proposed deck specimens were shown in Fig. 2. As
the load was increased beyond 400 kN, the load —
displacement curve became nonlinear. Therefore, this

load level was predicted as the yield load of the steel

tube core. As shown in Fig. 3, the failure mode was

debonding of GFRP laminates from the wrapped
GFRP grid and the steel tube core.
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Fig. 2 - Load—deflection responses at the mid span

Fig3 - Failure mode of deck

3- Parametric Analysis

In order to propose an optimum designation for the
composite sandwich panel described previoudy, a
comprehensive parametric study is carried out to
explain the effects of the number of cells, the height
of steel core’s web, and the shape of the cells on
structural performance of the deck.

3.1. Changing the dimensions of steel cells

In the first step the steel core area cross section was
held constant while the number of steel core boxes
was changed from 8 (control specimen) cells to 4, 6
and 10 cells in order to evaluate the effects of the
number of webs, the thickness and distance between
webs on ultimate load capacity of the deck.
Obviously the material properties and thickness of
other layers in decks which were modeled were the
same as the numerical control specimen. In the
second step, assuming that the area of the steel core
cross section was kept constant, the height of the 8
cells (control prototype) was increased to study the
effect of altering the total height of the deck on its
structural behavior.

3.2. Changing the shape of steel cells

In this part, the area of control specimen’s core was
not changed, while the deck’s shape was changed
into a trapezoidal mode. By this modification in
these specimens, material properties and thickness of
each layer and consequently the deck's total
thickness did not change. According to Ashby, the
thin walled box sections represented the most
efficient structural forms for beams. Trapezoidal box
sections with an inclination angle impart reduced
shear stresses at the interface of adjacent box
sections.

3.3. Effects of constituent properties

This section shows ancther parametric study in
order to evaluate the effect of important parameters
that influence the behavior of the composite bridge
deck; i.e. longitudina modulus of GFRP (other
directional properties were scaled to represent the
change of the mgjor modulus). These changes were
applied in 4 main layers (LFL, CFL, UFL and grid).
The numerical control specimen was used for these
parametric studies. After this analysis, it was found
that the effect of grid’s modulus of elasticity on the
load-carrying capacity is significant because it has
the most thickness in comparison with other layers.
After the grid, UFL, LFL and CFL have the most
influence on the load-carrying capacity, respectively.

3.4. Buckling analyses

The buckling analysis was performed to check the
web's possible buckling problem. Two techniques
were available in ANSY'S programs for predicting
the buckling load and buckling mode shape of a
structure: nonlinear buckling analysis and eigenvalue
(or linear) buckling analysis. The two methods are
different and could yield dramatically different
results. Nonlinear buckling analysis is usualy the
more accurate approach and is therefore
recommended for design or evaluation of actual
structures. This technique employs a nonlinear static
analysis with gradually increasing loads to seek the
load level at which the structure becomes unstable.
The model included features such as initia
imperfections, plastic behavior, gaps, and large-
deflection response.

4- Conclusions

A modified composite deck containing steel core and

FRP was introduced by Hyo Seon Ji et a and its

failure behavior and the effective parameters were

numerically analyzed in this paper. The main
conclusions drawn are as follows:

1. Changes in the number of cells from the reference
(8 cells specimen) to higher (10 cells) and lower
(4-6 cells) had no significant effect on stiffness
and deformability.

2. Increasing the height of the deck improved the
performances and increased the ultimate load
capacity.

3. Trapezoidal composite decks increased the load
and energy capacity of the decks. Trapezoidal
decks had an appropriate structural behavior and
exhibited good function in transferring sheer
stress.

4. The effects of constituent properties were
investigated and it was demonstrated that
changing in grid’'s module of elasticity has the
most effect on ultimate load capacity and
stiffness of decks.
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Behavior of Clayey SoilsMixed with Tire
Chips
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1-Introduction

A large volume of waste tires are being generated
every year and stockpiled or embedded in the ground.
For example, it has been reported that about 20 million
tires were produced in Iran in 2005 and about 10
million scrap tires are added to the existing stockpile
annually. These materials not only result in major
environmental hazards worldwide, but also threaten
human health. In addition, they have low density as
compared with other waste materials and therefore,
occupy alarge volume of space in sanitary landfills.

According to Humphrey [1], using scrap tiresin civil
engineering projects is advantageous because of their
low density, high durability, and high thermal
insulation and in many cases lowest cost compared to
other fill materials. These materials are used for
reinforcing the soft soil in road and embankment
construction, and also as lightweight fill materials
[14], etc.

