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SUMMARY: Steel chevron concentrically braced frames are expected to dissipate seismic 
energy by yielding of the brace under tension, while both beam and columns behave 
elastically. Besides the strength, also the stiffness of the brace-intercepted beam plays a key 
role to avoid unfavourable mechanisms. However, no codified requirements are provided to 
assure adequate beam rigidity. In order to examine this aspect, in the first part of this paper 
the main results of a numerical parametric study devoted to investigate the mutual 
interaction between the beam vertical deflection and the brace ductility demand are 
described. The second part of this article investigates the efficiency of both EC8 and 
AISC341-10 seismic provisions on the global performance of chevron bracings, particularly 
focusing on the design of the beam of the braced bays. The results of incremental dynamic 
analyses performed on several structures confirm the primary importance of the flexural 
stiffness of the beam. 

KEYWORDS: Chevron concentrically braced frames, capacity design, stiffness, ductility 
demand, brace buckling 

1. INTRODUCTION

Chevron concentric bracings (CCBs), also known as inverted-V concentric bracings, are 
commonly used in the seismic design of multi-storey steel buildings owing to both their 
architectural functionality and structural efficiency. Indeed, structures equipped with CCBs 
are generally characterized by large lateral stiffness, which guarantees the fulfilment of both 
codified drift limitations and stability criteria (namely P-Delta effects). On the other hand, the 
structural performance against strong seismic action, involving large plastic engagement, is 
strongly dependent on the design requirements and provisions devoted to assure the 
achievement of a ductile global failure mechanism. 
Differently from other typologies (e.g. X-CBFs or diagonal bracings [Longo et al., 2006; 
Giugliano et al., 2010; Giugliano et al., 2011; Bosco et al., 2013; Bosco et al., 2014; 
Faggiano et al., 2014; Longo et al., 2014; Longo et al., 2015]), the nonlinear response of steel 
frames equipped with bracings in chevron configuration is deeply affected by the bending-
axial force interaction behaviour of the beam connected to the diagonal members [Fukuta et 
al., 1989; Yamanouchi et al., 1989; Shen et al., 2014; D’Aniello et al., 2015; Shen et al., 
2015]. Indeed, following the buckling of the brace in compression, an unbalanced vertical 
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force resulting from the axial forces transmitted by both braces is applied on the beam, 
inducing a significant bending moment at the brace-intercepted section. In such situation the 
flexural yielding of the beam must be avoided, because it entails significant loss of strength 
and stiffness. Conversely, larger energy dissipation can be recognized in case of inelastic 
deformation experienced by the brace under tension, with the beam behaving elastically 
[Khatib et al., 1989; Tremblay and Robert, 2001]. 
In light of these considerations, current seismic codes (e.g. EN1998-1, AISC341) provide 
capacity design criteria to achieve the “strong-beam mechanism”. However, analysing the 
results from literature, it can be observed that in the most of cases, capacity curves of this 
type of structures are characterized by negative stiffness in post-buckling range and soft 
storey mechanisms cannot be avoided [Kim and Choi, 2005; Longo et al., 2008]. Moreover, 
numerical analyses showed very poor seismic performance with tensioned bracings mostly in 
elastic field, and suffering severe damage in diagonals under compression [Kim and Choi, 
2005; Longo et al., 2008]. 
This poor dissipative behaviour mainly depends on the design rules, which are generally 
focused on the strength of the beam connected to the bracing members, without accounting 
for its flexural stiffness. Conversely, the beam flexural stiffness plays a key role in the 
performance of CCBs, being the flexural response of the beam and the brace deformation in 
compression correlated phenomena [D’Aniello et al., 2015]. Indeed, as depicted in Fig. 1, the 
elastic deflection caused by the unbalanced force can be large enough to prevent yielding of 
the brace in tension and to concentrate the damage in the compression diagonal, thus leading 
to a very poor overall performance due to the brace deterioration. Recent studies [Shen et al., 
2014; D’Aniello et al., 2015; Shen et al., 2015] already underlined that the brace-intercepted 
beams designed with the minimum possible required strength permitted by seismic codes, 
could experience severe vertical deflection for interstorey drift ratios ranging in [0.02, 0.04]. 
Moreover, D’Aniello et al. [D’Aniello et al., 2015] show that in frames with very flexible 
beams, this mechanism becomes dominant and for large drift (e.g. θ	 > 2%) both braces are 
even under compression. Such results were also confirmed in the framework of a recent 
European research project HSS-SERF RFSR-CT-2009-00024 [Vulcu et al., 2014], aimed at 
investigating the potential benefits of the combined use of high strength steel for non-
dissipative members, and mild-carbon steel for dissipative zones. Indeed, the possibility to 
use high strength steel for beams leads to over-strong but flexible beams, showing very poor 
overall performance. Former studies [Marino and Nakashima, 2006; Marino, 2014; Longo et 
al., 2015] have deeply investigated the seismic performance of CCBs, also proposing new 
design criteria. However, limited attention was focused on the role of the beam belonging to 
the braced span. In light of the above considerations, the main aim of this paper is to discuss 
the seismic behaviour and design criteria for steel chevron concentrically braced frames, with 
special reference to the design of the brace-intercepted beam. With this regard, in the first 
part of this article, results carried out by the Authors in previous studies specifically devoted 
to investigate the role of the beam flexural behaviour, are summarized and further discussed. 
On the basis of these results, in the second part of this paper, a critical review of seismic 
design requirements given by EN1998-1 and AISC341-10 for CCBs is provided in order to 
examine the effectiveness of the relevant provisions in the design of the brace-intercepted 
beam. To this aim, a reference building was selected as case study and alternatively designed 
according to both examined codes. Incremental dynamic analyses (IDAs) were performed 
and the relevant main results are discussed and compared.  
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Figure 1. Shape of lateral displacements for CCBs: a) contribution of the vertical displacements; b) 
contribution of the horizontal displacements 

