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main frame damaged, easy replaces after earthquake, and it can be rehabilitated minor
changes of existing structure. This paper describes experimental and analytical study of
the V-EBF system. Experimental results showed that ultimate shear strength of vertical
link is more than two times of yielding strength. In analytical model, Kinematic-Isotropic

5"’% ‘I;V:rd" strain hardening for shear, and only Kinematic for moment, showed accurate results with
Analytical an upper bound for yielding surface to the vertical link.
Hysteresis © 2016 The Author(s). Published by Elsevier Ltd. This is an open access article under the

Ductility CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Eccentrically Braced Frames (EBFs) have been used as a seismic load resisting system, primarily in buildings. This system,
which relies on the yielding of a horizontal link beam between eccentric braces, has been shown to provide ductility and
energy dissipation under seismic loading, and its behavior in various configurations has been investigated [1-12]. Despite
high seismic energy dissipation, Horizontal EBF (H-EBF) has substantial disadvantages. In addition, in industrial structures
such as power plants, deep beams are sometimes used to carry heavy loads and highly sensitive equipment. In these cases,
to ensure that equipment works accuracy, load-bearing members such as beams and columns should remain in the elastic
range as much as possible. Therefore, the use of horizontal link beams is not convenient. To overcome the problems in the EBF
system, a new system called V-EBF (Vertical-EBF) was proposed [13]. In this system, reversed-V braces are attached to the
beam with a shear panel. Intensive inelastic deformations are localized in the shear panel and the internal energy is dissipated
by this member. Since all inelastic deformation is localized in the shear panel, there is no damage to the main members,
also repairing after a strong earthquake is easier than H-EBF systems. Using the vertical links for seismic rehabilitation of
the existing buildings is possible with minor changes in the main structure [14,15]. The Shear Panel System (SPS) is one of
the simplest and cheapest passive energy dampers. The seismic performance improvement of bridges and towers with SPS
systems was investigated [16-19]. Because of the effect of the shear panel on the behavior of V-EBF braces as a lateral load
resisting system, improvement of shear panel performance is very important. Several studies have been conducted on this
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system to prevent buckling the brace [20,21]. The results showed that with proper design, out-of-buckling do not occur in
the vertical links of V-EBF systems.

In the present study, the cyclic behavior of the V-EBF system was evaluated experimentally and theoretically. Desir-
able performance of link beam in shear yielding (short link) than bending yielding has been shown in previous reports by
researches, therefore, the short link without out-of-plane buckling are evaluated. Mathematical models are formulated to
predict elastic and inelastic behavior. Also, adequate suggestions are presented to design of the V-EBF based on experimental
results. Also, the presented suggestion are calibrated by numerical results.

2. Design of shear link
2.1. Horizontal shear link
The link is designed to act as a fuse by yielding and dissipating energy while preventing buckling of the brace members.

The inelastic response of a link is strongly influenced by the link length and the Mp/Vp ratio of the link cross-section. Using
plastic analysis, the plastic shear strength, Vp, and plastic moment strength, Mp, can be written as:

F

Vp=22 xtw(d-2¢ 1

p \/§>< w( f) (1)
Fywtwd?

Mp = Fyrty (b — tw) x (d — ty) + ==~ (2)

where Fyw, Fyr are the web and flange yield strength, respectively, d is the overall beam depth, and t¢ is the flange thickness,
tw is the web thickness, and b is the flange width.

Previous investigations [1-12] have shown that horizontal beam shear-link (the link length is designed to allow shear
yielding without buckling of the web) possess excellent ductile behavior, and energy-dissipating capability. In fact, high
isotropic strain hardening effects and combined bending and shear could be observed. They lead to increasing plastic-
moment and shear capacities. In the ultimate state the shear and bending moment capacities reached values of about 1.5 Vp
and 1.2 Mp, respectively. In order to impose shear yielding before bending yielding of the horizontal link, the link length e
needs to be limited [9,22] to:

2 x 1.2M, M,
e< W = ].6V—p (3)
In other word, classification is based on the normalized link length, p, defined as; p = V,{j,;e.