Former studies have mainly concentrated on
determining the engineering properties of tire chips
alone and/or various mixtures of tire chips with sand
as a lightweight fill materia for embankment
construction [10, 14]. Cetin et a. [17] added two types
of tire chips to clay and indicated that the shear
strength increases up to 30% for fine and 20% for
coarse tire chip mixtures. Moreover, with the increase
of tire chips, up to 40% of the cohesion of samples
increases, while the angle of internal friction
decreases. For the tire chips more than 40%, the
cohesion decreases, whereas the angle of interna
friction increases.

Overview of the previous studies reveals that the
effects of tire chips content and clay characteristics on
the behavior of clay tire mixtures have not clearly
been investigated. In addition, the studies on the
behavior of these mixtures under an undrained loading
condition are incomplete. With this intend, a number
of undrained triaxial tests are carried out on the
compacted specimens made of clay tire chips
mixtures. Then, the obtained results are compared with
the associated behavior of pure clay and an analysisis
performed in terms of tire chips content and clay
plasticity.
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2. Experimental program

Eight compacted samples including six clay tire
mixtures and two pure clayey soils, were tested.
Mixed samples were prepared by mixing clayey soils
with 10, 20 and 30% tire chips. The size of the tire
chips were between 4.75 mm (No. 4 sieve) and 1/4”
sieve, with an average size of 5.53 mm and specific
gravity of 0.988.

Two types of clayey soils were used in the samples,
which were called AC and ACB. AC clay has index
properties of LL=33%, PI=12%, and Gs=2.698 and
ACB clay has index properties of LL=61%, PI=33%,
and Gg=2.64. According to the Unified Soil
Classification System (USCS), AC and ACB clays
were categorized as CL and CH, respectively [20].
Grading curves of tire chips and clayey soils are
depicted in Figure 1.
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Fig. 1. Particlesizedistribution of used materials.

The names of the tested samples as well as some of
their specifications are listed in Table 1. In the name
of specimens, R3 shows the tire chips in the mixtures
and AC and ACB stand for the type of clay matrices.
The numbers denote the clay percent in weight e.g.,
the specimen was made of 70% AC clay and 30% R3
tire chips were named as R3-AC70.

Tablel. List of specimenswith some specifications.

. Cla .

Specimen Tire Ymax Wopt

designation (;0) ©%) (kNmM) (%)

AC100 100 0 1635 1950
R3-AC90 90 10 1520 1954
R3-AC80 80 20 1440  18.00
R3-AC70 70 30 1380 1625
ACB100 100 0 1478 2175
R3ACB9O 90 10 1363 1851
R3-ACBSO 80 20 1342 1925
R3ACB70 70 30 1310  20.25

Soil mixture was prepared and compaction tests
were performed on them to obtain maximum dry unit
weight (Yama) and optimum water content (Wop).
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Triaxial soil specimens were compacted in 50 mm
diameter and 100 mm height steel mold with density
of 0.95Ygm a 1% of the optimum moisture. In order
to obtain a uniform mixture, water was sprayed onto
the surface of the materials and then mixed and placed
in sealed plastic bags and stored overnight in a
controlled humid room.

After extruding the specimens from the mold, they
were set up in atriaxial cell and standard consolidated
undrained (CU) triaxial testing procedures were
followed [22]. To saturate the specimens, distilled
water was transmitted through them and then
incremental back pressure saturation was applied. The
specimens were consolidated under three different
effective consolidation stresses of 100, 200, and 300
kPa. Shearing was applied to the specimens with
deformation

4- Conclusions
The main conclusions that can be drawn from the
present study are:

1. Compaction tests showed that the unit weights and
optimum moisture of soil mixtures are lower than
the associated values of pure clay. It means that
one can use clay tire mixture as a lightweight
meterial.

2. The results of triaxial tests indicated that adding
30% tire chips to the low plasticity clay does not
reduce the shear strength in comparison with the
associated values of pure clay, while, in the
mixtures made of high plasticity clay, as tire
content increases the shear strength of the
specimen decreases.

3. Since the stiffness of AC clay particles is more
than the ACB clay, then by adding tire to these
clays a different behavior is observed. In AC
mixtures, clay particles are stiffer than additive
tire chips. Therefore, inclusion of tire chips
reduces the friction angle. In ACB mixtures, tire
chips are stiffer than the clay particles; thus,
adding them to the clay matrix causes an increase
in the friction angle of the mixture.