2. THE INFLUENCE OF THE BEAM FLEXURAL STIFFNESS 

2.1 Investigated parameters 

D’Aniello et al. [D’Aniello et al., 2015] specifically investigated the influence of the beam 
flexural stiffness on the seismic performance of CCBs by performing an extent parametric 
study on a one-storey-one-bay chevron CBF prototype. The examined key parameter is the 
mutual beam-to-brace stiffness ratio (in the following referred as KF) ranging from zero to 
infinitive by varying both geometrical and mechanical properties. The brace-to-beam 
stiffness ratio was defined according to the Eq. (1): 
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where kb is the beam flexural stiffness at the intersection with braces and kbr is the vertical 
stiffness of the bracing members. In particular, the former is given by: 
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where E is the elastic modulus of steel, Ib is the second moment of area of the beam section, 
Lb is the beam length and ζ is a factor depending on the beam boundary condition, namely ζ 
= 4 for fixed ends and ζ = 1 for pinned ends. The vertical stiffness of the bracings is given by: 
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where Abr is the area of the brace section, Lbr is the brace length and α is the tilt angle of the 
brace. In Table 1 all parameters and their relevant variations are summarized and described: 

Table 1. Parameters of variation. 
Parameter Units Variations 

KF [-] upper bound = ∞ – lower bound = 0 

Beam [-] 
IPE (*) – HEA (**) – HEB (**) – HEM (**) 
upper bound (kb = ∞) – lower bound (kb = 0) 

tgα (aspect ratio: tilt of bracing members 
h/L) 

[-] 0.6 – 0.7 – 0.75 – 0.8 – 0.875 – 1 – 1.167 – 1.333 

Braces Slenderness ( ) [-] 0.6 – 0.8 – 1 – 1.2 – 1.4 – 1.6 – 1.8 – 2 

Interstorey height (h) [m] 3 – 3.5 – 4 

Span length (L) [m] 6 – 8 – 10 

(*) beam depth from 240 mm to 600 mm (i.e. n. 10 profiles) 
(**) beam depth from 240 mm to 1000 mm (i.e. n. 18×3 profiles) 
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2.2 Monitored mechanical parameters 

Both global and local response parameters were selected to characterize the behaviour of CCBs 
and monitored during each analysis. The monitored parameters are summarized as follow:  

- The normalized unbalanced force (β) applied to the beam when the buckling of the 
brace in compression occurs. This parameter is defined as: 

, ,

,

T br C br

pl br

N N

N



                                            (4) 

Where NT,br is the brace axial force in tension; NC,br  is the brace axial force in compression; 
Npl,br  is the brace plastic axial strength. 

- The brace ductility () both in tension and in compression, given by the ratio d/dy 
being d the brace axial displacement and dy the displacement of the brace at yielding.  

- The storey drift ratio (y) corresponding to the brace yielding. 
- The beam flexural yielding. 

