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MOMENT RESISTING STEEL-CONCRETE COMPOSITE FRAMES UNDER THE COLUMN LOSS SCENARIO:
DESIGN OF THE REFERENCE FRAMES AND OF THE FULL-SCALE SUB-FRAME SPECIMENS

1 INTRODUCTION

Robustness is a very topical research issue, and several research work have been carried out
in recent years. The University of Trento was involved in the project ‘Robust impact design of
steel and composite building structures’ (acronym ROBUSTIMPACT). The project was
financially supported in the framework of the European RFCS program (Research Fund for Coal
and Steel). This document concerns the experimental activities carried out at the Laboratory of
Material and Structural Testing (LMST) of the University of Trento.

The project focuses on the behaviour of composite steel and concrete framed buildings subject
to accidental actions. Within the project, several experimental analyses were performed by the
partners ranging from the local to the global response.

As to the global behaviour, at LMST two 3D full-scale tests on steel-concrete composite sub-
frames simulating the total loss of an impacted column were performed. The purpose of the
study is to improve the state of knowledge on the contribution offered by the joints and by the
3D slab system in terms of activation of an alternative mechanisms of resistance. The research
assumes two reference case studies of steel and concrete five-story buildings differing for in-
plane column layout. Two sub-frames were ‘extracted’ from these structures and tested in the
laboratory.

The plan of the experimental tests required preliminary studies devoted to:

« selection and definition of a reference buildings assumed as case studies,

« design of the reference buildings according to the Eurocodes;

« identification of representative substructures (slab-beam system, columns and joints)
from the reference structures to be experimentally investigated,;

« design of the testing set-up

This report concern the design of the case studies, of the specimens and of the testing set-up.

In particular, Section 2 illustrates the design, based on the relevant Eurocodes, of the reference
structures for both the geometric configurations. Section 3 reports the design of the sub-
structures including also the numerical analysis and the design of the testing setup. Finally,
Section 4 provides the details of the components of the two specimens as needed for their
fabrication, and of the testing set-up. All the related drawings are reported in Annexes A-C.
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2 DESIGN OF THE CASE STUDY STRUCTURES

2.1 Geometry

A five-story composite steel and concrete structure has been selected as case study structure.
The total dimensions of the building are 34.2 m in X direction, 11.4 min Y direction and the total
height is of 18 m and it consists of six bays in the X direction and two bays in the Y direction.
Two different geometric configurations of the frames are investigated. The first configuration is
symmetric with respect to X and Y direction (Figure 2-1) while the second configuration is
symmetric only with respect to the Y direction (Figure 2-6). The two case study structures will
be called hereinafter as “Symmetric” and “Asymmetric” configurations respectively.

Both the building configurations are made by using the same steel sections type for beams (IPE
240) and columns (HEB 220) and the same thickness of the slab (150 mm). This choice is made
in order to reduce the number of variables and hence, in order to simplify the comparison of the
results between the two structures. Also the joint connections of the two geometric
configurations are made in the same way and the only difference is in the rebars dimension and
layout of the slab.

The steel braces designed to resist the horizontal forces in X direction are positioned in the
frames A and C (Figure 2-1 and Figure 2-6), while, those needed to resist the horizontal forces
in Y direction are positioned in the frames 4 and 7 (Figure 2-1 and Figure 2-6). Even if it is not
the optimal solution to obtain a good seismic behavior, this choice is made in order to identify a
portion of structure that is free from steel braces which can be hence simply reproduced in
laboratory. Moreover, this make the sub-structure more representative of a general case.

In the Symmetric structure the two bays in Y direction have the same dimension of 5.7 m. Figure
2-1, Figure 2-2 and Figure 2-3 reports the typical floor framing plan and the frame elevation
respectively in X and Y direction. The characteristics of the floor framing plan are the same at
all the stories. In the Asymmetric structure the two bays in Y direction have different dimensions
of 7.125 m and 4.275 m. Figure 2-6, Figure 2-7 and Figure 2-8 reports the typical floor framing
plan and the frame elevation respectively in X and Y direction. The characteristics of the floor
framing plan are the same at all the stories.

The cover of the rebars is equal to 20 mm. Wires of ¢10/150x150 mm are uniformly distributed
in the top and bottom side of the slab. Moreover, several additional reinforcements are required
in several zones. Figure 2-4 and Figure 2-5 illustrate the distribution of the reinforcements in the
slab respectively in the upper side and in the lower side of the Symmetric structure. While,
Figure 2-9 and Figure 2-10 illustrate the distribution of the reinforcements in the slab
respectively in the upper side and in the lower side of the Asymmetric structure.
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Figure 2-2. Frame Elevation — X direction — Symmetric Configuration (length unit mm)
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Figure 2-3. Frame Elevation —
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Figure 2-7. Frame Elevation — X direction — Asymmetric Configuration (length unit mm)
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Figure 2-8. Frame Elevation — Y direction — Asymmetric Configuration (length unit mm)
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2.2 Finite Element Model

In order to design the case study structures, the Finite Element Model of the 3-D frame has
been developed by using the SAP 2000 program [1] . The frame is fixed at the base in both the
directions and employs steel braces modeled as elastic elements to resist to the horizontal
forces. The model employs the elastic 2-D elements “Frame” to model the behavior of beams
and columns and elastic “Shell” elements to model the behavior of the slab. The slab is rigidly
connected to the beams in order to simulate the behavior of the complete interaction given by
the shear connection. The connection between beams and columns is modeled by a pinned
connection in the Y direction where the beams are connected to the web of the column,
differently, in the X direction the beam-column connections are characterized by an adequate
stiffness calculated by following the instructions of EN 1993-1-8 [2].

Figure 2-11. 3-D Finite Element Model — Symmetric Configuration

2.3 Materials

The materials used for the design of the structures are listed below. There is no difference
between the materials used in the Symmetric and in the Asymmetric structure.

Concrete — C30/37 (EN 1992-1-1 82.4.2.4 and EN 1992-1-1 Table 2.1N [3])

f, = 30 MPa;
Ry = 37 MPa;
f.m = 38 MPa;

feem = 2.896 MPa;
E., = 32.836 GPa;
v. = 1.5 for persistent and transient design situations;

v. = 1.2 for accidental design situations;
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Rebars — B450C

Steel — S355

Bolts — Class 10.9

2.4

Actions

(EN 1992-1-1 82.4.2.4 and EN 1992-1-1 Table 2.1N [3])

f,. = 450 MPa;
f, = 540 MPa;
E, = 210 GPa;

ys = 1.15 for persistent and transient design situations;

ys = 1.00 for accidental design situations;

(EN 1993-1-1 Table 3.1 and EN 1993-1-1 §6.1 [4])

f, = 355 MPa;
f, = 510 MPa;
E, = 210 GPa;

ymo = 1.00 for resistance of cross-sections;
ym1 = 1.00 for resistance of members to instability;

ymz = 1.25 for resistance of cross-section in tension to fracture;

(EN 1993-1-8 Table 3.1 [2] and EN 1992-1-1 Table 2.1N [3])
f,p = 900 MPa;

fu, = 1000 MPa;

ym2 = 1.25 for resistance of bolts;

The actions considered for the design of the structures are reported in the following sections.
There is no difference between the actions of the Symmetric and of the Asymmetric structure.

2.4.1 Self-Weight

Slab Gk slab = 3-75kN/m?
Beam IPE 240 G Beam = 0.301kN/m
Column HEB 220 Gicol = 0.701kN/m
Finishes Gk2 = 2.00kN/m?

2.4.2 Variable Action

Imposed load, Category B Qi = 3.00kN/m?
Movable partition Ggmp = 1.20kN/m?