4. Also, the results showed that when tire chips are
added to the low plasticity clay, maximum excess
pore water pressure occurs at tire content of
about 10%-20%. For the mixtures made of high
plasticity clay, the pore water pressure under low
consolidation stress decreases dlightly as the tire
content decreases, while, it is increased with tire
chips content at high consolidation stress.

5. Finally, it can be concluded that possible usage of
clay tire mixtures as light construction material
exists in earth structures without considerable
reduction in shear strength. Therefore, the waste
tire materials can be managed and can be
embedded in the ground.
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Measuring the Adhesional Strength of

CFRP Sheets, Exposed to Temperature

Changes, Wet - Dry and Freeze-Thaw,
using Twist-off Method

M. Naderi®’, S. A. Hgjinasri?

1-Introduction

Due to serviceability and durability problems, many
concrete structures are facing serious deterioration.
Therefore, the use of CFRP sheets (composites) glued
to the surfaces is receiving more attentions in order to
improve load carrying capacity, durability and
deformability of the concrete structures.

The most important parameters affecting the
durability of FRP composites may include: 1- Changes
in the chemical and physical nature of the polymer
matrices 2- Loss of adhesion between the FRP sheets
and the glue and 3- Reduction in the stiffness of the
reinforcing polymers. Environmental and
serviceability conditions can have serious effects on
the properties of the FRP composites. The properties
of these composite systems may alter when exposed to
moisture, temperature, sunlight, UV radiation, ozone,
some sats and akaline mediums. Furthermore, the
changes in the degree of temperature and freeze-thaw
cycles may aso affect the durability of FRP
composites. Therefore, the work presented in this
paper focuses on the durability of CFRP composites
when exposed to different temperature changes and
dry-wet and freeze-thaw cycles.

2- Experimental work

In these experiments, concrete cubes with 150mm
dimensions were used. The CFRP sheets used were of
500mm width with 6 m length from which twenty-four
150mm sheets were cut to cover the faces of the
concrete cubes.

Before the application of the glue to the surface, it
was rubbed using sand paper and the dust was cleaned
thoroughly. Asit is shown in Figures 1 and 2, the glue
was applied to dry faces of concrete cubes and the
CFRP sheets were put and pressed to adhere to the
concrete surfaces without leaving any air pockets.

In order to measure the adhesional strength of the
CFRP sheets, partial cores were made before Twist-
off testing (Fig. 3).

L Corresponding author, Associate Prof., Imam Khomeini
International University.
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2 P, G. Student, Imam K homeini International University.

Fig. 1- Sticking the CFRP sheetsto the glued surface
of the concrete.

Fig. 3- Partial coresfor Twist-off testing.

3- Resultsand their analysis

Asitis shown in Fig. 4, the reductions in the Twist-
off strength of the CFRP sheets after being exposed
to 30, 60, 90, 120, 150 and 180 cycles of temperature
changes were recorded as 5.5, 11.1, 26.1, 27.7, 26.1
and 27.7 percent, respectively. It is also seen that
after the above reductions took place, no more
reduction was recorded for further cycles of
temperature changes.
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Fig. 4- Twist-off strength of CFRP sheets after exposing to
different cycles of temperature changes.

Examination of Fig.5 shows that the average
reductions in the adhesional strength of the CFRP
sheets, after being exposed to 30, 60, 90, 120, 150
and 180 cycles of wet-dry processes were recorded
as 22.2, 204, 22.2, 22.2, 20.4 and 20.4 percent,
respectively. It is also shown in Fig. 5. that the main
reduction in the adhesional strength of the CFRP
sheets has taken place after 30 cycles of wetting and
drying after which the adhesional strength seems to
remain stable.
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Fig. 5- Twist-off strength of CFRP sheets, after exposing to
different cycles of wetting and drying.

The results shown in Fig. 6 shows that the
adhesional strength of the CFRP sheets after being
exposed to 180 cycles of freezing and thawing is
reduced to zero.
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Fig. 6- Twist-off strength of CFRP sheets, after exposing to
freeze-thaw cycles.
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4- Conclusions

1- It was shown that, exposing the CFRP systems to
100 cycles of temperature changes, reduces its
adhesional strength by about 28 percent.

2- It was seen that 30 cycles of drying and wetting
tend to reduce the adhesional strength of CFRP
sheets by about 22 percent. It was also observed
that after the first 30 cycles of wet-dry process, the
following cycle had no effect on the adhesional
strength of the CFRP shesets.

3- It was also seen that application of freeze-thaw
cycles tends to reduce the adhesiona strength of
the CFRP systems used to strengthen concrete
surfaces.
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