2.3 Discussion of results  

Results obtained from both monotonic and pseudo-static cyclic analyses clearly show that the 
better performance in terms of brace ductility demand, namely yielding in tension and limited 
damage in compression, is experienced for the structures with the higher values of beam-to-
brace vertical stiffness ratio KF.  
This feature can be explained considering that the stiffer the beam, the smaller is its vertical 
displacement, thus limiting the deformation demand in the brace under compression (see Figs. 
1.1 and 2.1). As a general remark, from Fig. 2b it can be observed that the higher the KF value, 
the lower is the drift ratio for which yielding occurs. In the cases with KF = ∞ the yielding of 
the brace in tension occurs at a drift ratio ranging from 0.1 % (for tgα = 1.33) to 0.3% (for tgα 
= 0.6).  
Monotonic pushover analyses show that KF = 0.1 is the threshold value that delimits two 
different structural performances. Indeed, for KF > 0.1 brace yielding in tension can be 
observed at drift ratios within the range of 2-3%, depending on the frame aspect ratio tgα (see 
Fig. 2b). On the contrary, for KF < 0.1 the bracing does not yield in tension and at large drift 
ratios (e.g. θ	> 2%) both diagonal elements can be subjected to compression forces.  
This behaviour is more evident for very flexible beams (0 < KF < 0.02) (see Fig. 2b). Pseudo-
static cyclic analyses confirm these results as shown in Fig. 2c. As it can be observed, the 
braces in structures with deformable beams are subjected to axial shortening in both 
directions of the cyclic action. Only for KF > 0.02 the bracings are subjected to alternate 
tension and compression. Regarding the beam response, the bending demand at the beam 
mid-length is mainly due to the vertical unbalanced force occurring after the buckling of the 
brace in compression. As shown in Fig. 3 (where only the case with tgα = 0.6 is reported), the 
plastic hinge develops in the beam at about 2% of drift ratio for all cases with KF within the 
range [0.02, 0.1].  
For KF > 0.1 the beam tends to behave elastically because increasing the beam stiffness 
implies enlarging the flexural strength. In addition, at larger KF both the full yielding of the 
brace in tension and deterioration of brace in post-buckling range occur; in such condition, 
the unbalanced force cannot be larger than the value corresponding to the development of the 
plastic capacity of the connected braces, and the bending moment acting on the beam cannot 
increase.  
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Figure 2. a) Brace ductility in compression from monotonic analyses; b) brace ductility in tension 
from monotonic analyses; c) brace ductility from cyclic analyses 

For KF within the range [0, 0.02] (very flexible beams) the beam behaves elastically even 
beyond the 4% of drift ratio. This result can be explained considering that both bracing 
members are under compression and negligible values of the unbalanced force can be 
developed even at very large storey displacements.  

2.4 Empirical equations 

On the basis of multiple regression of the numerical results [D’Aniello et al., 2015] shown in 
Section 2.3, analytical equations were obtained to select the optimal beam stiffness depending 
on both the brace ductility and interstorey drift ratio demands. 
Fig. 4 shows the relationship between the drift ratio corresponding to the yielding of the brace 
in tension (θy) and KF. The interpolating curve fitting the numerical data is a hyperbolic 
function given as follows: 
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Figure 3. Beam response: normalised bending moment vs. drift ratio 

This equation is limited to KF > 0.1, because bracing member cannot yield in tension for 
smaller KF as previously discussed.  
Numerical data for drift ratios in the range of [0.01, 0.04] highlight that the brace ductility 
demand μ depends on both KF and tgα. As shown in Fig. 5, the ductility demand for the 
braces in compression and tension is satisfactorily matched by a hyperbolic equation given by:  
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The normalized unbalanced force β (previously defined in Section 2.2) obtained from 
numerical analyses is plotted against KF in Fig. 6 The regression function is given by the 
following:  
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The Reader can found the values of the coefficients in Eqs. (6) and (7) and the corresponding 
R2 indexes in [D’Aniello et al., 2015]. 

  
Figure 4. Brace yielding drift ratio vs. KF: numerical results and proposed equation 
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Figure 5. Brace ductility demand in compression (C) vs. KF 

 
Figure 6. Unbalanced force β vs. KF (given as example for  = 2% and  = 4%) 

It should be noted that the case of β = 0.7 corresponds to the unbalance force recommended 
by EN1998-1 for symmetric CCB configuration. Fig. 6 clearly highlights that in most of 
cases (those having β > 0.7) the requirement of EN1998-1 is not conservative. 