2.4.3 Wind Load

The wind load is evaluated by following the EN 1991-1-4 §4.3.3 [5].
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Figure 2-13. Key for flat roof with wind in Y direction

Table 2-1. Wind pressures for normal design situations on the long side (Y direction)

| Wind pressure [FN/m?] |

Vertical walls Roof
zZone A B D E F G H
Cpe -1,2 -0.8 0.8 -0,529 -1,8 -1,2 -0,7
cpi =+0,2 | -0974 | -0,704 | 0,375 | -0,521 | -1,379 | -0,974 | -0,637
cpi = —0,3 | -0,562 | -0.293 | 0,787 | -0,110 | -0,967 | -0,562 | -0,225

Table 2-2. Wind pressures for accidental design situations on the long side (Y direction)

| Wind pressure [FN/m2] |

Vertical walls Roof
zone A B D E F G H
Cpe -1,2 -0.8 0.8 -0,529 -1.8 -1,2 -0,7
cpi = 40,72 | -1.402 | -1,132 | -0.053 | -0.949 | -1.807 | -1,402 | -1,065
Cpi = —1,08 0.080 0,349 1,429 0,532 -0,325 0,080 0,417

¢ Wind on the short side (X direction)

qp(ze)=Qp(Z)=0-701% for Om<z<114m

qp(ze)qu(Z)zo-%% for 114m<z<18m
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Figure 2-14. Key for vertical walls
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Figure 2-15. Key for flat roof with wind in X direction

Table 2-3. Wind pressures for normal design situations on the short side (X direction)

| Wind pressure [FN/m?]
Vertical walls Roof

7010 A B C D E F G H I

Cpe -1.2 -0.8 -0.5 0.8 |-0.529 | -1.8 -1,2 -0.7 -0,2
i = 40.2 0<z2<11,4m -0.872 | -0.628 | -0.445 | 0,309 | -0.368 | -1.238 | -0,872 | -0.567 | -0.262
P T 11,4 <2 <18 m | -1.024 | 0,738 [ -0.523 | 0.363 | -0.432 | -1.454 | -1,024 | -0.666 | -0,308
oo = —0.3 0<z<11,4m | -0.522 | -0278 [ -0,095 | 0.660 | -0.018 | -0.888 [ -0,522 | -0.217 | 0.088
L ’ 11,4 < z<18m | -0,612 | -0.326 | -0.111 | 0,775 | -0.021 | -1,042 | -0.612 | -0.254 | 0,104

Table 2-4. Wind pressures for accidental design situations on the short side (X direction)

I B Wind pressure [FN/m?]

Vertical walls Roof
zone A B € D E F G H I
Cpe -1.2 -0.8 -0.5 0.8 -0.529 -1.8 -1.2 -0,7 -0,2
.| 0<z<11,4m [-1,237 | -0,993 | -0.810 [ -0,055 | -0,733 | -1,603 | -1,237 | -0.932 | -0,627
cpi = 10,72 475 <z<18m | -1.452 | -1,166 | -0.951 | 0,065 | -0.860 | -1,882 | -1.452 | -1,091 | -0,736
e — 108 | 0<2<1L4m | 0025 | 0,269 [ 0.452 [ 1207 | 0,529 [ -0.341 [ 0,025 | 0,330 | 0.635
il ’ 11,4<z<18m | 0,030 | 0.316 | 0.531 | 1.417 | 0.621 [ -0,400 | 0.030 | 0.388 | 0.746

2.4.4 Snow Load

The snow loads on the roof are obtained by following the instruction of EN 1991-1-3 85 [6].
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» Persistent/Transient design situations s = 1.2kN /m?

» Accidental design situations s = 2.4kN /m?

2.5 Load Combinations

The load combinations are defined in accordance with the EN 1990 [7]. In all the combinations,
the self-weight is uniformly distributed overall the structure. Differently, the variable actions are
distributed by following different load distributions in order to maximize the stresses in all the
structural elements. Figure 2-16 shows all the load combination schemes considered for the
typical floor framing plan for the variable loads for both the Symmetric and Asymmetric
structures.

The symbols used in Figure 2-16 are:
e Q1 Variable loads distribution to maximize the forces on the slab;
* Q2 Variable loads distribution to maximize the forces on the slab;
*  Quv Variable loads distribution to maximize the forces on the beams in X direction;
LI o P Variable loads distribution to maximize the forces on the beams in X direction;
*  (uwo Variable loads distribution to maximize the forces on the beams in Y direction;
* Q2 Variable loads distribution to maximize the forces on the beams in Y direction;

e Qi1+ g2 Variable loads distribution to maximize the forces on the supports;

All the considered variable loads are listed in the follow:

* g Imposed load;

* (s Snow load;

*  Qmp Mobile partitions load;

Wy cpit0.2 Wind in X direction with coefficient ¢, = + 0.2;
* Wy pi03 Wind in X direction with coefficient ¢, = - 0.3;
Wy pit0.2 Wind in Y direction with coefficient cpi = + 0.2;
* Wy cpi0.3 Wind in Y direction with coefficient cpi = - 0.3.
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Maximization of loads

Symmetric structure Asymmetric structure
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Figure 2-16. Load Combination Schemes on the Typical Floor Framing Plan
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The load combination schemes on the Symmetric structure for the variable loads in the
transversal (Y direction) and longitudinal (X direction) frames are reported in the follow (Figure
2-17 to Figure 2-20).

q q q
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q q
Yol w i Y Yol
q q q
i IRERRERERR A WERRETERENY! w Yo Y
q q
Qo w < Y Qo e Y
q q q
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777 777 777 777 777 777 777 777 77

Figure 2-17. Load Combination Schemes on the Frame in Y direction
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Figure 2-18. Load Combination Schemes on the Frame in X direction
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Figure 2-19. Load Combination Schemes on the Frame in X direction
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Figure 2-22. 3-D Load Combination Schemes on the Frame in X direction
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The load combination schemes on the Symmetric frames for the variable loads in the transversal
(Y direction) and longitudinal (X direction) frames are reported in the follow (Figure 2-23 to
Figure 2-26).

W w hd Y S Y
q q q
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Figure 2-23. Load Combination Schemes on the Frame in Y direction
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Figure 2-25. Load Combination Schemes on the Frame in X direction
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Figure 2-26. Load Combination Schemes on the Frame in X direction

Figure 2-28. 3-D Load Combination Schemes on the Frame in X direction
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2.5.1 Ultimate Limit State - ULS

The symbols defined in Figure 2-16 (g1, 92, J10, 020, q1v &nd Q2v) are used in the following tables
to report the Load Combinations considered in the study.