Capacity design approach is followed in an attempt to confine inelastic behavor to the shear links while all other frame
members are designed to behave elastically.

According to AISC Seismic Provision [23] the links with e < 1.6]\\%J or p < 1.6 are shear links that yield predominantly in

shear and have a maximum link rotation under the design seismic loading of 0.08 rad. The drift angle of the frame, 6, can
then be written in terms of the link rotation angle, y, as (See Fig. 1):

80 =Ypp (4)

There are differences between the horizontal and vertical shear links. So, the equations about the calculation of the link
rotation should be modified (See Fig. 2).

Also, when the link with length e deforms inelastically and resists against the applied base shear, the framing outside the
link is designed to remain elastic. The elements outside the link are designed to resist against the forces generated by the fully
yielded and strain hardened link. For short links (p < 1.6), the generated forces can be calculated as [22]: Link shear=1.25
Ry Vp, Link end moment at beam =Ry V}, Link end moment at brace=[1.25 Ry Vp x € —Ry Mp)] >0.75 Ry Mp,.

Where Ry is the ratio of the expected yield strength to the minimum specified yield strength Fy prescribed in AISC
Seismic Provisions. The shear strength is increased by 1.25 to account strain hardening. Based on results of 16 links made
from A992 steel, the average strain hardening ratio was formed to be 1.28, with a variation ranging from 1.17 to 1.44 [24].
Past researchers [9] have generally recommended a link over-strength factor of 1.5.

In order the element outside the link are designed to resist the forces generated by the fully yielded and strain hardened
link. For short links (p < 1.6), the generated forces can be calculated as [22]:

In the following section, the equation for designing of the vertical shear link and structural elements outside the shear
like are derived from experimental test. So, the generated forces factor is modified according to strain hardening results of
vertical shear link. To design the V-EBF an analytical model is required.
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Fig. 2. Rotation of vertical shear link.

3. Analytical model of inelastic shear link element
3.1. General

It is necessary to develop an analytical model to determine the cyclic response of the V-EBF to compare the experimental
results with numerically derived values. This analytical model must be able to take into account the nonlinear cyclic response
of the plasticized element. It was noted previously sections, EBF inelastic behavior is confined on the shear link element.
Therefore, an accurate model of the shear link element is necessary for numerical analysis that must be able to consider
shear or moment capacities with strain hardening at in any stage of the loading. Since the active links are subjected to large
shear forces and bending moment, related formulation must include shear and bending effects on the elastic and inelastic
states.
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Fig. 3. Load (shear or moment) versus deflection (rotation or drift ratio) relationships.

3.2. Cyclic inelastic shear link model

Vertical or horizontal links are subjected to high levels of shear forces and bending moments in the active link regions. In
the analysis of the link performance, elastic and inelastic deformations of both shear and flexural behaviors have to be taken
into account. Some researchers have attempted to develop link models for the dynamic inelastic analysis of EBFs [10,25].
They modeled the link as a linear beam element with six nonlinear rotational and translational springs at each end. Three
rotational and translational multilinear springs have been used to represent the flexural and shear inelastic behavior of the
plastic hinge at the link end represented by the multilinear function shown in Fig. 3. The moment-rotation and the shear
force-lateral displacement relationships of the shear link are shown in Fig. 3 is given as [10,25]:

(1) For shear (V values) and moment (M values):

Vy1 =1.00V, M, =1.00M,
Vyp =1.06V, M, =1.03M,

Vy3 =1.12Vy  M,3 = 1.06M,
(2) The values of K3, K3, K4 for shear and moment are given relative to K; as follows:

Ky = 0.030Ky; Ky = 0.030Kpyq
Ky3 =0.015Ky1  Kp1 = 0.015Kpq

Kya = 0.002Ky; Ky = 0.002Ky

where

3EI GAw
Kyt = —: Kyg = —2
M1 e Vi1 e

In the above formulas, the shear and moment values present start of the web shear yielding and flanges yielding.

