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1 Introduction

Within the INNOSEIS project, Vamvatsikos et al. [1] proposed a behaviour factor
evaluation approach based on the explicit performance assessment of archetype
structures using multiple performance targets on a mean annual frequency of exceedance
basis. It comprises seven discrete steps:

Select sites, estimate the hazard and select ground motions

Define and design archetype buildings for a trial g-factor

Develop accurate nonlinear models

Perform preliminary evaluation via nonlinear static pushover analysis
Perform nonlinear dynamic analysis

Define performance criteria and estimate fragility curves

Accept or reject the trial g-factor

Noohk~rwhE

Normally, a normative application of the methodology requires a large sample of archetype
buildings and one or more iterations until an optimal g-factor is reached. Herein, the
proposed approach will be employed for the pre-normative assessment of 9 innovative
steel lateral-load resisting systems, developed in European and National projects by the
authors. For reasons of simplicity, only two to three archetype buildings will be employed.
Uncertainty dispersions of Bisy=0.2 and Becu=0.3 are assumed, together with a
moderate confidence level of x = 80%. Only a single pass will be undertaken to evaluate a
best estimate g-factor proposed by each system’s developers, without iterating to
optimality.

Work Package 2 — Deliverable 2.2
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2 INERD pin links

2.1 Modelling

A nonlinear model is developed in OpenSees (Fig. 2.1) to facilitate Incremental Dynamic
Analysis for the case studies considered. The model consists of lumped plasticity elements
for the members that are expected to undergo excessive deformations in the nonlinear
range of the system; that primarily includes the INERD-pin links, the braces, the beams
and the columns. Plastic hinges are considered at the ends of the INERD-pin links, with
their properties being determined via calibration on experimental results and analytic
investigations. Braces are assigned axial hinge properties in the middle of each element,
while the non-dissipative elements are given hinge properties calculated according to the
provisions of relevant codes (e.g. FEMA-356 [2]).

a) b)
Fig. 2.1: OpenSees numerical models: a) 2-story and b) 4-story

2.2 Static Pushover Analysis

Nonlinear static analysis is performed using the aforementioned OpenSees models (Fig.
2.2). Fig. 2.3 shows their respective (1st-mode load pattern) pushover curves, where P-
delta effects are taken into account. Two capacity points representing the life safety (LS)
and global collapse (GC) limit states are also provided in Table 2.1. The LS capacity points
have been estimated by capturing failure on an element basis.

Fig. 2.2: Deflected shape: a) 2-story and b) 4-story
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Fig. 2.3: OpenSees pushover curves: a) 2-story and b) 4-story structure

Table 2.1: Proposed acceptance criteria
2-story 4-story
Criteria LS GC LS GC

ot (M) | 0.047 | = | 0.060|
Omae (%) | 1.17 | = | 1.51 | =

0.3
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2.3 Incremental Dynamic Analysis
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Fig. 2.4: 2-story structure: a) IDA and b) fragility curves
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Fig. 2.5: 4-story structure: a) IDA and b) fragility curves

g-factor verification

15 2 25
AVgS,(T,5%) (9)

Table 2.2: Behaviour factor verification via the limit state mean annual frequency estimation

35

site | Case Des_'gn Limit | A(DS) | Aosim '\/Fliarfi’(')n check | Nextiteration
0, 0, -
study factor State | (%o) (%o0) A/ A) g-factor
" 2- 40 LS | 5.931 | 2.107 0.355 « 24
$ | story GC | 0.270 | 0.201 0.745
= 4- LS 4.886 | 2.107 0.431
< | story | *9 [GC [ 0.487 |0.201| 1.075 * 2.7
© 2- 4.0 LS 4.862 | 2.107 0.433 « 26
> | story GC 0.163 | 0.201 1.237
0] 4- LS 4.787 | 2.107 0.440
o story 4.0 GC | 0.131 | 0.201 1.531 - 2.7
© 2- 4.0 LS |13.134 | 2.107 0.160 « 20
2 | story GC 0.095 | 0.201 2.122
o] 4- LS 7.070 | 2.107 0.298
O | story 4.0 GC | 0.038 | 0.201 5.240 - 2.6
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3 INERD U links