3. CODIFIED DESIGN CRITERIA FOR THE CHEVRON BRACED FRAMES: 

EUROPEAN VS US CODES 

3.1 Generality 

Even though, both European and US codes are based on capacity design philosophy, different 
requirements are recommended to guarantee the hierarchy of resistances between dissipative 
and non-dissipative zones, resulting in dissimilar strength and stiffness ratios between the 
elements and, as a consequence, different overall response.   
Both EN1998-1 and AISC341-10 consider different ductility classes depending on the level 
of plastic engagement ensured in the dissipative zones and a force reduction factor is assigned 
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per ductility class in order to directly account for the energy dissipation capacity of the 
system.  
EN1998-1 (in the following also referred as EC8 or Eurocode 8) considers three ductility 
classes: (i) low ductility class (DCL); (ii) medium ductility class (DCM); (iii) and high 
ductility class (DCH). In case of DCL poor plastic deformations are expected and the code 
allows performing global elastic analysis using a behaviour factor q within [1.5, 2.0]; the 
strength of elements (both members and connections) is verified according to EN 1993:1-1 
(Eurocode 3: Design of Steel Structures) without accounting for capacity design rules 
(recommended just for low seismic areas). On the contrary, systems designed for DCM or 
DCH are expected to have moderate (a q factor ranging from 2.0 to 4.0 is assumed) or large 
plastic engagement (q > 4.0) in dissipative parts, respectively.  
In EN1998-1 CCBs are allowed in DCM and DCH, designed with q = 2 and q = 2.5 
respectively. It is worth to note that it is unclear the reason why the European codes states to 
assume q=2.5 for CCBs in high ductility class, although according to the ductility 
classification given in EN1998-1 Section 6.1.2, such value of q factor should be adopted for 
DCM.  
AISC 341 provides two different categories based on their expected energy-dissipation 
capacity: (i) special concentrically braced frames (SCBFs), which are expected to provide 
significant ductility; and (ii) ordinary concentrically braced frames (OCBFs), characterized 
by smaller energy dissipation capacity. Similarly to EN1998-1, also for US codes [AISC 341, 
2010; ASCE/SEI 7-10, 2010; FEMA P-750, 2009] the behaviour factor (i.e. the reduction 
factor R) differs with the ductility class, but even larger values are recommended, namely 
equal to 3.25 for OCBFs and 6.0 for SCBFs.  

3.2 Design criteria for brace-intercepted beam 

Both European and US codes recommend performing plastic mechanisms analysis in order to 
evaluate the required strength of the brace-intercepted beam.  
Indeed, the beam may experiences the most severe bending moment following the buckling 
of the compression diagonal. At this stage, an unbalanced vertical force, due to the vertical 
component of the resultant force transmitted by the tension and compression braces, is 
applied at the brace-intercepted section.  
According to EN1998-1, the beam belonging to the braced bay should be designed to 
withstand the following action: (i) all non-seismic action without considering the 
intermediate support given by the diagonal members (ii) the unbalanced vertical force 
occurring in the post-buckling range. The unbalanced force is evaluated by assuming that the 
tensioned brace transfers its design plastic resistance (Npl,br,Rd) and brace under compression 
attains its post-buckling compression strength, estimated equal to γpbNpl,br,Rd. The value of the 
reduction coefficient γpb has to be found in the National annexes; EN 1998-1 recommends 
γpb=0.3.  
According to AISC 341, the required strength for beams in SCBFs should be determined by 
considering the most severe condition between: (i) the seismic induced effects evaluated by 
performing a linear elastic analysis and magnified by the overstrength factor Ωo fixed equal to 
2; (ii) the forces evaluated by performing plastic mechanism analysis assuming full expected 
plastic strength (corresponding to γovNpl,br) acting in the brace under tension and the 30% of 
the expected buckling resistance for the brace under compression (i.e. corresponding to 0.3 
γovχNpl,br ). 
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It can be easily recognized that both European and US codes recommend similar design rules, 
but they follow different approaches to quantify the compression strength degradation in the 
post-buckling range. In particular, EN1998-1 assumes the largest value for the post-buckling 
compression strength, potentially leading to weaker beams (i.e. a smaller unbalanced force is 
accounted for). In addition, the rule given by the European codes may lead to evaluate design 
forces that are inconsistent if very slender brace are used: indeed, for normalized slenderness 
values close to the upper bound limit ( 2  ) stated by the Code, the brace buckling strength 
tends to the 20% (namely χ=0.2) of the plastic strength, thus resulting smaller than the value 
proposed for the compression strength in the post-buckling range.  
Another important aspect is related to the beam-to-column connections in the braced bays: 
indeed, US codes requires moment-resisting connections for the braced bays in order to 
improve the degree of redundancy and enhancing the distribution of damage along the 
building height; such requirement is absent in the European code in which the redistribution 
of damage is assured by limiting the range of variation of the overstrength of the braces at 
each storey. Thereby, the brace-intercepted beams are generally conceived using different 
boundary conditions, namely: (i) double pinned in the chevron CBFs compliant to EN1998-1 
and (ii) fixed at both ends according to AISC 341, thus resulting in significantly stiffer beams 
respect to the European case.  

