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ABSTRACT: This paper introduces arched steel haunches (ASHs) as a novel technique in the seismic
retrofitting of RC frames. In this regard, parameters such as ASH initial eccentricity and width-to-
thickness ratio are evaluated as two factors affecting their cyclic behavior. A series of cyclic loading tests
were performed on four specimens with single and double rectangular cross-sections and with the same
nominal area and length, but with different eccentricities of 0.1 and 0.2 nominal length. Experimental
results showed that the slenderness and width-to-thickness ratios play a significant role in the cyclic
performance in compression and even tension, and by reducing the buckling potential and the cross-
section reaching the fully plastic state, a more desirable hysteretic behavior is achieved. Therefore, with
50% reduction of these ratios simultaneously, the maximum compressive and tensile strength enhanced
up to 59% and 27%, respectively, and the dissipated energy and the maximum viscosity damping ratio
increased up to 152% and 14%, respectively. Also, the arched haunches showed different behavior in
tension and compression for ultimate strength and plastic stiffness, which with decreasing the initial
eccentricity, became more apparent. With increasing the initial eccentricity, the cross-sectional area
effect on the increase of compressive strength and especially maximum tensile strength decreased. In
addition, by reducing it by 50% and despite 59% reduction in cross-sectional area, the ultimate tensile
plastic strength and stiffness increased up to 1.31 and 3.5 times, respectively. In addition, the obtained
results will be used for further research on the experimental behavior of RC beam-column joints.
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1- Introduction
In past years, the technique of single and double straight

and plastic deformation capacity and strength were evaluated
as well as the effect of slenderness, and width-to-thickness

haunches has been introduced as one of the seismic retrofitting
methods of reinforced concrete (RC) moment frame. The
main aim of this method is to relocate the plastic hinge
from beam to column, reducing the effective shear forces in
the panel zone and thus saving it from seismic loads under
premature shear failure. This technique was first investigated
experimentally for the seismic retrofitting of RC beam-
column joints sub-assemblage by Chen [1] and Pampanin et
al. [2]. Recently, researchers have evaluated the efficiency of
arched steel elements for usage as dampers and knee braces
in the seismic retrofitting of steel structures. According to the
results of this research, it can be said that the use of these
elements can have the desired structural properties such as a
significant increase in energy dissipation, damping and high
plastic stiffness [3-5].

This paper introduces arched steel haunches (ASHs) as a
novel technique for seismic retrofitting of RC frames. In this
regard, by conduction of the cyclic behavior on two groups
of ASHs with double and single cross-sections, their elastic
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ratios.

2- Test specimens

According to Figure 1, in order to evaluate the effect of
axial eccentricity, e and the ratio of width to thickness, d/t,
four ASHs specimens with double and single cross-sections
with 8 and 16 mm plate thickness, respectively, and in two
groups with e values of equal to 0.1 and 0.2 their nominal
length were subjected to cyclic loading.

3- Results and Discussion

Based on the hysteresis behavior of test specimens, it can
be said that all specimens exhibited unstable and asymmetric
hysteresis behavior due to overall buckling phenomena, but
the cross-section specimens with lower slenderness ratio
and higher plastic coefficient, y in compression and even
tension show more desirable hysteresis behavior and less
pinching effects. Moreover, the post-yielding stiffness of the
specimens of the first group under tension is higher than the
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Fig. 1. Schematic configuration of the test specimens: (a) HA0.1; (b) HASO.1; (c) HA0.2; (d) HASO0.2

Drift Ratio(%)
-8 -6 -4 -2 0 2 4 6 8

140 L L L L L L
120 HAO1 -~

—HAD2 oS -
100 P i

----- HAS 01 g

80 Pt

Force (kN)
: 2
X~

-80

30 -25 20 -15 -10 -5 0 5 10 15 20 25 30
Displacement (mm)

Fig. 2. Comparison of envelope curves of the specimens

second group specimens, which is mainly due to their less
initial eccentricity and reaching straighter axial state; namely,
their e/e is much higher under tension. According to Figure
2, specimens with double cross-section, HA 0.1 and HA 0.2
were subjected to overall buckling due to high slenderness
()\y=138), consequently at low displacement after yielding
and even before reaching the plastic strength, suffered a
severe deterioration in compressive strength. In contrast,
HAS 0.1 and HAS 0.2 specimens with a single cross-section
and possessing the half ratio of /\y ()\y:69) and d/tf compared
to the corresponding double specimens, while reaching their
plastic strength limit, the maximum compressive strength of
about 1.59 and 1.32 times, respectively. They also showed
almost two times ultimate compressive strength.
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In tension, all specimens, especially the specimens
with less value of e, by approaching their straighter state
with increase of horizontal displacement and consequently
decrease in initial eccentricity, are associated with a sharp
increase in strength. However, it should be acknowledged
that the double specimens, due to the occurrence of premature
overall buckling and possessing high d/# ratio (d/t,=12.5) and
lower y and consequently because of the incomplete plastic
hinge at their cross-sections, after yielding exhibited a severe
reduction in stiffness and reached their fully plastic strength
at larger deformation.