3.1 Modelling

A nonlinear model is developed in the FinelG software platform (Fig. 3.1) for each of the
cases studies considered. The model consists of lumped plasticity elements for the
members that are expected to undergo excessive deformations in the nonlinear range of
the system; that primarily includes the INERD-U links, the braces, the beams and the
columns. Plastic hinges are considered at the ends of the INERD-pin links, with their
properties being determined from calibration of experimental results and analytic
investigations. Braces are assigned axial hinge properties in the middle of each element,
while the non-dissipative elements are given hinge properties calculated according to the
provisions of relevant codes (e.g. FEMA-356 [2]).
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Fig. 3.1: Case studies: a) 2-story and b) 4-story

3.2 Static Pushover Analysis

Nonlinear static analysis is performed using the aforementioned models. Good matching is
observed between the linear design-level model and the nonlinear model used for the
pushover. The 2-story structure is clearly more ductile, while the 4-story one is more
influenced by P-Delta effects, as a sharp drop appears at a ductility of about 3.

500 1000
i 400 i 800
= I
g 3% £ 600
% 200 Push Over @ 100
[72]
2 100 Design @ Push-Over 4 Storey Building
- 200 _
0 Design
0 200 400 600 800 0
Roof displacement [mm] 0 100 200 300 400
P Roof displacement
a) b)

Fig. 3.2: Pushover curves: a) 2-story and b) 4-story structure
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4 FUSEIS beam links

4.1 Modelling

A nonlinear model is developed in OpenSees (Fig. 4.1) to facilitate Incremental Dynamic
Analysis for the case studies considered. The model consists of lumped plasticity elements
for the members that are expected to undergo excessive deformations in the nonlinear
range of the system; that primarily includes the FUSEIS-beam links, the beams and the
columns. Plastic hinges are considered at the ends of the FUSEIS-beam links, with their
properties being determined from calibration on experimental results and analytic
investigations. Non-dissipative elements are given hinge properties calculated according to
the provisions of relevant codes (e.g. FEMA-356 [2]).

— [&—W) ® [— ®
a) b)
Fig. 4.1: OpenSees numerical models: a) 5-story and b) 10-story

4.2 Static Pushover Analysis

Nonlinear static analysis is performed using the aforementioned OpenSees models (Fig.
4.2). Fig. 4.3 shows their respective (1st-mode load pattern) pushover curves, where P-
delta effects are taken into account. Two capacity points representing the significant
damage (LS) and global collapse (GC) limit states are also provided in Table 4.1. The
capacity points have been estimated by capturing failure on an element basis.
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Fig. 4.3: OpenSees pushover curves: a) 5-story and b) 10-story structure

Table 4.1: Proposed acceptance criteria

5-story 10-story
Criteria LS GC LS GC
Orot (M) | 0.268 ® 0.817 °o
Bmax (%0) 2.09 °° 3.31 0
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4.3 Incremental Dynamic Analysis
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Table 4.2: Behaviour factor verification via the limit state mean annual frequency estimation
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5 FUSEIS pin links

5.1 Modelling

A nonlinear model is developed in OpenSees to facilitate Incremental Dynamic Analysis
for the case studies considered (Fig. 5.1). The model consists of lumped plasticity
elements for the members that are expected to undergo excessive deformations in the
nonlinear range of the system; that primarily includes the FUSEIS pin links, the beams as
well as the columns. The beam elements representing the FUSEIS pin links are divided in
three parts with different cross sections: the receptacle beams at the ends and the
weakened pin in the middle. To enable the Vierendeel action, the joints between
receptacle beams and system columns are simulated as rigid. Rigid zones are provided
from column centres to column faces to consider their clear length in the analysis and thus
exclude non-existent beam flexibilities. In this manner, the true system flexibility and
strength are accounted for. Moment-rotation plastic hinges are considered at the ends of
the FUSEIS pins, the properties of which are determined following the calibration of
experimental results. On the other hand, the hinge properties for the non-dissipative
elements are calculated according to the provisions of relevant codes (e.g. FEMA-356 [2]).
In columns the interaction between bending moments and axial forces is accounted for.