3.3 Case study 

In order to examine the influence on the overall response of the different codified 
requirements described in the previous Section, a case study was selected and alternatively 
designed according to both European and US codes.  
As shown in Fig. 7, the reference structure is a 2D frame equipped with CCBs extracted from 
a six-storey residential building with rectangular plan measuring 24 x 24 m (3 bays of 8m 
span per direction). The interstorey height is equal to 3.50 m with exception of the first floor, 
which is assumed equal to 4.00 m. Rigid diaphragms are assumed at each floor and circular 
hollow hot formed sections were used for all diagonal members.  
The EC8-compliant frame was designed for DCH (Ductility Class High) concept and a 
behaviour factor q = 2.5 was assumed; the AISC-compliant frame was designed according to 
the SCBFs (Special Concentrically Braced Frames) concept and a force reduction factor R = 
6 was adopted. In order to have consistent results allowing a profitable comparison, both 
cases were designed for the same hazard level, considering a reference peak ground 
acceleration equal to agR = 0.35 g, a soil type C, a type 1 spectral shape as given by EN1998-
1. The members resulting from both EC8 and AISC design procedures are reported in Table 2. 
It is trivial to observe (see Fig. 8), that the frame designed according EN1998-1 is 
characterized by stockier braces with intermediate normalized slenderness ̅ varying between 
0.8 and 1.2. The AISC-compliant case has more slender braces with ̅  varying between 1.3 
and 2. In addition, the design procedure provided by EN1998-1 also leads to heavier profiles 
for beams and columns. This difference can be easily explained by considering the smaller 
value of the force reduction factor accounted for by the European code. Moreover, this 
difference is further exasperated considering that in the US codes the dissipative members are 
designed according their “expected” capacities, namely evaluated using the average yield 
stress of the material, while the design value (namely the characteristic value also reduced by 
using a proper partial safety factor) is implemented in the calculation of the resistance of 
diagonal members according to EN1998-1.  
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Figure 7. Structural layout of the examined cases and location of CCBs 

Table 2. Members of the structures designed according to EN1998-1 and AISC 341 

COLUMNS BEAMS BRACES (d x t) 

STOREY 
EC8 AISC EC8 AISC EC8 AISC 

S355 S355 S460 S460 S355 S355 

6 HE 400 A HE 320 A HE 400 A HE 360 B 168.3 x 6 139.7 x 5 

5 HE 400 A HE 320 A HE 450 B HE 450 B 193.7 x 8 168.3 x 6 

4 HE 450 B HE 360 A HE 500 B HE 450 B 219.1 x 10 168.3 x 6 

3 HE 450 B HE 360 A HE 550 B HE 500 A 244.5 x 10 177.8 x 6 

2 HD 400 x 347•/+ HE 400 M HE 600 B HE 500 B 244.5 x 12 177.8 x 8 

1 HD 400 x 347•/+ HE 400 M HE 600 M HE 550 B 273 x 12 177.8 x 8 

 

However, beside the size of the members, it is interesting to note that, even though the AISC-
compliant frame is characterized by smaller cross sections of the members, the relative beam-
to-brace stiffness is larger if compared to the European case.  

