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1. ABSTRACT

The present paper deals with the capacity design of regular multi-storey steel buildings
employing concentrically braced framing systems. A detailed investigation of their behaviour
and load-bearing capacity under seismic loads using advanced non-linear analyses is
presented. In particular, an extensive research is carried out regarding the influence of
Eurocode 8 capacity design guidelines, and especially §6.7.2(2) which stipulates that the
contribution of the compressed diagonal should be ignored during the analysis and design of a
structure. In order to reach realistic conclusions, three possible design scenarios of a regular
three-storey steel building are introduced, where the structure is redesigned in each case so as
to fully comply with all Eurocode 3 and 8 guidelines. The behaviour of this steel building is
then extensively investigated using material and geometry non-linear static analyses, for
seismic action in the direction of the bracing systems and for all design scenarios. The main
purpose is to acquire a more realistic estimation of the structure’s ultimate load when the
compressed diagonal, including its post-buckling behaviour, is taken into account.
Furthermore, the necessity of capacity design procedures is highlighted by introducing a
separate design scenario where the structure under investigation is designed ignoring the
requirements of the seismic code. Valuable conclusions are reached through this approach,
especially in cases where the nominal values of the imposed seismic loads exceed the design
ones.



2.  INTRODUCTION

Concentrically braced frames (CBF) are cost-effective and, thus, popular forms of providing
lateral resistance to multi-storey buildings. A typical CBF consists of diagonal braces attached
to beams and columns using gusset plate connections. The two bracings usually intersect in
the middle in order to reduce the compressed diagonal’s buckling length. Due to their
geometric configuration, the lateral forces are resisted by developing truss action; tension and
compression. Their popularity and widely applicable use render the examination of their
behavior under seismic loads extremely important. Even though they have been extensively
investigated independently, it is rather important to examine their behavior when they are
integral parts of a multi-storey structure.

Of particular interest is §6.7.2(2) of EN1998-1, which explicitly stipulates that in
concentrically braced frames with diagonal bracings, only the tension diagonal should be
taken into account. In order to approach this matter of investigation under realistic conditions,
two design scenarios are introduced. More specifically, in Scenario 1 the three-storey building
is designed ignoring the contribution of the compressed bracings in the structural
configuration, while in Scenario 2 both diagonals are taken into account. The structure is
designed through elastic analyses in the commercial software ETABS, so as to fully comply
with the guidelines of capacity design guidelines. Finally, in an additional Scenario 3 the
building is designed ignoring the capacity requirements of the seismic code, thus aiming to
highlight the necessity of capacity design in the seismic resistance.

After dimensioning of the structure in Scenarios 1 and 2 is completed on the basis of linear
analyses, we proceed to investigate its load-bearing capacity in the direction of the bracing
systems. In order to acquire a better understanding regarding its actual response, which is
primarily dominated by the behavior of the braced members, the behaviour of both diagonals
should be taken into consideration. As a consequence, detailed geometry and material non-
linear analyses are performed, so as to approach the post-buckling behavior of the compressed
bracings. For ease of reference, only the results of the non-linear analyses carried out in
Scenario 1 and Scenario 3 are presented and compared in detail.

3. DESCRIPTION OF THE STRUCTURE
3.1 Geometry

The steel building under investigation comprises of three storeys with a total height of 12 m,
along with two structural systems in the two global directions of the building; an MRF system
with multiple bays in the X direction and a CBF system in the middle frame in the Y direction
(Figure 1). The building is symmetrical along its two global axes and is, therefore, regular
both in plan and elevation (EN 1998-1: 2004, §4.2.3.2). Columns are fully fixed at their base
in the direction of the MRF system, whereas in the direction of the CBF system they are
assumed to be pinned. The thickness of each storey’s concrete slab is assumed to be 0.20 m,
while the centre of mass of each diaphragm coincides with its respective centre of rigidity due
to the buildings symmetry in plan in both axes.
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Fié. 1 Plan-view and 3D demonstration of structural system

3.2 Imposed loads

The vertical loads imposed in the structure are designated by the seismic combination and
comprise of the following; the members’ dead load, a uniformly distributed load owed to the
slab’s dead load in each storey which is then applied to the secondary beams with regard to
their influence area, a superimposed dead load in the perimeter of the building due to
peripheral walls and, finally, a uniformly distributed variable load on the level of each slab.