3.3. Strain hardening

Several researchers, [7,8,10,11] observed that during tests of shear links both isotropic and kinematic hardenings occur
in such links that yield predominantly in shear. Based on experimental evidence, Ricles and Popov [10,11] concluded that
the subhinges should follow an anisotropic hardening rule. In this rule, shear yielding follows a modified isotropic hardening
rule while moment yielding obeys only a kinematic hardening rule. After initial yielding occurs, the behavior of a subhinge
assumed to obey the Mroz [26,27] strain hardening assumptions for yielding in metals. On this basis, the yield function of
an active link element is written as:

D[S, a, H(e)] =1 (5)

where « is the vector of translation direction, H(g) is the isotropic expansion of the yield surface as a function of (¢), in which
€ is a scalar parameter monotonically increasing in the course of cyclic plastic shear flow, Fig. 4.

Considering the anisotropic rule, that assumes Isotropic and Kinematic hardening in shear yielding, and only Kinematic
hardening for moment yielding, the yield function for the two cases become:

®[M; —ap;] =1 (6)
@ [Vy —ayy| =H(e) (7)
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Fig. 5. Definition of the isotropic hardening parameters.

Experimental evidence suggests that there exists an upper-bound function that shows and eventually stops the increase
in the shear force developed by the shear hinges. A function that represents the expansion of the yield surface due to shear
yielding to account for the upper bound of shear is proposed by the Ricles and Popove [10] as following:

H (&) = 0.5[ AVimax — (AVimax — 2Vyo ) x el 7€)

where

(8)

Vyo, AVmax are initial shear yield strength and maximum shear yield strength after complete hardening, Fig. 5. € is sum of
positive plastic shear strain, (3 is numerical constant to be determined from a best fit of the model results with experimental

measurements.
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The use of Eq. (7) implies that the yield function along a horizontal facet, where Isotropic shear hardening develops, is
equal to:

_ V- ay _

D[S, a,H(e)] = e = 1.0 9)
V =the shear force.
when

0P [S,a, H(e)] > 0 (10)
When the flexural yielding is along the vertical facet, the hardening function becomes:

O[S, o, H(e)] = M= _q g (11)

My

where ay and oy, are the translation of the yield surface along the shear and flexure axis, respectively.

The Kinematic hardening in a subhinge is controlled by the parameters oy and oy that make the component of the
translation vector. In the shear link region no interaction between bending and shear yield surface has been seen [5,8,11], a
rectangular yield surface can be adopted for the subhinges.

3.4. Determination of plastic stiffness

The plastic stiffness matrix K ; for each subhinge is:

Komi O
Kspi = (12)
— 0 Ky

The selection of the shear stiffness Ky; of subhinge i is determined by adding the elastic beam shear flexibility to the
yielded subhinge flexibility. It can be shown that when the subhinge 1 yields, V}; <V < V,, then the flexibility matrix is
equal to:

1 1 1
— =t 13
Kvo  Kyi Kpwi (13)
Thus
~ Ky1 x Ky
Kpv1 = Ky Ky (14)
When the subhinge i yields, V; < V < Vy; 4, the flexibility matrix becomes:
1 1 «— 1
—_— = 4 —_— 15
Kyign Kia zl:pr (15)
]:
and
Ky x Kyigq
Kpvi = Kyi — Kyitq (16)

In general case, the plastic stiffness coefficient Kp,;; for subhinge i with the action S (shear force or moment) is defined as;
S,i =S <S4 and:

Ksi x Ksi 1

Kpsi = (17)