  

Figure 8. Normalized slenderness of braces at each storey: comparison between AISC341 and EC8 
compliant cases 
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Figure 9. Beam-to-brace stiffness ratios at each storey: comparison between AISC341 and EC8 
compliant cases 

Fig. 9 shows the beam-to-braces stiffness ratios (as defined in Section 2) at each storey for 
both examined cases. As it can be observed, AISC341-10 leads to the largest values of KF. 
A set of nonlinear dynamic time history analyses was performed in order to investigate the 
influence of the applied design criteria on the dissipative capacity of the examined CCBs.  
A set of 14 natural earthquake acceleration records was selected according to the [Fülöp, 
2010] in order to match the elastic acceleration spectrum provided for by EN1998-1. The 
records were obtained from the RESORCE ground-motion database [Akkar et al., 2014]; the 
relevant data are summarized in Table 3, and the comparison with the codified elastic 
spectrum is shown in Fig. 10.  

Table 3. Selected ground motion records data 

Earthquake name Date Station Name 
Station 

Country 
Magnitude 

Mw 
Fault 

mechanism 
Alkion 24.02.1981 Xylokastro-O.T.E. Greece 6.6 Normal 

Montenegro 24.05.1979 
Bar-Skupstina 

Opstine 
Montenegro 6.2 Reverse 

Izmit 13.09.1999 Yarimca (Eri) Turkey 5.8 Strike-Slip 

Izmit 13.09.1999 
Usgs Golden 
Station Kor 

Turkey 5.8 Strike-Slip 

Faial 09.07.1998 Horta Portugal 6.1 Strike-Slip 

L'Aquila 06.04.2009 
L'Aquila - V. 

Aterno - Aquila 
Park In 

Italy 6.3 Normal 

Aigion 15.06.1995 Aigio-OTE Greece 6.5 Normal 

Alkion 24.02.1981 
Korinthos-OTE 

Building 
Greece 6.6 Normal 

Umbria-Marche 26.09.1997 Castelnuovo-Assisi Italy 6.0 Normal 
Izmit 17.08.1999 Heybeliada-Senatoryum Turkey 7.4 Strike-Slip 
Izmit 17.08.1999 Istanbul-Zeytinburnu Turkey 7.4 Strike-Slip 

Ishakli 03.02.2002 
Afyon-Bayindirlik ve 

Iskan 
Turkey 5.8 Normal 

Olfus 29.05.2008 
Ljosafoss-Hydroelectric 

Power 
Iceland 6.3 Strike-Slip 

Olfus 29.05.2008 Selfoss-City Hall Iceland 6.3 Strike-Slip 

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65

1 2 3 4 5 6

AISC

EC8

Storey

K
F
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Figure 10. Comparison between natural signals and EC8 design spectrum 

The analyses were performed by using Seismostruct computational platform [Seismosoft, 
2011]. Masses were considered as lumped into a selected master joint at each floor, because 
the floor diaphragms may be taken as rigid in their planes. The beam section at the brace 
intersection can deform axially: in such a way, the catenary effect can develop when the 
beam bends under large deformations. Fiber distributed plasticity elements were used to 
model beam and column members; the differently-section behaviour is also reproduced by 
means of the fibre approach, by assigning a uniaxial stress–strain relationship at each fibre. 
The Menegotto–Pinto (MP) hysteretic model [Menegotto and Pinto, 1973] was selected to 
simulate the steel behaviour. The average value of yield steel stress was assumed for all 
members, which was obtained by multiplying the nominal value of the yield stress of the 
material by the randomness coefficient γov (set equal to 1.25 as recommended by EN1998-1). 
Physical-theory models (PTM) were used to simulate the braces response as reported by 
[D’Aniello et al., 2013; D’Aniello et al., 2015]. The P–Δ effects were accounted for by 
assigning the gravity loads on the interior frames to fictitious column, connected to the main 
frame using pinned rigid links. A 2% Rayleigh tangent stiffness damping was used at both 
first and second modes. The numerical model was calibrated on the basis of experimental 
results carried out by Uriz and Mahin [Uriz and Mahin, 2008]. As it can be observed, the 
simulated behaviour satisfactorily matches the test results, thereby predicting buckling, post-
buckling and fractures of braces (see Fig. 11). The seismic performance of the examined 
cases was compared by monitoring both global (i.e. interstorey drift ratios) and local (i.e. 
braces ductility demand) response parameters with reference to the three limit states Damage 
Limitation (DL), Severe Damage (SD) and Near Collapse (NC) defined in EN1998-3. Fig. 12 
depicts the average demand of interstorey drift θ along the building height. It should be noted 
that both EC8 and AISC341 compliant frames experience satisfactorily performance in terms 
of lateral displacement against earthquake for DL limit state. However, the AISC-compliant 
frame shows better response, characterized by a more uniform distribution of drift demand 
along the building height. Indeed, different displacement shapes can be recognized, namely 
cantilever shape for EC8-compliant case, and shear-type for AISC-compliant frame. 
Consistently with the relevant displacement shapes, the ductility demand for braces shows 
different damage distribution (see Fig. 13). It should be noted that the structure designed in 
compliance with EN1998-1 does not experience any yielding phenomenon in the braces 
under tension up to NC limit state.  
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Figure 11. Numerical vs. experimental cyclic pseudo-static behaviour of the frame tested by Uriz and 
Mahin (2008) 