The load combinations used for the Ultimate Limit State (ULS) are:

ZVG, G P yQ,1Q<,1"+"ZyQ,i i Qi (2.1)
i~

Table 2-5. Load Combinations for Ultimate Limit State
Yer G1 + ys2 Gatyos Q1 +yo2Wop2 Q2  +yosWos Qs  +youlos Q4
1,35DEAD+1,350>+15 g1 +150,7 wy cpivo2 +1,50,7 qis +1,50,7 J1mp
1,35DEAD+1,350>+15 g1 +150,7 Wy oz +1,50,7 qis +1,50,7 J1mp
1,35DEAD+1,350>+15 g2 +150,7 wy cpivo2 +1,50,7 g2 +1,50,7 Q2mp
1,35DEAD+1,350>+15 g2 +150,7 Wy cioz +1,50,7 g2 +1,50,7 Q2mp
1,35 DEAD + 1,35 g2+ 1,5 gq:tQg2 + 1,50,7 Wy cpi+0,2 + 1,50,7 J1stQzs +1,50,7 QimptQamp
1,35DEAD+1,359>,+1,5 Qitg2 +1,50,7 Wy cpioz +1,50,7 QustQes +1,50,7 QqumptQamp
1,35DEAD+1,350>+15 g1 +150,7 Wy cpivo2 +1,50,7 qis +1,50,7 J1mp
1,35DEAD+1,350>+15 g1 +150,7 Wxeioz +1,50,7 qis +1,50,7 J1mp
1,35DEAD+1,3502+15 g2 +1,50,7 Wy cpivo2 +1,50,7 g2 +1,50,7 Q2mp
1,35DEAD+1,350>+15 g2 +150,7 Wx oz +1,50,7 g2 +1,50,7 Q2mp
1,35DEAD+1,359>+1,5 Qitg2 +1,50,7 Wy cpivo2 +1,50,7 QustQzs +1,50,7 QqumptQamp
1,35DEAD+1,359>+1,5 Qitg2 +1,50,7 Wy cpioz +1,50,7 QustQes +1,50,7 QqumptQamp
1,35DEAD+1,3502+1,5 g +1,50,7 Wy cpivo2 +1,50,7 Qo +1,50,7  Qimpo
1,35DEAD+1,3502+1,5 dw +150,7 Wy cioz +1,50,7 Qo +1,50,7  Qimpo
1,35DEAD+1,3502+1,5 g2 +1,50,7 Wy cpivo2 +1,50,7 Qoo +1,50,7  Qompo
1,35DEAD+1,3502+1,5 g2 +1,50,7 Wy cioz +1,50,7 Qoo +1,50,7  Qompo
1,35DEAD+1,3502+1,5 g +1,50,7 Wy cpivo2 +1,50,7 Qo +1,50,7  Qimpo
1,35DEAD+1,3502+1,5 Qo +1,50,7 Wxcioz +1,50,7 Qo +1,50,7  Qimpo
1,35DEAD+1,3502+1,5 g2 +1,50,7 Wy cpivo2 +1,50,7 Qoo +1,50,7  Qompo
1,35DEAD+1,3502+1,5 g2 +1,50,7 Wxcioz +1,50,7 Qoo +1,50,7  Qompo
1,35DEAD+1,3502+1,5 qw +150,7 Wy cpivo2 +1,50,7 Qv +1,50,7  Qumpv
1,35DEAD+1,3502+1,5 qw +150,7 Wy cioz +1,50,7 Qv +1,50,7  Qumpv
1,35DEAD+1,3502+1,5 q» +1,50,7 Wy cpivo2 +1,50,7 Qosv  +1,50,7  Qompy
1,35DEAD+1,3502+15 q» +150,7 Wy oz +1,50,7 Qosv +1,50,7  Qompv
1,35DEAD+1,3502+1,5 qw +150,7 Wy cpivo2 +1,50,7 Qv +1,50,7  Qumpv
1,35DEAD+1,3502+1,5 qw +150,7 Wxcioz +1,50,7 Qv +1,50,7  Qumpv
1,35DEAD+1,3502+1,5 q» +1,50,7 Wy cpivo2 +1,50,7 Qosv  +1,50,7  Qompv
1,35DEAD+1,3502+1,5 q» +150,7 Wx oz +1,50,7 Qosv +1,50,7  Qompy
1,35DEAD+1,3502 +1,5 Wy cpivo2 +1,5 0,7 g +1507 s +1,50,7 J1mp
1,35DEAD+1,359>+1,5 Wy cioz +1,50,7 g +1507 aqis +1,50,7 Q1mp
1,35DEAD+1,3502 +1,5 Wy cpivo2 +1,5 0,7 g +150,7 g2 +1,50,7 Q2mp
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1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>+1,5
1,35DEAD+1,35g>,+1,5
1,35DEAD+1,35g>,+1,5

Wy cpi-0,3
Wy cpi+0,2
Wy cpi-0,3
Wyx_cpi+0,2
Wx_cpi-0,3
Wyx_cpi+0,2
Wx_cpi-0,3
Wyx_cpi+0,2
Wx_cpi-0,3
Wy cpi+0,2
Wy cpi-0,3
Wy cpi+0,2
Wy cpi-0,3
Wx_cpi+0,2
Wx_cpi-0,3
Wx_cpi+0,2
Wx_cpi-0,3
Wy cpi+0,2
Wy cpi-0,3
Wy cpi+0,2
Wy cpi-0,3
Wyx_cpi+0,2
Wx_cpi-0,3
Wyx_cpi+0,2
Wx_cpi-0,3
Qi1s
Qi1s
Qs
Qo2s
Q1stQas
Q1stQas
Qis
Qis
Qo2s
Jo2s
Q1stQas
Q1stQas
Q1so
Q1so
Q2so
Q2so
Q1so
Q1so
Q2so

+1,50,7
+150,7
+1,50,7
+150,7
+150,7
+1,50,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+150,7
+150,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+150,7
+1,50,7

d2
0:*Q2
0:*Q2
(°[3
(o1
d2
d2
0:*Q2
0:*Q2
(1o
(1o
(20
(20
(1o
(1o
(20
(20
Qav
Qav
Qov
Qov
Qav
Qav
Qv
Qv
(o1
([
d2
g2
0:*Q2
0:*Q2
(o1
([
d2
g2
0:*Q2
0:*Q2
(1o
(1o
(20
(20
(1o
(1o
(20

+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7

Qas +1,50,7 Q2mp
Qust0zs +1,50,7 QumptQamp
Qust0zs +1,50,7 QumptQamp

Qs +1,50,7 Oimp

Qis +1,50,7 Oimp

Qas +1,50,7 Q2mp

Qas +1,50,7 Q2mp
Qust0zs +1,50,7 QumptQamp
Qust0zs +1,50,7 QumptQamp

Q1so +1,50,7 O1mpo

Q1so +1,50,7 O1mpo

Q2so +1,50,7 QJ2mpo

Q2so +1,50,7 J2mpo

Q1so +1,50,7 O1mpo

Q1so +1,50,7 O1mpo

Q2so +1,50,7 J2mpo

Q2so +1,50,7 J2mpo

Oisv  +1,50,7  Qumpv

Osv  +1,50,7  Qumpv

Oosv  +1,50,7  Qompv

Josv  +1,50,7  Qompyv

Osv  +1,50,7  Qumpv

Oisv  +1,50,7  Qumpv

Josv  +1,50,7  Qompy

Josv  +1,50,7  Qompy
Wy cpito,2 +1,50,7 Qimp
Wy cpi-0,3 +1,50,7 Oimp
Wy cpi+o,2 +1,50,7 Qomp
Wy cpi-0,3 +1,50,7 Q2mp

Wy cpi+0,2 +1,50,7 Qimp + Q2mp
Wy ¢cpi-03 +1,50,7 qimp + Qomp

Wy _cpito,2 +1,50,7 Qimp
Wx_cpi-0,3 +1,50,7 Oimp
Wy _cpito,2 +1,50,7 Q2mp
Wx_cpi-0,3 +1,50,7 Q2mp

Wy _cpi+02 +1,50,7 Camp + Qamp
Wy _cpi-0,3 +1,50,7 qimp + Qomp

Wy cpito,2 +1,50,7 O1mpo
Wy cpi-0,3 +1,50,7 O1mpo
Wy cpito,2 +1,50,7 O2mpo
Wy cpi-0,3 +1,50,7 J2mpo
Wy _cpito,2 +1,50,7 O1mpo
Wy _cpi-03 +1,50,7 J1mpo
Wy _cpi+o,2 +1,50,7 O2mpo
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g2+ 1,5
g2+ 1,5
g2+ 1,5