Ksi — Ksit1
4. Experimental study
4.1. Experimental specimens and test setup

Three specimens were prepared and tested to evaluate behavior of V-EBF system. The specimens were designed to yield
primarily in shear. To avoid lateral buckling at both end and middle of the floor beam, later restraint was provided. Fig. 6
shows the schematic of the experimental model and test setup. The test setup, the columns and diagonal braces, respectively,
were constructed from two][UPN140 and two][UPN220 profiles (for three specimens) with hinged end connection. The St37
steel having 240 MPa yield strength was used for steel materials. The properties of shear links and beam floor are listed in
Table 1.
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Table 1
Specimen properties.
Specimen Floor beam Vertical shear link e (mm)
No. 1 HEA-220 HEA-180 200
No. 2 HEA-280 HEA-240 250
No. 3 HEA-320 HEA-280 300
Table 2
Characters of strength results.
Specimen Vp (KN) Mp (KN m) Testing results
Vy (KN) Vu (KN) Yu (rad) Mpot/Miop
No. 1 168 97.5 160 325 0.07 2.7
No. 2 280 223.5 260 570 0.072 1.06
No.3 299 333.6 290 600 0.113 0.81

Mpot/Miop at the yielding of the link web.

The instrumentation of the specimen was designed to permit the test control, the recording of global structural response
and local elements especially in the critical region such as vertical shear link region. Displacement gauges (LVDS) and strain
gauges (SG) with special cable shield transferred data obtained from specimens (selected regions) to data logger.

4.2. Loading program

All specimens were subjected to quasi static cyclic with slowly displacement controlled loading to determine the cyclic
load- displacement characteristics of each vertical shear link. The loading was in plane of the link’s web.

Aloading history was used, that cyclic displacement increased until failure of the shear link. First a few linear cyclic were
performed to check the instrumentation and then to find a cyclic near the expected yield displacement. The next cycle began
the incremental portion of the loading history. Two cycles were performed at displacement level of +1.5 mm, +2.0, +3.0,
+3.5, £4.0, £5.0, 6, £7, £8, £9, £10, £12, £14, £16, £18, £20, £22, £24,. . ., until failure of the shear link.

5. Discussion and results

In this section, experimental data obtained from the tests is presented and the general behavior from a practical or design
point of view will be discussed. It should be noted that occurrence of the yielding on specimen is based on the observed
flaking of whitewash painted on the link region and study of the monitored hysteretic loops of the shear link during the test.
The general behavior of each specimen is link shear force (V) versus link rotation (-y) that the rotation y is defined as relative
end deflection of the link divided by the link length e (Fig. 2).

5.1. Strength

The load corresponding to initial yielding, ultimate strength (when the tearing of material has occurred) of the specimens
are listed in Table 2. In the all specimens, real shear yielding was occurred 5%, 6% and 7% for specimens. 1, 2 and 3, respectively
below the theorical Vp values of shear yielding.

As mentioned before, to assure desirable performance of EBF system after designing of the shear link, the elements
outside the link are designed to resist forces generated by the fully yielded and strain hardened link. According to AISC
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Table 3
Experimental results of deformation and ductility.
No. 1 1.5 0.0075 14 0.07 9.33
No. 2 25 0.01 18 0.072 7.2
No. 3 4 0.013 34 0.113 8.5
Specimen Ay (mm) vy (rad) Au (mm) yu (rad) Ductility ratio

Note: Ductility ratio = Maximum displacement divided by yielding displacement.

[23] the generated forces can be calculated as 1.25RyVy (Vi =0.6Aw x Fyw) to predict maximum expected shear forces. The
ultimate strength of the shear link in all experimental specimens were over 200% greater than the yielding strength. To assure
the good performance of V-EBF systems, it is suggested that it be used 1.75 instead of the 1.25 to predict maximum expected
shear strength of shear link. The increased factor 1.75, include also the actual shear yielding comparing the theoretical values.