 
Figure 12. Interstorey drift ratio: EN1998-1 vs. AISC 341-10 

 
Figure 13. Braces ductility demand: EN1998-1 vs. AISC 341-10 

On the contrary, plastic deformations under tension can be recognized for the AISC-
compliant case even at DL limit state. In addition, the latter also experiences more uniform 
distribution of damage in compression along the building height. As already mentioned, the 
requirement on moment resisting beam-to-column connections for braced bay provided by 
AISC 341, strongly contributes to increase the stiffness of brace-intercepted beams respect to 
the European case. In order to clarify this aspect, in Figs. 14 and 15 the seismic performance 
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of AISC-compliant frame is shown by varying the connections typology at the same cross 
sections of beams. Even though no appreciable differences can be recognized at global level, 
namely in terms of interstorey drift ratios (see Fig. 14), an improved energy dissipation 
capacity can be observed for the case with moment-resisting connections, with more plastic 
engagement for braces under tension and more limited damage under compression (see Fig. 
15). However, beside the stiffness of the beams, moment resisting beam-to-column 
connections in the braced bay also increases the redundancy of the structural system, 
favouring the distribution of damage along the building height and thus enhancing the global 
performance. In order to clearly identify which parameter, among KF and redundancy, mostly 
affects the response of the system, the performance of AISC-compliant frame was also 
assessed by varying the connections typology (namely fixed and pinned beams) at the same 
KF stiffness ratio. With this aim, a further structure was designed and analysed as follows: 
AISC 341 provisions were met in the design of both dissipative and non-dissipative elements 
but the requirement on the moment-resisting connections of the braced bay was disregarded; 
in addition the beams connected to the diagonals members were designed to have KF ratios at 
least equivalent to the values obtained for the AISC-compliant frame with the moment 
resisting connections (namely for the beams fixed at both ends).  

 
Figure 14. Interstorey drift ratio: AISC 341, Moment Resisting vs Pinned connection 

 
Figure 15. Braces ductility demand: AISC 341, Moment Resisting vs Pinned connection 

 
Figure 16. Interstorey drift ratio: AISC 341, Moment Resisting vs Pinned connection with equivalent 
KF 
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Figure 17. Braces ductility demand: AISC 341, Moment Resisting vs Pinned connection with 
equivalent KF 

 
Figure 18. Examined cases: KF ratios comparison  

 
Also in this case (see Fig. 16), no appreciable differences can be recognized at global level, 
namely in terms of interstorey drift ratio. At local level (see Fig. 17), similar responses can be 
noted in terms of damage of the braces under compression. However the case with pinned 
connections exhibits improved plastic engagement in the tension braces even at DL limit state.  
The enhanced performance can be explained considering that: i) KF ratios of the pinned-case 
are slightly larger than those of the fixed-one (see Fig. 18); ii) the pinned-case is slightly 
more deformable and experiences larger horizontal displacements favouring the elongation of 
the tension braces at small beams deflection. Therefore, the comparison of the examined 
cases (Fig. 12-17 and Fig. 18) confirms that the beam-to-brace vertical stiffness ratio KF is the 
feature mostly influencing the seismic performance of chevron bracing. 

4. CONCLUSION 

The design issues influencing the seismic behaviour of chevron concentrically braced frames 
have been analysed and critically discussed, particularly focusing on the features of the brace-
intercepted beams.  
In order to specifically investigate the influence of the ratio KF between the flexural stiffness 
of the brace-intercepted beam over the axial stiffness of braces on the seismic response of 
chevron concentrically braced frames, the results of a former parametric study based on 
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nonlinear monotonic and cyclic analyses [D’Aniello et al., 2015] were described and 
discussed. The interpretation of numerical data inferred the following remarks: 

- The higher the KF value, the lower is the drift ratio for which yielding occurs. In the 
cases with KF = ∞ the yielding of the brace in tension occurs at interstorey drift ratio 
ranging from 0.1 % to 0.3% depending on the tilt angle of the bracing members. 