J2so
q13v
q13v
q23v
q23v
q13v
q13v
q23v
q23v
Wy cpi+0,2
Wy cpi-0,3
Wy cpi+0,2
Wy cpi-0,3
Wy cpi+0,2
Wy cpi-0,3
Wx_cpi+0,2
Wx_cpi-0,3
Wyx_cpi+0,2
Wx_cpi-0,3
Wyx_cpi+0,2
Wx_cpi-0,3
Wy cpi+0,2
Wy cpi-0,3
Wy cpi+0,2
Wy cpi-0,3
Wyx_cpi+0,2
Wx_cpi-0,3
Wyx_cpi+0,2
Wx_cpi-0,3
Wy cpi+0,2
Wy cpi-0,3
Wy cpi+0,2
Wy cpi-0,3
Wyx_cpi+0,2
Wx_cpi-0,3
Wyx_cpi+0,2

Wx_cpi-0,3

+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7
+150,7

(20
Jav
Jav
Qv
Qv
Jav
Jav
Qv
Qv
(°[3
(o1
d2
d2
0:*Q2
0:*Q2
(°[3
(o1
d2
d2
0:*Q2
0:*Q2
(1o
(1o
(20
(20
(1o
(1o
(20
(20
Qav
Qav
Qov
Qv
Qav
Qav
Qv
Qv

+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7
+1,50,7

Wy _cpi-03 +1,50,7
Wy cpi+0,2 +1,5 0,7
Wy cpi-0,3 +1,50,7
Wy cpito,2 +1,50,7
Wy cpi-0,3 +1,50,7
Wy _cpito,2 +1,50,7
Wy _cpi-03 +1,50,7
Wy _cpito,2 +1,50,7
Wy _cpi-03 +1,50,7

Qs +1,50,7
Qs +1,50,7
Qs +1,50,7
Qs +1,50,7

OJ1stQ2s +1,50,7

O1stQ2s +1,50,7
Qs +1,50,7
Qs +1,50,7
Qs +1,50,7
Qs +1,50,7

OistQ2s +1,50,7

OJ1stQ2s +1,50,7
Jiso +1,50,7
Jiso +1,50,7
Ooso  +1,50,7
Ooso  +1,50,7
Jiso +1,50,7
Jiso +1,50,7
Ooso  +1,50,7
Ooso  +1,50,7
Jisv  +1,50,7
Jisv  +1,50,7
Josv  +1,50,7
Josv  +1,50,7
Jisv  +1,50,7
Jisv  +1,50,7
Josv  +1,50,7
Josv  +1,50,7

J2mpo
q1mpv
q1mpv
q2mpv
q2mpv
q1mpv
q1mpv
q2mpv
q2mpv
Qamp
Qimp
Q2mp
Q2mp

O1mptQ2mp
O1mptQ2mp

Qimp
Qimp
Q2mp
Q2mp

O1mptQ2mp
O1mptQ2mp

Jimpo
Jimpo
J2mpo
J2mpo
Jimpo
Jimpo
J2mpo
J2mpo
q1mpv
q1mpv
q2mpv
q2mpv
q1mpv
q1mpv
q2mpv
q2mpv

2.5.2 Serviceability Limit State - ULS

The symbols defined in Figure 2-16 (g1, g2, d10, 920, d1v @and gzv) are used in the following tables
to report the load combinations considered in the study. The load combinations used for the
Serviceability Limit State (SLS) are reported in the follow.

SLS: Characteristic load combination
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3G QY Y Q, @2
=1 i~
Table 2-6. Load Combinations for Serviceability Limit State - Characteristic
G1 + G2+ Q1 + Yoz Q2 *+ Yogs Qs + Woa Q4

DEAD + g2 + gi1tQ2 + 0,7 Wy_cpi+0,2 + 0,7 QistQ2s + 0,7 QimptQamp
DEAD + g2 + g1+Q2 + 0,7 Wy _cpi-0,3 + 0,7 QistQ2s + 0,7 QimptQ2mp
DEAD + g2 + gi1tQ2 + 0,7 Wx_cpi+0,2 + 0,7 QistQ2s + 0,7 QimptQamp
DEAD + g2 + g1+Q2 + 0,7 Wx_cpi-0,3 + 0,7 QistQ2s + 0,7 QimptQ2mp
DEAD + g2 + Wy _cpi+0,2 + 0,7 g1tQ2 + 0,7 QistQ2s + 0,7 QimptQamp
DEAD + g2 + Wy_cpi-0,3 + 0,7 g1tQ2 + 0,7 QistQ2s + 0,7 QimptQ2mp
DEAD + g2 + Wx_cpi+0,2 + 0,7 g1tQ2 + 0,7 QistQ2s + 0,7 QimptQamp
DEAD + g2 + Wx_cpi-0,3 + 0,7 g1tQ2 + 0,7 QistQ2s + 0,7 QimptQ2mp
DEAD + g2 + QistQ2s + 0,7 g1tQ2 + 0,7 Wy _cpi+0,2 + 0,7 QimptQamp
DEAD + g2 + Qist+Q2s + 0,7 g1tQ2 + 0,7 Wy_cpi-0,3 + 0,7 QimptQ2mp
DEAD + g2 + QistQ2s + 0,7 g1tQ2 + 0,7 Wx_cpi+0,2 + 0,7 QimptQamp
DEAD + g2 + Qist+Q2s + 0,7 g1tQ2 + 0,7 Wx_cpi-0,3 + 0,7 QimptQ2mp
SLS: Frequent Load Combination

Zq(’j ||+|| P"+"%1Q'1"+llz%'i q’i (2'3)

= i>1
Table 2-7. Load Combinations for Serviceability Limit State - Frequent

Gt +G2+ s Q1 + Yo Q2 + Y3 Qs + WYou Q4

DEAD + g2 + 0,5 g1t0Q2 + 0,3 Wy _cpi+0,2 + 0,3 Oist(Q2s + 0,3 QimptQamp
DEAD + g2 + 0,55 g1t0Q2 + 0,3 Wy _cpi-0,3 + 0,3 Oist(Q2s + 0,3 QimptQ2mp
DEAD + g2 + 0,55 g1t0Q2 + 0,3 Wx_cpi+0,2 + 0,3 Oist(Q2s + 0,3 QimptQ2mp
DEAD + g2 + 0,55 g1t02 + 0,3 Wx_cpi-0,3 + 0,3 Oist(Q2s + 0,3 QimptQamp
DEAD + g2 + 0,5 Wy _cpi+0,2 + 0,3 g1t0Q2 + 0,3 Oist(Q2s + 0,3 QimptQamp
DEAD + g2 + 05 Wy _cpi-0,3 + 0,3 g1tQ2 + 0,3 Oist(Qas + 0,3 QimptQamp
DEAD + g2 + 05 Wx_cpi+0,2 + 0,3 g1tQ2 + 0,3 Oist(Q2s + 0,3 QimptQ2mp
DEAD + g2 + 05 Wx_cpi-0,3 + 0,3 g1tQ2 + 0,3 Oist(Q2s + 0,3 QimptQ2mp
DEAD + g2 + 0,5 QistQas + 0,3 g1tQ2 + 0,3 Wy cpito2 + 0,3 QimptQ2mp
DEAD + g2 + 0,5 QistQes + 0,3 g1tQ2 + 0,3 Wy _cpi-0,3 + 0,3 QimptQ2mp
DEAD + g2 + 0,5 QistQes + 0,3 g1tQ2 + 0,3 Wx cpito2 + 0,3 QimptQamp
DEAD + g2 + 05 QistQes + 0,3 g1tQ2 + 0,3 Wx_cpi-0,3 + 0,3 QimptQamp
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SLS: Quasi Permanent Load Combination