Based on the above, the following formula is suggested to develop the ultimate shear force up to 2.0 Vp and maximum
possible end moments in the vertical shear links without any failure at both ends of link. So, the classification of the V-EBF
is modified as follows:

2 x 1.2M, M,
egT_l.ZOV—IJ (18)

5.2. Two end moment of links

In the specimen 1 and 2 minor yielding was appeared at the bottom end of the flange links during cycles £5mm but
in specimen 3 no significant flange yielding was apparent till to web buckling. In specimen 3, at first cycle of 32 mm
displacement the link web buckled when the link rotation was «y=0.105rrad, failure occurred in cycle +34 mm by tearing
originating at the web-flange junction. During this cycle the tearing took place around the perimeter of the shear link. The
moment versus rotation at two end of the vertical shear link obtained specimen tested is shown in Fig. 7. Results indicate
that the vertical links have a stable hysteresis loops. But moments at two ends have different values. At the shear yielding
of the link web, the ratio of the moment of the bottom and upper end is shown it Table 2. The end stiffness effects have to
be considered in determining the length of the vertical link. With elastic link end moment and the conception consideration
reflected in Eq. (19), the following design condition for link length could be specified:

M
e<0.35(K+1)=-2 (19)
Vp
where the K factor is ratio of the moment at floor-beam divide to moment at end bottom(0 < K < 1). To accommodate large
shear distribution in the web and prevent weld failure at the interface between link and floor beam, it is proposed to limit
the moment at the upper end of the vertical link effectively to an elastic design moment of 0.5 Mp.

5.3. Deformability and energy distribution

Figs. 8 and 9 show the hysteresis behavior of the experimental specimen studied. Based on these figures, all specimens are
able to dissipate the energy with stable hysteresis loops (without any pinching till failure), especially Specimen 3. Comparison
of the hysteresis curves show that performance of the vertical shear links govern the system in all specimens that proves
the vertical shear link act as ductile fuse to absorb energy. Also, the V-EBFs showed a ductile system against lateral load, the
ductility ratio is listed in Table 3.

5.4. Corrective of analytical model

5.4.1. Analytical modeling

The Drain-2DX program with the developed shear link element was used to perform nonlinear analysis of the V-EBF
system. Each shear link element was modeled as a two dimension element. The degrees of freedom of the shear link are
defined in horizontal, vertical and rotational direction at both ends. Both Kinematic and Isotropic strain hardening were
considered for shear and their degrees of participation were empirically assigned. Also, only the Kinematic hardening effect
was considered for moment. The shear link elements have the same mathematical idealization and assumption according
to part 3.

5.4.2. Comparison of analytical & experimental results

The local (vertical shear link) and global (general response of the test frame) hysteresis response curves for the three
specimens tested to compare with analytical models are shown in Fig. 10. Results indicate that the elastic stiffness of the
analytical model is good agreement with the measured value for the specimens. The combine Isotropic and Kinematic
hardening behavior of the model also correlates well with the experimental behavior. Furthermore, the model predicts
shear yielding in the vertical links were approximately.
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The comparison of the shear responses of analytical model and the test results show that they cover each other 95%
approximately in local and global responses. It means that the vertical shear link model is capable to predict cyclic response
of the V-EBF in local and global responses.

Considering Section 3.3, the function that represents the expansion of yield surface (strain hardening) due to shear
yielding to account for upper bound of shear is developed. The function determines the maximum attainable shear force



40 J. Bouwkamp et al. / Case Studies in Structural Engineering 6 (2016) 31-44

400 | 400
Specimen 1

= _,_._,-_—-.—

3001 Specmen 1

200

/7/ nii=g
mll
tlmﬁhnn

///

’I/’/’/?m/’l'il'ii: Hh

100 1 1001

~-100+

II’,’/// |

/]
“ 7
nl;‘ty,qgm/////l,//

-200

Lateral Load(KN)
Links Shear Force(KN)

y ]
| e —
i
-100 r T T r T T r T — . -400 . . ; z . 3
-250 .-20.0 -150 -10.0 -5.0 0.0 5.0 100 150 20.00 25.0 -0, 15 -0, 10 -0, 05 -0, 00 0.05 G, 1 0.15
700 - 700
6001 specimen 2 600

i = 1] ] ol
300 ”/I"%iﬂ [/ //7 300

- 1))/ <=

Lateral Load(KN)
Links Shear Force(KN)