As for the horizontal loads, only the seismic force is taken into account. According to EN
1998-1: 2004, §3.2.2.1 the horizontal earthquake motion can be represented by the inelastic
response spectrum in conjunction with the respective period of vibration of the structure. The
period of vibration is a combination of the existing rigidity of the members, activated in the
direction of the seismic motion (X or Y), and the total mass acquired from all imposed loads
in the seismic design situation (G+0.3Q). These earthquake induced actions are automatically
calculated using ETABS and then applied to the center of mass of the structure in each storey.
Due to the building’s symmetry in plan, its response is dominated by the fundamental mode
of vibration of each direction and, therefore, the lateral force method of analysis can be
applied to distribute the seismic actions in each storey. The design base shear is determined
using the following equation:

F,=%-m-S,(T,§) (H

A is the correction factor equal to 0.85 if Ty#al, and the building has more than
two storeys; otherwise A=1.00

m is the total mass of the building in the seismic design situation (G+0.3Q)

S,(T,,&) is the ordinate of the design spectrum for the fundamental period of vibration in
the examined direction T;
While the distribution of the seismic force at the centre of mass in each storey is estimated as:
m; -z
F, =F, S )

z;, m, are the respective height and mass of each storey



The building under investigation should demonstrate its ability to resist the vertically and
horizontally imposed loads in the most unfavourable combination in the seismic design
situation and the Ultimate Limit State (ULS), as well as satisfy the deflection limitations in
the Serviceability Limit State (SLS). The seismic design combination prescribed in EN 1998-
1: 2004, §6.4.3.4 where y2,i=0.30 assuming office areas, is:

.G+ 2 Wa Qg (3)

i>1 i>1

An additional 30% of the seismic action in the transverse direction is also considered for all
seismic combinations according to EN 1998-1: 2004, §4.3.3.5.2(4).

Epox +0.30Ey and Ep  +0.30E, 4)

Finally, according to EN 1998-1: 2004, §4.3.3.5.2, the vertical component of the seismic
action is not required to be taken into account. The effects of accidental eccentricity are also
taken into account.

4. DESCRIPTION OF DESIGN SCENARIOS

In order to investigate the effects of the post-buckling and yielding behavior of the diagonals
in the seismic load-bearing capacity of the structure, possible elastic scenarios that account for
the different approaches of guideline EN 1998-1, §6.7.2(2) are introduced. The speculation on
whether or not to include the compressed bracing in the elastic analysis, does not have an
immediate and conclusive answer and is examined through two possible scenarios. In
Scenario 1, the structure is modelled by taking into account only the tension diagonal in the
structural system, thus completely ignoring the contribution of the compressed bracing in the
lateral rigidity of the structure during the static analysis. On the other hand, in Scenario 2, the
modelling of the structure is carried out considering both bracings during the dimensioning of
the structure.

4.1 Numerical Simulation

For the analysis of the multi-storey steel building, a three-dimensional (spatial) numerical
model is created using the commercial analysis software ETABS. All elements are modelled
as beam-type finite elements, whereas no eccentricity is assumed in the connections of the
intersecting members. Columns are set to be fully fixed in the level of the foundations in the
direction of the MRF system, whereas in the direction of the CBF system to be pins. The
concrete slab of each storey is not modelled, although the equivalent vertical loads are
introduced to the secondary beams, assuming a uniformly distributed load in the level of the
slab. Rigid diaphragms are introduced in each storey due to the existence of the concrete slab.
The design of the members is primarily executed manually in order to acquire more
trustworthy results. For the dimensioning of the structure in each scenario, only linear elastic
analyses are carried out. Both material and geometry non-linearity are ignored at this point.