According to Table 1, HAS specimens with single
cross-section showed more desirable energy dissipation, £,
than their corresponding HA specimens with double cross-
section in each group due to their fuse-like performance,
so that amount of their energy dissipation compared to HA
specimens in the first and second groups were about 2.52
and 2.03, respectively. The results indicate that £, values are
significantly affected by the increase in y (or decrease in d/t)
and especially the decrease in the /\y ratio of the cross-section
of the specimens.

To investigate the damping rate of the specimens against
cyclic loads, the viscosity damping equivalent to {_ can be
calculated according to Eq. 1 [6]:

£, = E
“m(FrAT+FAT) (1)

where E is the total energy dissipation in each load cycle.
F* and F* are also the maximum and minimum forces at each
cycle, respectively, which correspond to the displacement of
A" and A", respectively.
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Table 1. Dissipated energy and equivalent viscous
damping comparison

Maximum of

Specimen Total Dissipated Equivalent
ID Energy (kN.mm) Viscous Damping
(Ceq, Max)
HA 0.1 6607 0.21
HAS 0.1 16618 0.23
HA 0.2 9665 0.22
HAS 0.2 19641 0.25

The specimens with single cross-sections of HAS 0.2
and HA 0.1 with ¢, e ©Gual t0 0.25 and 0.21 exhibited the
highest and lowest damping values, respectively. It can also
be observed that the ng ratio in the specimens of the second
group compared to the first group is larger values in all
loading cycles due to the greater initial axial eccentricity.

In general, it can be said that specimens with a single
cross-section under tension and compression have a lower
secant stiffness degradation trend than specimens with a
double cross-section. It can also be seen that the stiffness
degradation of all specimens in compression than the tension
due to the occurrence of overall buckling is very significant
so that their ultimate compressive stiffness relative to the
tension in the first and second group specimens with single
cross-section were about 5.5 and 12.5 times, respectively, and
with double cross-section were 3.3 and 5 times. It should also
be noted that in compression the first group specimens and
in tension, the second group specimens showed a relatively
higher stiffness degradation rate.

4- Conclusions

The specimens with single (Ay = 69) and double (/\y:
138) cross-section under compression were subjected to
overall buckling and compressive strength deterioration,
and only single cross-section specimens reached their plastic

strength theoretically due to their lower A_V and d/1, ratios. The
maximum compressive strength in single compared to double
cross-section specimens (with the same cross-sectional area)
for the first and second groups were about 1.59 and 1.32
times and also their ultimate compressive strength was about
twice. The dissipated energy in single compared to double
cross-section specimens in the first and second groups, due to
50% reduction in Ay and d/t, ratios and possessing a higher y
coefficient were about 2.52 and 2.03 times, and the maximum
of equal viscosity damping ratio ng were 1.1 and 1.14
times respectively.
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Fig. 5. Schematic 3D view of studied test specimens. a) HA 0.1, b) HAS 0.1, ¢) HA 0.2, d) HAS 0.2
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Table 1. Geometrical specifications of ASHs
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Fig. 8. a) Ultimate situation in tension, b) Initial situation, c) Ultimate situation in compression
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Fig. 10. Force-displacement hysteresis curves of specimens
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Table 3. Comparison of various limit strength and displacements of the test specimens
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Fig. 12. Envelope comparison of force-displacement hysteresis curves of the test specimens
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Table 4. Comparison of stiffness type in the test specimens
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Fig. 13. Stifness degradation Ks of the test specimens in: a) Tension, b) Compression
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Table 5. Comparison of dissipated energy and equivalent viscous damping and dissipated energy per
unit cross-section
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Fig. 16. Comparison of equivalent viscous damping of specimens
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Fig. 17. Performance evaluation of energy-strength of the test specimens

A8l gl oS 5o g S slade

(A=A L) g 5 (A, =P L) (S5 glaiie | sladiges o =Y
L 5 ks ,Lib Cuoglie il 5 ole LIS keSSl Hlis cow
Setudly by & S A/l g N 28l S 4 (S5 gladiges
P3>3 Jol 0955 sln (L (o8 glafie Colun L) igd & o (S5
99 dgi> Lmu] UJLQR Lg)l“""‘g u.ogl.o.o Oared g )g‘)g VY'Y 9 V64 RPRCS
2l sl coiSie jlzgsd 9 Y Comsd U LRl ol & 2390
Sl 55,580 alae LS Sl vy Canslis

Colus 4 G ladiges (AleS” Jlon Cuaglin (3,5 Jloy L-F
2 adel caiSye jl ze ORI L e e i dhate
ol eSSl Cglie LSy 55V G b (g slaSawd
<l

U (w9 sbSiws adgl (ppe CofS e jl zo s LRIFIL -0
(dS Ceaglie oy 41 9 (5)Lid Cunglio uljBl (50 dlaile ol
e e pgd 09)5 blie (sladigel & (gy5b 4 4 S5, o5 Sl
NG IV sgu 3> Jol 09,5 4 Camd (sl VY glaite Cvlune (il