FUSEIS Columns

H H Hoy H

P
4,00 m
1

2400 800

B <
x

4,00 m

16,00 m

4,00 m

4,00 m

T

T T T

4.00m

8,00 m 8,00 m 8,00 m

24,00 m

4.00m

T

t.;

I

8.00 m 8.00 m 8.00 m
24.00m
b) c)
Fig. 5.1: Case-study building frames: a) Plan view, b) 2-story and c) 4-story
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Fig. 5.2: 4-story numerical models: a) SAP2000 and b) Opensees

5.2 Static Pushover Analysis

The OpenSees models are compared against existing SAP2000 models that were used for
the design of these structures (Fig. 5.2). Fig. 5.3 and Fig. 5.4 present a comparison
between the deformed shapes of the two models, while Fig. 5.5 their respective (1*-mode
load pattern) pushover curves, where P-delta effects are taken into account. Two capacity
points representing the significant damage (LS) and global collapse (GC) limit states are
also provided in Table 5.1. The aforementioned capacity points have been estimated by

capturing failure on an element basis.
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Fig. 5.3: 2-story model deflected shape: a) SAP2000 and b) OpenSees
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Fig. 5.4: 4-story model deflected shape: a) SAP2000 and b) OpenSees
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Fig. 5.5: OpenSees versus SAP2000 pushover curves: a) 2-story and b) 4-story structure

Table 5.1: Proposed acceptance criteria
2-story 4-story
Criteria LS GC LS GC

Soot (M) | 0.223| = | 0374 o
Omax (%) | 287 | = | 250 | =

5.3 Incremental Dynamic Analysis
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Fig. 5.6: 2-story structure: a) IDA and b) fragility curves
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5.4
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6 FUSEIS bolted cover plate links

6.1 Modelling

A nonlinear model is developed in OpenSees to facilitate Incremental Dynamic Analysis
for the case studies considered (Fig. 6.2). The model consists of lumped plasticity
elements for the members that are expected to undergo excessive deformations in the
nonlinear range of the system; that primarily includes the FUSEIS bolted links, the beams
as well as the columns. Moment-rotation plastic hinges are considered at the ends of the
FUSEIS bolted links, with their properties being determined from calibration of
experimental results and analytic investigations. On the other hand, the hinge properties
for the non-dissipative elements are calculated according to the provisions of relevant
codes (e.g. FEMA-356 [2]). In columns the interaction between bending moments and
axial forces is accounted for.

3 33 33 3
3 3l3 3l3 3 3 33 33 3
2 2l 2ln 2 3 313 33 3
2 2|2 2|2 2

3 33 33 3
1 111 111 1

3 33 313 3
1 11 111 1

2 212 2]2 2
1 111 111 1 9 2lp 2lo >
1 111 111 1

Fig. 6.1: Distribution of assigned bolted beam splices
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b) c)
Fig. 6.2: OpenSees numerical models: a) 2-story, b) 4-story and c) 8-story

6.2 Static Pushover Analysis

The OpenSees models are compared against existing SAP2000 models that were used for
the design of these structures (Fig. 6.2). Fig. 6.3, Fig. 6.4 and Fig. 6.5 present a
comparison between the deformed shapes of the three models, while Fig. 6.6 their
respective (1%-mode load pattern) pushover curves, where P-delta effects are taken into
account. Two capacity points representing the significant damage (LS) and global collapse
(GC) limit states are also provided in Table 6.1. The aforementioned capacity points have
been estimated by capturing failure on an element basis.

L - |
I Y \
\ \ \ .
e —
\ \ ‘\ \

\ \ \ \

% I& \.\I \T
a) b)

Fig. 6.3: 2-story model deflected shape: a) SAP2000 and b) OpenSees

a) b)
Fig. 6.4: 4-story model deflected shape: a) SAP2000 and b) OpenSees
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Fig. 6.5: 8-story model deflected shape: a) SAP2000 and b) OpenSees
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. 6.6: OpenSees versus SAP2000 pushover curves: a) 2-story, b) 4-story and c) 8-story

Table 6.1: Proposed acceptance criteria

2-story 4-story 8-story
Criteria LS GC LS GC LS GC
Orot (M) | 0.130 o0 0.256 o0 0.446 o0
Omax 2.06 0 2.07 0 2.05 0
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6.3 Incremental Dynamic Analysis
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Fig. 6.7: 2-story structure: a) IDA and b) fragility curves
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Fig. 6.8: 4-story structure: a) IDA and b) fragility curves
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6.4 q-factor verification