4.2 Dimensioning in Scenario 1
The most definitive requirement in the design of the diagonal members is the upper limit of

the non-dimensional slenderness limitation in conjunction with the Q criterion for uniform
distribution of ductility in height. Regarding the columns in both CBF and MRF systems, the



damage limitation and P-A effects checks dominate their design. As a result, the resistance
checks are adequately satisfied, since it is the capacity design guidelines that govern the
design of the members in Scenarios 1 and 2. On the other hand, the design of the main and
secondary beams is dominated by the ULS and SLS states which are more unfavorable
compared to the seismic situations. The following tables summarize the required checks
according to EN 1998-1 for the diagonals and the columns which define the CBF system.

Capacity design requirements Checks
Cross-section classification Class 1 or 2
Internal force N, Ny /Nyra <1
Non-dimensional slenderness limitation 13<1<2.0
Uniform distribution of ductility in height (Q,. —Q,.)/Q,., <0.25

Table 1. Summary of capacity design requirements and checks for diagonals

Capacity design requirements Checks

Cross-section classification Class 1 or2

Section and member checks in bending and

Ei=E gio30+t11-74, QEy compression (EN 1993-1-1, §6.3.2.1(1),
Eq. 6.61 & 6.62)
Local ductility condition Z:MRC =1 .32 MR,
-d
- 6=—"""<0.2
P-A effects V. h
Interstorey drifts check d, -v<y-h

Table 2. Summary of capacity design requirements and checks for columns in MRF system

Capacity design requirements Checks
Section and member checks in bending and
NyraMgg) 2 Ny +1.1y,, - Q- Ngy compression (EN 1993-1-1, §6.3.2.1(1),
Eq. 6.61 & 6.62)
-d
- 6=—""""1<0.2
P-A effects V. -h
Interstorey drifts check d, -v<y-h

Table 3. Summary of capacity design requirements and checks for columns in CBF system

Scenario Storey  Cross-section A (cm?) Z Nb,ra (KN)  Ner (kN)
1 RHS100X60X5 14.7 1.99 117 133
1 2 RHS100X60X4 12 1.95 99 112
3 SHS70X3 7.94 1.74 81 94

Table 4. Summary of diagonals’ characteristics in Scenario 1
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Fig. 2 Design of structure in Scenario 1

4.3 Dimensioning in Scenario 2

This scenario approaches the matter under investigation by considering the compressed
bracing’s contribution in the structural system during the dimensioning of the structure. Since
the lateral rigidity of the CBF system is doubled when both bracings are taken into account,
the period of vibration and, therefore, the imposed seismic loads are increased compared to
Scenario 1. The same checks and requirements are applied here as well.

Scenario Mass [m] Rigidity [k] Period of Vibration [T] Base shear [F, |

1 m k T F

b
2 m 2k ~~2T ~2F,
Table 5. Relative demand for base shear in Scenarios 1 and 2
Elastic spectra - Y direction
8.0 1
= 7.0
=]
S 6,0 1
=
B8 5,0 1
— 3.0 4 o
£ 29 | E £
3 | 51 |3
4 e 0
0 2| |2
070 T T T T T 1
0,00 0.50 1,00 150 200 250 3,00
Frequency of vibration T (sec)

Fig. 3 Structure’s response in a GMNIA analysis considering both diagonals in Scenario 1



The final design is quite similar in the two scenarios. This is an expected outcome when the
following are considered. Firstly, according to Table 5, the increased base shear is resisted
through a structural system comprising of two diagonals instead of one. Secondly, the design
of the diagonals is dominated by the non-dimensional slenderness’s upper limit in
combination with the Q criterion instead of the resistance checks, which take into account the
value of the imposed seismic loads. As a result, slightly different cross-sections are selected
for the diagonals in the two cases.