Zq(,] ll+|l P"+"E£Qiq(’i (2'4)
=l i~
Table 2-8. Load Combinations for Serviceability Limit State — Quasi-Permanent
G + G2 + P11 Q1 + W2 Q2 + U3 Qs
DEAD + 02 + 0,3 qitQ2 + 0,3 Wy_cpi+0,2 + 0,3  Qist0es
DEAD + g2 + 0,3 git+02 + 0,3 Wy_cpi-0,3 + 0,3  QgistQzs
DEAD + 02 + 0,3 gi+02 + 0,3  Wx cpi+0,2 + 0,3  QgistQzs
DEAD + 02 + 0,3 gi+02 + 0,3 Wx_cpi-0,3 + 0,3  QgistQzs
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2.6 Imperfection for global analysis of frames

7T 1

Figure 2-29. Equivalent sway imperfections

The effect of the global initial sway imperfections has been accounted by including these in the
geometry of the finite element model. The effect of the bow imperfections has been considered
in the study as suggested in the EN 1993-1-1 86.3 [4]. The global initial sway imperfection may
be evaluated by the following formula (EN 1993-1-1 §85.3.2 [4]) :

@=qg oy, ey, (2.5)
The global initial sway imperfections for both the directions are reported in the follow:
¢ Global initial sway imperfection - X direction
%= )/2(1) ap, =0667 a,=0.7%6 @ =000252
e Global initial sway imperfection - Y direction

%= }/zao a, =0667 a,,=0816 @ =000272

2.7 Creep and Shrinkage of the concrete

The calculation of the creep coefficient based on EN 1992-1-1 Annex B and EN 1992-1-1
85.4.2.2 [3]. The relative humidity of the ambient is RH = 75 % and the age of the concrete
considered is t = «. The creep coefficient is calculated as follow.

(L) = B (L) (2.6)

For the creep, the age of loading to is assumed to be 28 days while for shrinkage, the age of
loading to is assumed to be 1 day.

#(t,28) =¢, [, (1,28) =18 #(t) =g [R (1) =353

The modular ratios are calculated for short and for long term loading by following the EN 1994-
1-1 85.4.2.2 [8]. For short-term loading:

Ny =E/Em=635
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For long-term loading the creep multiplier (¢ ) depends on the type of loading. It can be taken

as 1.1 for permanent load and 0.55 for primary and secondary effect of shrinkage. The modular
ratios and effective modulus of elasticity of the concrete for long-term loading are calculated as
follow:

¢ Permanent Load
n =y (L+e 4(t1o)) =19.706 E.or =E./n =106565MPa
* Primary and secondary effects of shrinkage

n =y (1+8(th)) =18782 E.q =E/n =111807 MPa

2.8 Symmetric Structure

The following sections report the calculation of the components of the Symmetric structure.
2.8.1 Slab - Maximum Bending Moments - ULS

The bending moments for the design of the slab in both the directions have been obtained by
using the finite element model previously described. Figure 2-30 up to Figure 2-33 show the
maximum and minimum bending moments in X and Y direction for the Envelope of all the ULS
combinations.

Figure 2-30. Maximum Bending Moments in X direction (ULS Envelope)

Figure 2-31. Minimum Bending Moments in X direction (ULS Envelope)
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Figure 2-33. Minimum Bending Moments in Y direction (ULS Envelope)

2.8.2 Slab - Maximum traction force in the layers of rebars - ULS
The amount of rebars is based on the maximum traction force in each layer of rebars for the
Envelope of all the ULS combinations as reported in Figure 2-34 up to Figure 2-37. The
minimum and maximum steel percentages and the maximum spacing of rebars are defined in
the EN 1992-1-1 §9.2.1 and EN 1992-1-1 §9.3 [3]. They are respectively:

Aypin =1508 mr% minimum steel percentage

A g =600 m% maximum steel percentage

Sracgab =400 maximum spacing of rebars
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T

il

T

T

Figure 2-34. Maximum Traction Force in the upper rebars in X direction (ULS Envelope)



MOMENT RESISTING STEEL-CONCRETE COMPOSITE FRAMES UNDER THE COLUMN LOSS SCENARIO:
DESIGN OF THE REFERENCE FRAMES AND OF THE FULL-SCALE SUB-FRAME SPECIMENS

= W T T T TH_EH
o i L i -l T T T et T 300.
# i I i
T T
.
mL
1
208. 4]
185
il
= o T O e e ] 1,,,,4,,,,,,,,,,,- 162
ErT 1 i
T T T T RdR ] 138
T
sl
o
] &
L |
C r L 46
i i i &
| i i i 1 i 1 T
B NS E LT NS T o
i i i I i i

Figure 2-35. Maximum Traction Force in the lower rebars in X direction (ULS Envelope)
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Figure 2-37. Maximum Traction Force in the lower rebars in Y direction (ULS Envelope)
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2.8.3 Slab Shear - ULS
The slab is verified against shear forces by following the EN 1992-1-1 86.2 [3]. The design
forces at the ULS are:
Vi e =2 KN/m Neg e =—40KN/m (traction)

The design value for the shear resistance Vgrgc in members not requiring design shear
reinforcement is calculated as specified in the EN 1992-1-1 86.2.2 [3]:

Vi = rmx[[cmck(lm,q fo)" +k10q)}hNd;(vmn +klaq))b,\,d] =7897 KN/m>V,

2.8.4 Slab Deflection - SLS

The maximum slab deflection has been evaluated by considering the Quasi Permanent load
combination as required in EN 1992-1-1 §7.4 [3]. The design value of the bending moment in a
portion of the slab of unitary width is:

Megrac =858 KNM

Considering a portion of the slab of unitary width and neglecting the presence of rebars the
bending moment at cracking is:

foma =Mex| (1L6=h/1000) fuyy; o | =420 MPa Mg = fgmg ﬁ’%‘z =15.75 KNm> M

The slab is not cracked since M, >Mg,. The evaluation of the maximum deflection is conducted

considering the moment of inertia of the uncracked section. The finite element model with the
effective modulus of elasticity of the concrete in the case of long-term permanent load have
been employed for the deflection evaluation as required in the EN 1992-1-1 §7.4.3(4) [3]. The
maximum displacement is equal to d=11.09 mm. The maximum dimension of the slab is equal

to L =5.700 m and hence, the ratio % is equal to 513.98.

2.8.5 Slab Stresses - SLS

The stresses on the concrete and on the rebars of the slab are checked with reference to the
Characteristic and the Quasi-Permanent load combinations as required in EN 1992-1-1 §7.2
[3]. The stresses are directly obtained as results of the model of the analysis.

» Characteristic Load Combination
Ocmax = 8.35 MPa < 0.6 f = 18 MPa
Os,max = 268 MPa < 0.8 fyx = 360 MPa
* Quasi-Permanent Load Combination
O:max = 5.81 MPa < 0.45 fy = 13.5 MPa

2.8.6 Beams - Effective width of flange for shear lag

The beams section type is IPE 240. It is a section class 1 in bending and section class 2 in
compression. The dimensions of the effective width of flange for shear lag is calculated by
following the indications of EN 1994-1-1 §85.4.1.2 [8].
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Le in the different parts of the beams is defined by following the indications reported in Figure
5.1 of EN 1994-1-1 [8]. Figure 2-40 and Figure 2-41 reports the effective width of flanges for
shear lag of beams respectively in X e Y directions.

O.gogﬂw

| 1425 |

0.7125 m 0.9975m 9975 m

il

1425

0.7125m 0. 0.7125 m

i

1425

2850 ) 1425 | 2850 | 1425 | 1425 2850

Figure 2-40. Effective width of flanges for shear lag of beams in X direction

OIgOEA/TW’m

, 1425
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2850 | 1425 | 1425 2850 .