Table 6.2: Behaviour factor verification via the limit state mean annual frequency estimation

. L. . . Next
. Case Design | Limit | A(DS) | Absim Margin Ratio . .
Site Check | iteration
study | g-factor | State | (%o) (%o0) (Aim /1 AY) g-factor
LS | 1.639 | 2.107 1.286
_ v _
, |FSoY | 4 7GC [0.041 | 0.201 4.944
c LS | 1.415 | 2.107 1.489
(<} _ v -
£ a-story | 4 GC | 0.048 | 0.201 4176
8-stor A LS | 1.536 | 2.107 1.372 - 36
y GC | 0247 | 0.201 0.813 :
> stor . LS | 1.340 | 2.107 1573 P ]
. y GC | 0.018 | 0.201 11.307
=) LS | 1.259 | 2.107 1.673
=} - v -
g | Astory 4 GC | 0.024 | 0.201 8.245
o ostor . LS | 1.605 | 2.107 1.313 P ]
y GC | 0192 | 0.201 1.047
> stor . LS | 1.906 | 2.107 1.106 P ]
= y GC | 0.000 | 0.201 1677.86
< LS | 0.932 | 2.107 2.262
n _ v _
g | 4stoy | 4 GC | 0.000 | 0.201 2134.39
“ | gstor . LS | 1.210 | 2.107 1.741 P ]
y GC | 0.018 | 0.201 10.954
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7 FUSEIS welded cover plate links

7.1 Modelling

A nonlinear model is developed in OpenSees (Fig. 7.1) to facilitate Incremental Dynamic
Analysis for the case studies considered (Fig. 7.2, Fig. 7.3, Fig. 7.4). The model consists
of lumped plasticity elements for the members that are expected to undergo excessive
deformations in the nonlinear range of the system; that primarily includes the FUSEIS
bolted links, the beams as well as the columns. Moment-rotation plastic hinges are
considered at the ends of the FUSEIS bolted links, with their properties being determined
from calibration of experimental results and analytic investigations. On the other hand, the
hinge properties for the non-dissipative elements are calculated according to the
provisions of relevant codes (e.g. FEMA-356 [2]). In columns the interaction between
bending moments and axial forces is accounted for.

b) c)

Fig. 7.1: OpenSees numerical models: a) 2-story, b) 4-story and c) 8-story
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7.2 Static Pushover Analysis

The OpenSees models are compared against existing SAP2000 models that were used for
the design of these structures (Fig. 7.1). Fig. 7.5 and Fig. 7.6 present a comparison
between the deformed shapes of the three models, while Fig. 7.7 their respective (1st-
mode load pattern) pushover curves, where P-delta effects are taken into account. Two
capacity points representing the significant damage (LS) and global collapse (GC) limit
states are also provided in Table 7.1. The aforementioned capacity points have been

estimated by capturing failure on an element basis.

a) b)
Fig. 7.5: OpenSees models: a) 2-story and b) 4-story
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Fig. 7.6: 8-story model deflected shape: a) SAP2000 and b) OpenSees
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Fig. 7.7: OpenSees versus SAP2000 pushover curves: a) 2-story, b) 4-story and c) 8-story

Table 7.1: Proposed acceptance criteria

2-story 4-story 8-story
Criteria LS GC LS GC LS GC
Oroof (M) | 0.180 0 0.349 © 0.611 0
Omax (%0) 2.83 0 2.83 © 2.84 0
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7.3 Incremental Dynamic Analysis
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Fig. 7.10: 8-story structure: a) IDA and b) fragility curves
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7.4 qg-factor verification

Table 7.2: Behaviour factor verification via the limit state mean annual frequency estimation