Scenario  Storey  Cross-section A (ecm?) A, Np,rd (KN)  Ner (KN)
1 SHS80X5 14.7 1.56 183 218
2 2 SHS70X4 10.4 1.77 103 119
3 SHS70X3 7.94 1.74 82 94

Table 6. Summary of diagonals’ characteristics in Scenario 2
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Fig. 4 Design of structure in Scenario 2

4.4 Dimensioning in Scenario 3

In this scenario the bracings are designed only for the maximum developed tension axial force
according to all seismic combinations. The columns are designed so as to be able to resist
adequately the most unfavourable combination of axial force and bending moment according
to Eq. (6.61) and (6.62) stated in EN 1998-1: 2004, §6.3.3.(4) without any capacity design
requirements being applied. The beams in the MRF system are not checked for the capacity
increased internal forces and should only present adequate resistance in both ULS and SLS
states. The definitive requirement of the slenderness upper limit for the design of the
diagonals as well as the strict damage limitation checks are also not applied in this scenario.
Since resistance checks are only allowed to define the cross-sections of the members, it is



expected that the selected cross-sections of the diagonals are significantly smaller and
therefore provide a more economic solution compared to Scenarios 1 and 2.

Scenario Storey  Cross-section A (cm2) A, Np,ra (KN) Ner (KN)
1 CHS60.3X3.2 5.74 2.35 34 38
3 2 CH48.3X4 5.57 3.02 20 22
3 CHS33.7X3.2 3.07 4.39 5 6

Table 7. Summary table of diagonals’ characteristics in Scenario 3
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Fig. 5 Design of structure in Scenario 3
5. ASSESSMENT OF DESIGN SCENARIOS USING NON-LINEAR ANALYSES
5.1 Numerical Simulation

The simulation of the structure for the required non-linear analyses is carried out with the
finite element analysis software ADINA. Eurocode 8 limits the cross-section classification for
braced members to either Class 1 or 2, as in frames with concentric diagonal bracings the
dissipative zones are located in the tension diagonals. This limitation eliminates the possibility
of local buckling in the compressed braced members. For this reason, they are simulated with
beam-type finite elements, as the only possible form of buckling is the flexural one. As for the
simulation of columns, Eurocode 8 limits the cross-section classification to either Class 1 or 2
as well, whereas capacity design was applied to both directions. Therefore, beam-type finite
elements are also introduced for the simulation of the columns.

5.2 Material

The actual behaviour of the structure is largely affected by material non-linearity, as its load-
bearing capacity in the direction of the bracings relies mainly on the diagonal members. A



bilinear elastic-plastic material of hot rolled S355 steel is introduced in the non-linear model,
with a realistic maximum allowable effective plastic strain of 20% and an ultimate tensile
strength that reaches the value of 490 MPa.

5.3 Geometry

As illustrated in the following figures, the moment-resisting frames which are not directly
connected to the bracing systems are removed from the non-linear model. This is due to the
fact that they do not contribute to the rigidity of the structure in the Y direction since they are
pinned at their base.

%
Z
¥ \([/ X
(b) (c)

Fig. 6 Simplified non-linear model (a) geometry (b) rigid diaphragm (c) moment end-releases
5.4 Scenario 1 - Geometry and material non-linear analysis with initial imperfections

While geometric non-linearity is crucial for the development of the compressed bracing’s
global buckling, the tension bracing’s main type of failure depends on yielding. Only out of
plane initial imperfections are introduced to the RHS bracing systems, while both in and out
of plane to the upper SHS as a result of the interaction between the major and minor principal
axis of these diagonals. The required base shear includes only the tension diagonal, as the
compressed bracings have lost their axial rigidity due to buckling.

Response in Scenario 1

1200 - (Direction of CBF system)
1000 4 ' 3rd tensional diagonal's yielding
é 800 ‘_y_b_,z Lst & 2nd tensional diagonal's yielding
1=
E 600 1 3rd diagonal's
7 4—— bucklin
q_f) 400 ? Linear analysis (both diagonals)
2 le 1st & 2nd
m 200 A diagonal's buckling GMNIA
” 0

0.00 0.03 0.05 0.08 0.10 0.13 0.15 0.18 0.20 0.23 0.25 0.28 0.30
Y displacement of upper storey (m)

Fig. 7 Structure’s response in a GMNIA analysis considering both diagonals in Scenario 1

As illustrated in Fig. 7, the elastic and GMNIA analyses present the same tangent and,
therefore, rigidity for small base shear values. After the first buckling takes place for a base



shear of approximately 200 kN, the structure’s response deviates from the elastic behavior
and the two curves begin to separate from each other. Despite the fact that all compressed
bracings lose their rigidity due to global buckling in the seismic design situation, the structure
continues to resist horizontal loads as tension diagonals retain theirs. Considering that the
buckling of the compressed bracings precedes the yielding, the structure’s ultimate load-
bearing capacity depends entirely on the tension diagonals after all bracings have buckled.