Figure 2-41. Effective width of flanges for shear lag of beams in Y direction

2.8.7 Beams - Maximum positive bending moment at mid span - ULS

The maximum positive bending moment of the beam at mid-span is equal to Mgq = 130.49 KNm.

beff
d| Noo|d 0.85fca

& i I Xpl g
- x
> As

©

e

v

fyd

The beams section type is IPE 240 and the effective width of flange in this position is equal to
berr = 1.2110 m. The calculation of the resisting moment for the ULS condition is reported in the

follow.

F e =085 (T, [y s _yemo5in

(o}

f
Fame “A— 138805 KN
Mo
F

a,mex

0.85L"<beff
Ve

Xqi =67.42 mm

Plastic resistance of the concrete section

Plastic resistance of the steel section

Neutral axis position
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My :FW(%m —%J =327.98KNm> Mg,

2.8.8 Beams - Maximum negative bending moment at the support- ULS

The maximum negative bending moment of the beam at the support is equal to Megq = 109.18
KNm.

» Deft
d A's d
R _ir 4 l > A's fyd - »T's
= Xpl R As fyd » s
X X Xa [—>

Ta

Ya

1

b ] fy

The beams section type is IPE 240 and the effective width of flange in this position is equal to
bert = 712.5 mm. The amount of rebars contained in the effective width of flange are As = 1363.45
mm? (2¢10 + 6¢16, d = 34 mm) and As = 471.24 mm? (6¢410, d = 116 mm) respectively for the
upper and lower layers.

f . .
T =A2 =535k Tensile force in the rebars;
S
f . .
T.=A—2 =18440kN Tensile force in the rebars;
Ys
1,5 : : :
T, =—[A—y -T _TSJ =3B42kN Tensile force in steel section;
Mo
Xy =h+ T]’:‘ =157.87 mm Neutral axis position
b—Y
Mo
f . . .
C,=A—L -T, =1083.34 kN Compressive force in the steel section;
Mo

My =G0 —Xa) +Ta(Xg =) HTs(Xg —%5) +Ts(xg —%) =189.00 kN > Mgy

2.8.9 Beams - Maximum shear force at the support- ULS

As suggested in EN 1993-1-1 86.2.6, only the beams section IPE 240 is considered for the
shear resistance. The maximum shear force on the beam is equal to Veq = 145.68 kN.

e
Vi = \gﬂ‘) =392.45 KN >V,

2.8.10 Beams - Calculation of the crack widths - ULS

The crack width is calculated by following the EN 1992-1-1 §7.3.4 [3] as follow.
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Wk = Sr,max(ssm - 8cm) (2.7)

The structure is subjected to the exposure class XC3 where the maximum crack width is equal
to wpax = 0.3 mm while considering the Quasi-Permanent load combination. (EN 1992-1-1
Table 7.1N [3]). The beams section type is IPE 240 and the effective width of flange in this
position is equal to beg = 712.5 mm

The amount of rebars contained in the effective width of flange are A} = 1363.45 mm?
(2010 + 6016,d’ =34 mm) and A} =471.24 mm? (6010, d = 116 mm) respectively for the
upper and lower layers. The negative bending moment of the beam at the support is equal
t0 Mggq = 54.87 kNm.

L Dert J
d As 4 ]
CF e
X| t--x -
s ?
As
<
A=A +A+A =574669mT Total area of resisting elements in tension;
x:%(Aaya+A§d+Agd') =201.38nm Position of the neutral axis;
I=3,+A (¥, ) +A(x-d)’ + A (x-d)* =610t Moment of inertia
M . .
O =7(x—d’) =15055MPa Tensile stress in the upper layer of rebars;

_Ost _
Eqn—Ean =—— =0.000717
E
S max =115.6
W, =$ e ( Ean—Eam) =0.0829 nM<wy
2.8.11 Columns - Maximum axial force- ULS
The column section type is HEB 220. It is class 1 both in bending and in compression. The

maximum axial force on the column is checked by the EN 1993-1-1 8§6.2.4 [4]. The maximum
axial force on the columns is equal to Ngg = 2596.91 kKN

Af,
Npy =— =323LKN > Ng,
Wio

2.8.12 Columns - Maximum shear force- ULS
The column section type is HEB 220. It is class 1 both in bending and in compression. The

maximum shear force on the column is checked by the EN 1993-1-1 §6.2.6 [4]. The maximum
shear force on the column is equal to Vgq = 22.72 kN.
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A = A-20t; +(t,, +2r)t; =279200mT

e
Vi = \gﬂo =572.25KN >V,

2.8.13 Columns - Member in bending and axial compression - ULS

The column section type is HEB 220. It is class 1 both in bending and in compression. In order
to verify the members which are subjected to combined bending and axial compression, the
formulations reported in EN 1993-1-1 86.3.3 [4] have to be satisfied.

The forces acting in the more stressed column are:

Ney = 2596.91KN
My, g, =—14.72 KN M, g o =—750 KN
My g1 =442KNM M, g 5 =443KNM

The reduction factors for buckling for lateral torsional buckling xy, X and x.r have been
calculated by following the instruction of EN 1993-1-1 §86.2.1.2, EN 1993-1-1 86.3.2.2 and EN
1993-1-1 86.3.2.3 [4].

1 1 1

Xy =——=——==0989 Xy =——=——= =097 X =—F7=——=-093
’ % "’\/(‘{2/ _/]yz B\ G -K Qv e~ B

The parameters Ngrk, My rk and Mgk are calculated as define in EN 1993-1-1 Table 6.7 [4].
Ng = f, A=365 MPa[9104 T = 323192 kN

My s = FWy , =355 MPalB27(10° rm? = 29359 km
M, g = f W, , =355 MPa39310° 7 =139.83 kNm

The interaction coefficients have been calculated by using the approach reported in EN 1993-
1-1 Annex B [4].

ky =mi n[% [1+(/1'y -02) P N'la;ym}cw [1+0.8—Xy N':':‘;}/MJ] =049

k,= m'n(Cm (1+(252 -0g) N—Edj;qm[1+l4N—E"j] =048

XN/ Yam XN/ am

kyz =06k, =091
k, =06k, =0300

b R Mt L L R
XyNre o My g M_ R

Vi M W

NEd +K IVlyEd +AMyEd Ile,Ed +AMzEd -095<1
XNee 7 My R M, R

W1 L W1 W1
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2.8.14 Steel Diagonal Bracing - ULS

The forces on the steel braces have been obtained by employing the finite element model
previously described without the compressed braces assuming that they do not have
compressive resistance as consequence of the buckling.

The bracing section type is the equal length angle L120x120x10 in X direction and the double
equal length angle L120x120x10 in Y direction. The resistance of the net section is evaluated
by following the instructions of EN 1993-1-8 §3.10.3 [2]. The use of bolts M20 is considered.

The maximum axial force acting in the braces for the X direction is equal to Ngq = 208.04 kN.
Anet = A — dot = 2098 mm? Nura = 33‘;& =599.2 kN > Ngq
M2

The maximum axial force acting in the braces for the Y direction is equal to Ngq = 635.38 kN.

Aet = A — dot = 2098 mm? Nura = 2@ = 1198.4 kN > Ngg

M2

2.9 Asymmetric Structure

The following sections report the calculation of the components of the Asymmetric structure.

2.9.1 Slab - Maximum Bending Moments - ULS

The bending moments for the design of the slab in both the directions have been obtained by
using the finite element model previously described. Figure 2-42 up to Figure 2-45 show the
maximum and minimum bending moments in X and Y direction for the Envelope of all the ULS
combinations.

I

Figure 2-42. Maximum Bending Moments in X direction (ULS Envelope)

"""""" %ﬁ i R ”H

% = :

ﬁ 4

i £ N

m 2

- . = "
i z?