Tos> e (L (pizren 3)S oot (6 yieS (oSS Canglie il

YAV

& 5 A -0

Lo (sd oSy (xS @ Cull (55 adllas ()
SoB o) il slp > (B Gl @ (S g Jg> ghate
Wged Hlan Luoly )3l 0sd 35 pate a8 (6 loe alslis b da)l oy
P (YQ) (55550 gl > a5 0 pgd 9 Jgl 09,5 93y (oSl
ol Jsbo IV g o]V lao € gl o3 pe jl zgp g 42> A 5 YO
Sl 2 Sl ot g 9 Bad B lo g (2Ll (Jdos o Gillas
5 > glatio b wiges 93 (lKtlojl wigad slaz o jl 8, 51,8
By eled b (S glaie b 503 diged 93 9 (5o e A S3U slas )
Slislejl ¢ oo lg, 5l Jols gl g lialie W3¢ (6 yie do V5
4S50 Ui diges 05,5 90 (slds >

S ygme CaiSye il @eS by S0 ausly GRIEIL -
B o 4 o B s 4D 50 g StV (55 (s s
b Il ©Ad 4 Y axp )

OB b (gwgd (SlaSiod 53 ()l g LU e j ps )LE-Y
(b GaSies 3 Sloe (piman sl pagebe adgl Co 850 il 9,5
S Jols glaie (gwiin Sluogad b L33 ) ohg 4 g GRS )

ng/tfwbuoa\;L.g)Wj}\,yw)w J9> Lg).'cY



YAVE 5 YADY doxio VF ) Jlo A o,loud OF 093 ¢S ool (lpos susio 4y

o Ly, ol @A JIS) illas ol s ool i ¥,

1.» dg J.tb‘9> )g‘).gM’b OFw ¢y U.\w )iJ cu.iul*wl

M =M, -AM,+(1-5)V,a, (<)

aM, =4 (4, tang) (¥-o)

L
2
9 opw 4 Jlail dges o JSS i )85l Jgel 3illae

by e oo AFIA S ) oud 00l L wsd Siiwd

A, sing+A cosp=5 (F-<)

Sox Jl 36y @B 5 B b S e s 4 A 5 A,
S5 535 35 6 i S5 Jlasl oo )3 (ool S 5 (55500

Gl wgd Siuwd (6539
) (we3% O dal) Bilao ol [ A e

@ o.d
a=[) = 6-<)

el dguloee BB i alay ) o2 Al

a, M xd
A — X X
! L EI, (F-<)

Jlail Joro 51 «X» dlold 0 10 gae o (adied S g (55 polde

e Gl BB A-G 5 V-0 slaabyly Gillas (o 4y g Stand

&5 OB o & 3 aleg (S Cunglia G138 25 adg) oS 5o
Dy pul €/, Oy

OalS doni 3 g awgd S d/tfs?\,y Canss ]38l b —F
(Jol8 Koy uato Sl pas g Y alade (il Swwdly o b
LS Jouily > 4 g el Sl g (S (B il lalS L
OEed 335 (o olyen AU L (LS Cueglie uljBl (sl odonn
2 9> 4 Cad (S5 ghaite b sladiged 3 (2lod (S Cogliie il
2336 YV 5 D03 o 5 & p9> 9 Jgl 09,5

05,5 S 5 J9d (sladiges Km ol Sy S S =Y
ety e g €/€ Sliis ¢ Gl S 4 pgd 09,5 4 s gl
O G 35 9 lp Y g V10 i 4 05 Jpsitns Sl &y () 5
Uil L piored L3 il YO 9 0 dgas yd (¢exp’ ) gl e 4

09,5 50 190 Ay Carnnd (ST oo b (sladiged odi A (g5, —A
o9 5L g d/tf 9 /1y sbcuns im0 ials s 4 pgd g Jof
uSJ 9 J’f9‘> é.‘ol.odo Aidg ).gl).g VY 9 A Cud S QCeq,Max )..5‘..\>
e g Sl WY daie gdaw s plp 93 Co iS00 5l @os3 by 095
Sy Jgl 09,5 4 s (i dopd Ve L) aliie s S|
Gl (655 Hadls Ldgr ply VA A/FF s9is )3 s i & (550 B
B s B ialS b aS e o LS 5 alafe Colue Gy 0
ool Suwd 3 ySlas ol oS ye 5l 2y 5 9d/tf“/1y sl 51 S

D35 o Pl

1958 9 ST
Sy oo e o Man 5l oS Wibe oY b ol 5 e
oige BT Sloj | rizan g ladiges oL gl liows ojluliagn
Sliolos] pbml )3 yliows o8l o5l 0l loj] ol I8 ¢ L damo

Kyl Jos a1y ()15 olew 5 (13,48 coles

@ jreme (2B do)l i st 4 e Jlail digel S A JSS
Bk CoS (p ey g (e ST (B sbag s sbapl SLo

YAVY



L'v/2

Ea}b)Vb

Ap
>

(A

RC Joint RC Beam 118
RC Column
Fen= puV /cos ¢ (Compression)
ljcV Fon

’1\,,,

@

(32 895 153 (2 198 JESI psmse (. ol (6180 0 s Sina b 0 (5 ekt (g &2 5 Ul g VA JS
ol S 61,503 (2
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