At this point, it is rather crucial that the behaviour of the CBF columns be investigated so as
to detect whether any lateral torsional buckling, global buckling or yielding takes place. Such
phenomena could influence the behaviour of the columns greatly and, consequently, the
structure’s behaviour as a whole. As a consequence of the stern drift and stability
requirements and the relative sensitivity of the steel moment frames in the X direction that
govern the design, CBF columns lead to considerable over-strength. Consequently, the CBF
columns demonstrate a perfectly linear behavior.

(c)
Fig. 8 Deformed shape of the structure in characteristic points of the GMNIA (a) Point 1 (b)
Point 2 (c) Point 3

5.5 Scenario 2 - Geometry and material non-linear analysis with initial imperfections

Response in Scenario 2
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Fig. 9 Structure’s response in a GMNIA analysis considering both diagonals in Scenario 2

According to

Fig. 9, the structure displays an almost identical ultimate load and overall response compared
with Scenario 1, since the final design differs slightly in the two cases. Finally, since the
GMNIA curves in the two scenarios are quite similar, it is safe to conclude that the guideline



under investigation is a safe approach to the structure’s actual response. This is attributed to
the rather definitive non-dimensional slenderness upper limit requirement.

5.6 Scenario 3 - Geometry and material non-linear analysis with initial imperfections

One of the main principles of capacity design is to avoid the possibility of partial or total
collapse and, thus, the following two factors should be taken into consideration. Firstly, the
structure should be able to resist seismic loads for the design earthquake or in case the seismic
actions exceed the design earthquake’s, without any danger of developing collapse
mechanisms. Secondly, the structure should be able to resist the required seismic loads in case
the members’ nominal resistance is lower compared to that calculated during the design. The
first point is satisfied by implementing the capacity design guidelines, while the second
requirement is immediately satisfied through the extremely high standards employed in the
production of structural steel by the industry nowadays.

Response comparison
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Fig. 10 Comparison of GMNIA curves for Scenarios 1,2 and 3 along with their respective
demands for seismic shear (red)

Scenario Load-bearing capacity Base shear demand Mass of steel
(kN) (kN) members (tn)

1 1000 509 46

2 980 495 43

3 395 327 35

Table 8. Comparative demonstration of ultimate loads, seismic shear demand and steel mass

According to the GMNIA analysis, the buckling of the compressed bracings occurs for
extremely small values of the seismic shear, as they do not comply with the non-dimensional
slenderness limitation. After evaluation of the columns’ behaviour, even in the case of
Scenario 3 where columns do not comply with capacity design concepts, both buckling and
yielding behaviors are prevented and, thus, do not influence the overall response of the
structure. The selected diagonal cross-sections in this scenario, compared to Scenarios 1 and
2, result in a more economic although considerably less safer design. It is obvious that in
Scenario 3, where capacity design requirements are ignored, the margin between the ultimate
load and the required base shear is not considered adequate in case the nominal seismic values
calculated in the design are exceeded.