ULS Envelope)



MOMENT RESISTING STEEL-CONCRETE COMPOSITE FRAMES UNDER THE COLUMN LOSS SCENARIO:
DESIGN OF THE REFERENCE FRAMES AND OF THE FULL-SCALE SUB-FRAME SPECIMENS

:
:

»

- .

H 2o

Figure 2-44. Maximum Bending Moments in Y direction (ULS Envelope)

Figure 2-45. Minimum Bending Moments in Y direction (ULS Envelope)

2.9.2 Slab - Maximum traction force in the layers of rebars - ULS

The amount of rebars is based on the maximum traction force in each layer of rebars for the
Envelope of all the ULS combinations as reported in Figure 2-46 up to Figure 2-49.

The minimum and maximum steel percentages and the maximum spacing of rebars are defined
in the EN 1992-1-1 89.2.1 and EN 1992-1-1 §9.3 [3]. They are respectively:

Aypin =1508 nn% minimum steel percentage

A e =600 nm%] maximum steel percentage

Sradep =400MM maximum spacing of rebars

Figure 2-46. Maximum Traction Force in the upper rebars in X direction (ULS Envelope)
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Figure 2-49. Maximum Traction Force in the lower rebars in Y direction (ULS Envelope)
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2.9.3 Slab Shear - ULS

The slab is verified against shear forces by following the EN 1992-1-1 86.2 [3]. The design
forces at the ULS are:

Vi rac =30KN/m Neg e =—40KN/m (traction)

The design value for the shear resistance Vgrgc in members not requiring design shear
reinforcement is calculated as specified in the EN 1992-1-1 86.2.2 [3]:

Vi = m[[%,ck(mA fd<)m+klaq)}hp;(vm +klaq))twl] = 7665 KN/ m>Vg,

2.9.4 Slab Deflection - SLS

The maximum slab deflection has been evaluated by considering the Quasi Permanent load
combination as required in EN 1992-1-1 §7.4 [3]. The design value of the bending moment in a
portion of the slab of unitary width is:

Megrac =1238K\M

Considering a portion of the slab of unitary width and neglecting the presence of rebars the
bending moment at cracking is:

foma =Mex| (1L6=h/1000) fuyy; o | =420 MPa Mg = fymg ﬂ%ﬂz =15.75 K\m> M

The slab is not cracked since M, >Mg,. The evaluation of the maximum deflection is conducted

considering the moment of inertia of the uncracked section. The finite element model with the
effective modulus of elasticity of the concrete in the case of long-term permanent load have
been employed for the deflection evaluation as required in the EN 1992-1-1 §7.4.3(4) [3]. The
maximum displacement is equal to 0= 20.476 mm. The maximum dimension of the slab is equal

to L =7.125 m and hence, the ratio % is equal to 347.97.

2.9.5 Slab Stresses - SLS

The stresses on the concrete and on the rebars of the slab are checked with reference to the
Characteristic and the Quasi-Permanent load combinations as required in EN 1992-1-1 §7.2
[3]. The stresses are directly obtained as results of the model of the analysis.

» Characteristic Load Combination
O max = 12.28 MPa < 0.6 fy = 18 MPa
Osmax = 348 MPa < 0.8 fyx = 360 MPa
* Quasi-Permanent Load Combination
O:max = 8.55 MPa < 0.45 fy« = 13.5 MPa

2.9.6 Beams - Effective width of flange for shear lag

The beams section type is IPE 240 and it is a section class 1 in bending and section class 2 in
compression. The dimensions of the effective width of flange for shear lag is calculated by
following the indications of EN 1994-1-1 85.4.1.2 [8]. Le in the different parts of the beams is
defined by following the indications reported in Figure 5.1 of EN 1994-1-1 [8]. Figure 2-52 and
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Figure 2-53 reports the effective width of flanges for shear lag of beams respectively in X e Y
directions.

1211 m
OIQOW Olnm i i il WLZS m
1425 2850 . 1425 | 1425 | 2850 | 1425 | 1425 2850 1425

k L

Figure 2-52. Effective width of flanges for shear lag of beams in X direction
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Figure 2-53. Effective width of flanges for shear lag of beams in Y direction

2.9.7 Beams - Maximum positive moment at mid span - Long Span - ULS

The maximum positive bending moment of the beam at mid-span is equal to Mgq = 216.93 KNm.
The beams section type is IPE 240 and the effective width of flange in this position is equal to
ber = 1.514 m. The calculation of the resisting moment for the ULS condition is reported in the
follow.

P Dett
d| Ao |d 0.85fc
& i - :{ Xpl g
B §
> As
£
vy
fyd
f . . .
Fe mex =0.850, (g ?"‘:3960.70 KN Plastic resistance of the concrete section
C
f . . .
Fa e "A——=1383.05 kN Plastic resistance of the steel section
Ko
Xy :F""f—m‘ =53.93mMm Neutral axis position
0.85-% hy
¥e

My =Fsm([%+h: —%J =337.34 kNm> Mg,
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2.9.8 Beams - Maximum positive moment at mid span - Short Span - ULS

The maximum positive bending moment of the beam at mid-span is equal to Meq = 49.30 kNm.
The beams section type is IPE 240 and the effective width of flange in this position is equal to

ber = 0.9084 m. The calculation of the resisting moment for the ULS condition is reported in the
follow.

f . . .
Fe mex =0.850, (g ?"‘:231642 KN Plastic resistance of the concrete section
C

f . . .
FMEX:A—V =1388.05 kN Plastic resistance of the steel section
Wio

F . iy
Xy =— 2 —=89.83 M Neutral axis position

085 % p,,

e

My =Fsm[%+n —%J =31239kNm> Mg,

2.9.9 Beams - Maximum negative bending moment at the support- ULS

The maximum negative bending moment of the beam at the support is equal to Mgq = 149.88
kNm.

Dert
d A's d
R _i__ 4 l > A's fyd »1's
ES Xpl As fyd Ts
© X 2 X xa —%
> As y e
& Ca
K2
b | fy

The beams section type is IPE 240 and the effective width of flange in this position is equal to
bert = 712.5 mm. The amount of rebars contained in the effective width of flange are As = 1363.45
mm? (2¢10 + 6¢16, d = 34 mm) and As = 471.24 mm? (6¢410, d = 116 mm) respectively for the
upper and lower layers.

f . .
T.= Aé_yd =533.52 kN Tensile force in the rebars;
S
fa : :
T,=A—=18440kN Tensile force in the rebars;
S
i f . . .
Ta :—(A—y -T. _TSJ =364 kN Tensile force in steel section;
2( Mo
Xg =h+ T]i‘ =157.87 mm Neutral axis position
b
Mo
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f . . .
C,=A— -T, 108334 kN Compressive force in the steel section;
Mo

Mg =Ca(a =% ) +Ta 0 — ) +Te(Xy =) +T2(%y —%) =18909KN > Mgy

2.9.10 Beams - Maximum shear force at the support- ULS

As suggested in EN 1993-1-1 86.2.6 [4], only the beams section IPE 240 is considered for the
shear resistance. The maximum shear force on the beam is equal to Veq = 173.56 kN.

Ty
Vi = jgo =302.45 KN >V,

2.9.11 Beams - Calculation of the crack widths - ULS

The crack width is calculated by following the EN 1992-1-1 §7.3.4 [3] as follow.
Wy = Sr,max(ssm — €cm) (2.8)

The structure is subjected to the exposure class XC3 where the maximum crack width is equal
to wpax = 0.3 mm while considering the Quasi-Permanent load combination. (EN 1992-1-1
Table 7.1N [3]).