. L. . . Next
. Case Design | Limit | A(DS) | Absim Margin Ratio . .
Site Check | iteration
study | g-factor | State | (%o) (%o0) (Aim /1 AY) g-factor
LS | 0.277 | 2.107 7.614
_ v _
ke GC | 0.020 | 0.201 10.255
c LS | 0542 | 2.107 3.887
(<} _ v -
£ a-story | 4 GC | 0.038 | 0.201 5.329
o-stor . LS | 0.813 | 2.107 2501 P ]
y GC | 0.196 | 0.201 1.028
> stor . LS | 0.164 | 2.107 12.813 P ]
. y GC | 0.007 | 0.201 27.875
=) LS | 0.410 | 2.107 5.144
=} - v -
g | Astory 4 GC | 0.017 | 0.201 11.507
o ostor . LS | 0.776 | 2.107 2.714 P ]
y GC | 0.145 | 0.201 1.384
>stor . LS | 0.080 | 2.107 26.471 P ]
= y GC | 0.000 | 0.201 4930.03
S LS | 0.141 | 2.107 14.935
n _ v _
g | 4stoy | 4 GC | 0.000 | 0.201 10352.61
“ | gstor 4 LS |0.375 | 2.107 5.621 P ]
y GC | 0010 | 0.201 20.831
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8 DUAREM removable link devices

8.1 Modelling

A nonlinear model is developed in OpenSees (Fig. 8.1) to facilitate Incremental Dynamic
Analysis for the case studies considered (Fig. 8.2). The model consists of lumped plasticity
elements for the members that are expected to undergo excessive deformations in the
nonlinear range of the system; that primarily includes the DUAREM links, the braces, the
beams and the columns. Shear force-displacement plastic hinges are considered at the
ends of the DUAREM links, with their properties being determined from calibration of
experimental results and analytic investigations. Braces are assigned axial “hinge”
properties in the middle of each element, while the non-dissipative elements are given
hinge properties calculated according to the provisions of relevant codes (e.g. FEMA-356

[2]).

a) b)
Fig. 8.1: 4-story numerical models: a) SAP2000 and b) Opensees

I o} fol I — _—
—— Gravity
— MRF ] ] A  ——
1 1 i EBF I I
kel ko) — <
1T T T T T 1 1 ]
I I - -
3) ) )

Fig. 8.2: Case-study building frames: a) Plan view, b) 4-story and c) 8-story

8.2 Static Pushover Analysis

The OpenSees models are compared against existing SAP2000 models that were used for
the design of these structures (Fig. 8.1a). Fig. 8.3 and Fig. 8.4 present a comparison
between the deformed shapes of the three models, while Fig. 8.5 their respective (1st-
mode load pattern) pushover curves, where P-delta effects are taken into account. Two
capacity points representing the significant damage (LS) and global collapse (GC) limit
states are also provided in Table 8.1. The aforementioned capacity points have been
estimated by capturing failure on an element basis.
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Fig. 8.4: 8-story model deflected shape: a) SAP2000 and b) OpenSees
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8.3

Table 8.1: Proposed acceptance criteria
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8.4 g-factor verification

Table 8.2: Behaviour factor verification via the limit state mean annual frequency estimation

ste| Sit | Donn Lk |09 g | MR | s
o | asoy | 4 2 tome o] see | Y |
< esoy | 4 O pee i | |-
g | asory | 4 Se T o000 | 6.201 | 35.450 ’ i
2 | sstoy | 4 eriGor oo saos | 7 | -
5| 4soy | 4 Se o000 | 6200 | asones - 37
| msoy | 4 | OO e eess | T | -

Work Package 2 —

Deliverable 2.2



INNOSEIS — Valorization of innovative anti-seismic devices Page 28

9 SPSW thin-walled steel panels

9.1 Modelling

A nonlinear model is developed in OpenSees (Fig. 9.2b) to facilitate Incremental Dynamic
Analysis for the case studies considered (Fig. 9.1). A simplified methodology for modelling
the shear panels is used. In particular, the shear panels are idealised by 10 inclined
tension pin-supported strip members, oriented in the same direction as the principal tensile
stresses in the panel. Fig. 9.2a shows the strip model representation of a typical shear
panel. The strips are modelled as double pinned beam elements and a trilinear backbone
is used to capture the effect of the axial plastic hinge that is expected to form in the middle
of the element. For the purpose of nonlinear dynamic analysis, the frame is modelled in
the same manner as described above, only in this case 10 additional tension-only strips,
mirrored about the vertical axis, are used to capture the cyclic loading effect (Fig. 9.2b).
Nonlinear moment-rotation plastic hinges are assigned at the ends of MRF beams and
columns, while a leaning column is used to account for the gravitational loads from the
remaining half of structure that were not considered in the model.
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Fig. 9.1: Case-study building frames: a) Plan view, b) 4-story and c) 8-story
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a) b)
Fig. 9.2: 4-story numerical models: a) SAP2000 and b) Opensees