- KF = 0.1 is the threshold value that delimits two different structural performances. For 
KF > 0.1 the brace yielding in tension can be observed, occurring at interstorey drift 
ratios within the range 2-3% depending on the tilt angle of the bracing members. On 
the contrary, for KF < 0.1 the bracing members cannot yield in tension and at larger 
interstorey drift ratios (e.g. θ > 2%) both diagonal elements can be subjected to 
compression. For 0 < KF < 0.02 both diagonal members are in compression at any 
interstorey drift ratio. 

- The capacity design rule for beams given by EN1998-1 is not conservative in the most 
of cases, being the unbalanced force resulting from the analyses larger than the value 
recommended by the code. 

- The numerical analysis results allowed also developing empirical equations able (i) to 
predict with satisfactory accuracy the brace ductility demand and (ii) the drift ratio 
corresponding to brace yielding in tension, (iii) to provide the unbalance force acting 
on the beam of the braced span and (iv) to provide the appropriate beam flexural 
stiffness for the brace ductility corresponding to the required interstorey drift ratio. 

- The provided empirical formulations can be used to control the braces ductility 
demand and the plastic mechanism at different performance levels. More details about 
this issue can be found in [D’Aniello et al., 2015]. 

In light of the main outcomes of the parametric study, the design provisions given by 
EN1998-1 and AISC341-10 were critically discussed and compared. In order to examine the 
influence of both codified design criteria, a case study was selected and alternatively 
designed according to either European or US code. Incremental dynamic analyses were 
performed on the selected building. The observation of the results led to the following 
observations:  

- The structure designed according to EN1998-1 is generally characterized by stockier 
braces and heavier cross-sections for beams and columns.  

- The beam-to-brace stiffness mutual ratio KF assumes significantly larger values in the 
AISC-compliant frame, also due to the requirements on the connections of the braced 
bays which should be moment-resisting type, thus leading to KF ratios 4 times larger 
at the same cross sections of structural members.  

- The frame designed according to AISC 341 shows more uniform distribution in terms 
of interstorey drift ratios, and larger plastic engagement of the braces under tension, 
respect to the European case.  

- Therefore, the comparison confirms that the beam-to-brace vertical stiffness ratio KF 
is the design parameter mostly influencing the seismic performance of chevron 
concentrically braced frames.  
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SOMMARIO: Le strutture di acciaio con controventi concentrici a V rovescia sono concepite 
per dissipare l’energia sismica attraverso la plasticizzazione delle diagonali di controvento, 
mentre sia travi che colonne devono rimanere in campo elastico. Le attuali norme sismiche 
forniscono regole di progetto al fine di garantire questo tipo di meccanismo plastico in modo 
da contenere le deformazioni plastiche solo nelle diagonali. Tuttavia, a causa 
dell’interazione esistente tra la trave ed i controventi ad essa collegati, tali strutture 
evidenziano una bassa capacità di dissipazione e meccanismi di piano soffice, come 
confermato da alcuni esistenti studi. Infatti, oltre alla resistenza necessaria per evitare 
meccanismi di collasso indesiderati, anche la rigidezza flessionale della trave è un 
parametro molto importante di cui, però, le norme non tengono conto. Al fine di investigare 
questo aspetto, nella prima parte di questo articolo sono descritti i risultati di uno studio 
parametrico teso a determinare la relazione che intercorre tra la richiesta di duttilità delle 
diagonali e la rigidezza della trave. Sulla base di questi risultati, nella seconda parte del 
lavoro viene investigata l’efficienza delle regole di progetto dettare dall’Eurocodice 8 e 
dall’AISC341-10 sulla prestazione sismica delle strutture con controventi a V rovescia. In 
aggiunta, un caso studio è stato progettato alternativamente in accordo ai due codici 
esaminati e, successivamente, analizzato al fine di valutare l’efficacia dei relativi dettami. I 
risultati delle analisi dinamiche non lineari condotte sul caso studio confermano il ruolo 
primario della rigidezza della trave: in particolare emerge che il rapporto KF tra la rigidezza 
flessionale della trave e quella assiale delle diagonali è in parametro che influenza 
maggiormente la prestazione sismica di tali strutture. 