-100- /] -100-
-200+ 1/ /1 ” -200-
-300 | ,‘/ l’ 300
~400 f [ ] [ gy 7 4001
T o ==
-500 500
-600 = - -600-]
=700 T T : . . : - | =700
=250 -20.0 -150 -100 -50 00 50 100 150 200 250 -0,
700 700
co0{ Specimen3 — - 600
500 > __ 5004
00 Z 400
£ 00+ £ 300
! (X}
= 200 © 2004
T ]
© 100 w1001
o [
| 04 3 04
= -100 & 1001
k2001 » -200
® 300 £ 300
=l -100 = -400-
500 5001
600 _GODW
700 . . . ; , " . -700 : i ; — ’ )
—I00 300 200 -100 0.0 100 200 300 400 0,15 -0,10 . -0,05 -0,00 0,05 0, 10 0,15
Deflection (mm) Link Rotation (Rad)

Fig. 8. Hysteresis curves of experimental models.

(Viso—p) after certain amount of plastic deformation has occurred. Based on the experimental results, model calibration in
part 3.5, the following function shape is proposed for expansion of shear yield surface or Isotropic hardening:

Viso_n = 2.15Vy — 1.15Vy x e(—6Xy,,) (20)

All parameters have defined previously.
The proposed equation agrees with experimental results and provides an upper bound for the Isotropic hardening of the
yielding surface of the vertical link under cyclic loading, Fig. 11.

5.5. Model calibration for vertical link
Based on the experimental results and analytical study in this paper, the indicated force-deformation relationship is

proposed. The multi-linear values governing the shear force-deformation and bending moment-rotation relationships shown
in Fig. 3 were calibrated based on the test results. In comparing with the horizontal shear link, the numerical formulation of
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Fig. 10. Comparison of the experimental & analytical results.
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Fig. 11. The isotropic hardening of experimental and mathematical shear expansion.

the shear and moment stiffness calibration factors for vertical shear link have been formulated as following characteristic
values:

Vy1 = 1.00Vy My; = 1.00My

Vya = 1.50Vy

Vy3 = 2.00Vy

Kyz = 0.100Ky;

M, = 1.03My

My3 = 1.06My

Knmz = 0.030K
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Kys = 0.030Ky; K3 = 0.015Kyy

Kya = 0.007Ky; K4 = 0.002Kp

where
3El. GAw
e

Ky = 2 Kyp = 2%

Bending moments at the two end of a V-EBF are different despite of horizontal EBF (bending moments at the two end of
the horizontal EBF are equal). Because of this difference, the stiffness calibration factors for vertical shear link and horizontal
shear link (formula obtained from Section 3.2) are different.

6. Conclusions

From the study of theoretical and experimental results the following major conclusion can be derived:

- The V-EBF indicated a ductile system (with high ductility ratio) that is able to dissipate the energy with stable hysteresis
loops (without any pinching till failure).

- Experimental results showed that inelastic deformation is confined in vertical link and its performance governs on the
system in all specimens. This occurrence proves that the vertical shear link act as ductile fuse to absorb energy. It is possible
to find an upper bound of maximum strength of V-EBF.

- Shear yielding (Vp) in the experimental testing was occurred 5-7% below the force at the theoretical values, also, ultimate
strength of the shear links reached up to 2 Vp. So, the length of vertical link should be limited to 2 Vp.

- The ends stiffness effects have to be considered in determining the length of the vertical link. It is proposed to limit the
moment at the upper end of the vertical link effectively to an elastic design moment of 0.5 Mp.

- Analytical model showed a good convergence with experimental results in local and global responses. It means that the
vertical shear link model is capable of predicting reasonably well the cyclic response of V-EBF in local and global responses.

- The combine Isotropic and Kinematic hardening behavior of the analytical model correlates well with the experimental
behavior. Furthermore, the model predicts shear yielding in the vertical links were approximately.

- Considering the anisotropic rule, that assumes Isotropic-Kinematic hardening in shear yielding, and only Kinematic hard-
ening for moment yielding, the yield function provides an upper bound for the Isotropic hardening of the yielding surface
of the vertical link under cyclic loading.
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