9.2 Static Pushover Analysis

The OpenSees models are compared against existing SAP2000 models that were used for
the design of these structures (Fig. 9.2a). Fig. 9.3 and Fig. 9.4 present a comparison
between the deformed shapes of the three models, while Fig. 9.5 their respective (1st-
mode load pattern) pushover curves, where P-delta effects are taken into account. Two
capacity points representing the significant damage (LS) and global collapse (GC) limit
states are also provided in Table 9.1. The aforementioned capacity points have been
estimated by capturing failure on an element basis.

a) b)
Fig. 9.3: 4-story model deflected shape: a) SAP2000 and b) OpenSees
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Fig. 9.5: OpenSees versus SAP2000 pushover curves: a) 4-story and b) 8-story structure

Table 9.1: Proposed acceptance criteria

4-story 8-story

Criteria LS GC LS GC

ot (M) | 0.209| = |0.310]

Bmax 1.6 © 13 0
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9.3 Incremental Dynamic Analysis
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Fig. 9.6: 4-story structure: a) IDA and b) fragility curves
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Table 9.2: Behaviour factor verification via the limit state mean annual frequency estimation
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10 CBF-MB Concentrically-braced frames with modified
sections

10.1Modelling

A nonlinear model is developed in OpenSees (Fig. 10.1b) to facilitate Incremental Dynamic
Analysis for the case studies considered. The model consists of lumped plasticity elements
for the members that are expected to undergo excessive deformations in the nonlinear
range of the system; that primarily includes the modified braces, the splitting beams and
the columns. Axial force-displacement plastic “hinges” are considered at the middle of the
modified braces, with their properties being determined from calibration on experimental
results and analytic investigations, while the non-dissipative elements are given hinge
properties calculated according to the provisions of relevant codes (e.g. FEMA-356 [2]).

[/\] ®

a) b)
Fig. 10.1: OpenSees models: a) 2-storey and b) 4-storey

10.2 Static Pushover Analysis

The OpenSees models are compared against existing SAP2000 models that were used for
the design of these structures (Fig. 10.1). Fig. 10.2 presents a comparison between the
deformed shapes of the two models, while Fig. 10.3 their respective (1lst-mode load
pattern) pushover curves, where P-delta effects are taken into account. Two capacity
points representing the significant damage (LS) and global collapse (GC) limit states are
also provided in Table 10.1. The aforementioned capacity points have been estimated by
capturing failure on an element basis.
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Fig. 10.2: Deflected shapes from SAP2000 and OpenSees: a) 2-storey and b) 4-storey
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Fig. 10.3: OpenSees versus SAP2000 pushover curves: a) 2-story and b) 4-story structure

Table 10.1: Proposed acceptance criteria
2-story 4-story
Criteria LS GC LS GC

Soot (M) | 0.149 | = | 0228
Omax (%) | 1.90 | = | 1.89 | =
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10.3Incremental Dynamic Analysis
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Fig. 10.4: 2-story structure: a) IDA and b) fragility curves
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10.4g-factor verification
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Table 10.2: Behaviour factor verification via the limit state mean annual frequency estimation
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11 Concluding remarks

The assessment approach has in some cases verified the researchers’ estimate of the g-
factor, while in other cases it has rejected the trial g value. This does not necessarily mean
that the g tested was erroneous. The proposed approach is not only a test for g, but also of
the design methodology itself, the availability of adequate experimental results to
accurately determine the behaviour of the sacrificial (or “dissipative”) elements and the
nonlinear modelling approach adopted. It is often the case that due to the conservative
estimation of element ductility that researchers tend to self-impose, some lateral-load
resisting systems may be penalized in terms of g. This should not be considered a bug but
rather a useful feature of the procedure showcased. As more experience is gained and
confidence grows in any given system, less conservative strength and ductility parameters
can be adopted, allowing larger values for g.
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