6. CONCLUSIONS

An extensive research is carried out regarding the influence of Eurocode 8 capacity design
guidelines, and especially §6.7.2(2) which stipulates that the contribution of the compressed
diagonal should be ignored during the analysis and design of a structure. The load-bearing
capacity of a three-storey steel building with concentrically braced frames is extensively
investigated in the seismic design situation using non-linear analyses for two design scenarios.
In Scenario 1, the structure is modelled by taking into account only the tension diagonal in the
structural system, thus completely ignoring the contribution of the compressed bracing in the
lateral rigidity of the structure during the static analysis. On the other hand, in Scenario 2, the
modelling of the structure is carried out considering both bracings during the dimensioning of
the structure. The structure is designed in each case separately using linear elastic analyses, so
as to fully comply with Eurocode 3 and 8 guidelines. The resistance checks are adequately
satisfied, since it is the capacity design guidelines that govern the design of the members in
Scenarios 1 and 2. Afterwards, material and geometry non-linear analyses with initial
imperfections are carried out in order to assess the load-bearing capacity of the structure in
each scenario. After assessment of their response, it is safe to conclude that the guideline
under investigation can be considered not only a safe, but also a quite realistic approach of the
CBF system’s response. According to the GMNIA curves, the non-dimensional slenderness
limitation coupled with the 25% requirement of € for the uniform distribution of ductility in
height, increase the demand for cross-sections and, therefore, result in a higher load-bearing
capacity compared to the respective demand for seismic shear. Furthermore, the stern drift
and stability requirements lead to considerable overstrength of the CBF columns and
eliminate the possibility of failure due to global buckling or yielding, while the classification
requirements limit the possibility of local buckling. Finally, Scenario 3, where the seismic
code is completely ignored, demonstrates the detrimental effects of the non-compliance to
capacity design requirements in the overall load-bearing capacity of the structure, in case the
nominal value of the calculated seismic force during the design is exceeded.
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HEPIAHYH

H mopovca epyacio mpaypoatedetol tov KOVOTIKO GYESOGUO KOVOVIKOV TOALVMPOPOV
HETOAMKOV KTIPI®mV HE KEVIPIKOVG YLOGTL CLVOEGHOVS duoKapyiag, Tapovoldlovtog pia
AemTopEpn OlEPEBVIOT TNG (QEPOVGOG IKOVOTNTAG TOVG HE YPNOM UN  YPOLUIK®V
AVOADGE®V. ZVYKEKPEVO, PEAETATOL OVOAVTIKA 1 emppon tng ddtaéng §6.7.2(2) tov
Evpokddika 8 o1n @épovoa KavOTNTo NG KOTAOKELNG M omoin devkpwvilel mwg 1
GUVEIGPOPE TOV OAPOUEVOL GUVOEGHOL TTPETEL Vo ayvogital ot dlactacioAdynon. a
mv eEaymyn PECAIOTIKOV CUUTEPUCUATOV SLOTLTOVOVTAL 3 CEVAPLL Ol0GTAGIOAOYNONG
€VOG TPLOPOPOV UETOAAIKOD KTPioV, OTO OTOil0 1 KUTOOKELY EMAVASIOCTACIOAOYEITAL OE
KOs TEPITTOMOT MGTE VO VIOKOVEL G OAEG TIC KAVOVIOTIKEC dlatdEels. "Yotepa peletdron
N CLUTEPLPOPA TOL TPLOPOPOV HETUAAKOD KTIPIOL HE YPNOTM UN YPOUUUIKOV GTOUTIKMOV
OVOADCEDV YEMUETPIOC KOL DAIKOV Y10l GEICUIKT O1€YEPOT 0T O1evBuvoTn TV GLVOEGUMOY
dvokapyiog yio kdbe oevaplo. O kKOPLOg 6KOTOG Eival Vo TPOGEYYIoOEL 1KOVOTONTIKA TO
TPAYHOTIKO Oplokd @OPTI0 TNnG KoTAokevng Otov ot OAPopevol GuvOesHol KOl 1
HETOAVYIGLUKY TOVG GULUTEPIPOPA  AapPdvovior vroyrn. AvadeikvOeTol €miong m
AOJOTIKOTNTO TOV IKOVOTIKOD GYEOCHOV Bempmdvtag éva TETAPTO GEVAPLO OOV TO LILO
UEAETN KTIPLO OlOGTOGLOAOYEITOL OMOKAEIOTIKA ®C TPOG TO OVOTTUGCOLEVO, EVIOTIKA
HEYEDN, ayVOMVTOG TANP®G TIC OTOLTIGELS TOV GEIGHIKOD KMOKO. Ao TN d1epghivnot avTn
e€dyovion TOAVTILO CLUTEPAGUOTO OTNV TEPITTMON OMOL Ol YOPUKTINPIOTIKES TLUES,
KLPIOE TNG GEICUIKNG £VTAONC, VIEPPOVV AVTEC TOV VITOAOYICTNKAY KATH TO GYEINUCUO.