The beams section type is IPE 240 and the effective width of flange in this position is equal to
bess = 712.5 mm The amount of rebars contained in the effective width of flange are A =
1363.45 mm? (2010 + 6016,d" = 34 mm) and Al =471.24 mm? (6010, d =
116 mm) respectively for the upper and lower layers. The negative bending moment of the beam
at the support is equal to Mgq = 77.56 kNm.

|4 Deft |
d A's It ]
o - e
sl X b--x 4o
>
. 4
£
A=A +A+A =5746689mT Total area of resisting elements in tension;
X:%(Adya+A§d+Aéd') =201.38nm Position of the neutral axis;
I=3,+A (¥, ) +A(x-d)’ + A (x-d)* =610t Moment of inertia

M

Oy :?(x—d’) =21280 MPa Tensile stress in the upper layer of rebars;

S,
.
Ean—Eam :ESt =0.001013

S max =115.6



MOMENT RESISTING STEEL-CONCRETE COMPOSITE FRAMES UNDER THE COLUMN LOSS SCENARIO:
DESIGN OF THE REFERENCE FRAMES AND OF THE FULL-SCALE SUB-FRAME SPECIMENS

W, :s,,m(gsn—gm) =0171mMm<w,,
2.9.12 Columns - Maximum axial force- ULS

The column section type is HEB 220. It is class 1 both in bending and in compression. The
maximum axial force on the column is checked by the EN 1993-1-1 86.2.4 [4]. The maximum
axial force on the columns is equal to Ngg = 2689.47 kN

Af,
Ny =— =3231KN > Ngg

Mo

2.9.13 Columns - Maximum shear force- ULS

The column section type is HEB 220. It is class 1 both in bending and in compression. The
maximum shear force on the column is checked by the EN 1993-1-1 §6.2.6 [4]. The maximum
shear force on the column is equal to Vgq = 22.75 kN.

A =A-2t +(t,+2r)t;, =279200mT
Sy
__ WMo _
Vig = =572.25kN >V,
Rl \/é Ed

2.9.14 Columns - Member in bending and axial compression - ULS

The column section type is HEB 220. It is class 1 both in bending and in compression. In order
to verify the members which are subjected to combined bending and axial compression, the
formulations reported in EN 1993-1-1 86.3.3 [4] have to be satisfied.

The forces acting in the more stressed column are:

Ng; =268947 KN
My, g, =—17.48 KN M, g4, = ~7.67 KN
My, g5 =215KNT M, g5 =391KNM

The reduction factors for buckling for lateral torsional buckling xy, X and x.r have been
calculated by following the instruction of EN 1993-1-1 86.2.1.2, EN 1993-1-1 86.3.2.2 and EN
1993-1-1 86.3.2.3 [4].

1 1 1

Xy=——F7=——==098 Xo=——F—= =097 X =————==093
’ % +\/¢5 A @HE-X R +dr ~ B

The parameters Nrk, My rc and M rx are calculated as define in EN 1993-1-1 Table 6.7 [4].
Nr = f,A=355 MPa[9104 T =3231.92 kN

M, ge = f, Wy, =355 MPa[B27010° 7’ = 20359 kNm
M, g = f W , =355 MPa39310° 7’ =139.83 kNm

The interaction coefficients have been calculated by using the approach reported in EN 1993-
1-1 Annex B [4].
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K, =i n[C,W [1+( by _0_2)'\‘_&1}% {1+o.8N—Ed]J =0574

XyNae/ Vs XyNee/ Y

k,= rrin(qn [1+(2ZZ -0g) N—E"];QW(HMN—E"]] =0488

XNad/ Vi XNad/ Vi

k,, =06k, =02%8
k, =06k, =0.344

Ney o MyertMyey | MotV _ o) o
XyNrg My R M, g

Vi o Yuw Yw

My e s Moot e _ g7y
/\/zNFk X, My,Fk I\/Iz,Fk

W1 L Wi i

2.9.15 Steel Diagonal Bracing - ULS

The forces on the steel braces have been obtained by employing the finite element model
previously described without the compressed braces assuming that they do not have
compressive resistance as consequence of the buckling.

The bracing section type is the equal length angle L120x120x10 in X direction and the double
equal length angle L120x120x10 in Y direction. The resistance of the net section is evaluated
by following the instructions of EN 1993-1-8 §3.10.3 [2]. The use of bolts M20 is considered.

The maximum axial force acting in the braces for the X direction is equal to Ngq = 238.78 kN.
Aet = A — dot = 2098 mm? Nura = % =599.2 kN > Ngq

The maximum axial force acting in the braces for the Y direction is equal to Ngq = 670.68 kN.
Anet = A — dot = 2098 mm? Nurg = 222N — 1198 4 kN > Ngq

Ym2
2.10 Calculation of the shear connectors - ULS

The beams section type is IPE 240 and it is a section class 1 in bending and section class 2 in
compression. The design resistance of a headed stud automatically welded is calculated as
reported in EN 1994-1-1 86.6.3.1 [8]. The number of studs is designed for the full shear
connection. The properties of the studs employed are reported in the follow:

d=19mMm Diameter of the shank of the stud;
h, =100nm Overall nominal height of the stud;
f, =450 MPa Ultimate tensile strength of the material of the stud;
2
08rf, I79°
Porg = 4 -8166kN
K
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0.290ar [0,/
P = oo _g5 1310
' K

Ry =Min(P. gy, Py ) =8LEGKN Design resistance of a headed stud

2.10.1 Beams in X direction

As conservative assumption the internal beam is considered for the design of the studs.

L2x L1x L2x
+ +

1* O
I Al il

RN E T m“uwwuwwwmm

Figure 2-54. Zones for the calculation of the shear connection — X direction

Zone 1l

. ~ M 138B76KN
M =M, P ) =1388.76 KN rhuu—Z%— TN
Zone 2

. _ V| _TITRKN _
VL =N Fy s P = 71792 KN Ny AT =88

The total number of studs on a beam is equal to nto = 34 4+ 2 -9 = 52. The connectors are
spaced uniformly over the length of the beam as reported in EN 1994-1-1 §6.6.1.3 (3) [8].

2.10.2 Beams in Y direction

L1y L2y

T
4wHMWMMHWW””M SUmmmREE=

Figure 2-55. Zones for calculation of shear connection — Symmetric structure — Y direction

L1y L2y

LN

| § TN

Figure 2-56. Zones for calculation of shear connection — Asymmetric structure — Y direction

Zone 1

. ~ M 13876KN
M =M r, P ) =1388.76 KN rhuu—Z%— TN
Zone 2
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v,
VL =N Fy s P = 71792 KN Ny :P—L =88
Rl

The total number of studs on a beam is equal to nt,: = 34 + 9 = 43. The connectors are spaced

uniformly over the length of the beam as reported in EN 1994-1-1 8§6.6.1.3 (3) [8].

2.11 Design of composite joints

These composite joints employed for this structure are beam-to-column flush end-plate
connections. The evaluation of moment resistance and stiffness is based on EN 1993-1-1 [4],

EN 1993-1-8 [2] and EN 1994-1-1 [8]. Six different joint configurations have been
the model as illustrated in Figure 2-59.

The elements employed in the joints are:
» Column HE 220B;
* Beam IPE 240;
» Solid slab with he = 150 mm;
* Bolts M20 Class 10.9;

Shear Connector ¢%,"/125 mm
HEB|220 HEB|220

identified in

a “a <
[ ] - a ® s

a

T e o e A o

[ ] o~ [ ]

(1 (17 {] °lk

a[[®
R L

IPE 240 IPE 240

IPE 240

65

260
130
260
240

65

i Sl

g i

30 90 30 }_% 15 120 15
150

Figure 2-58. Details of the End Plate

Bolts M20 class 10.9

150

240
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5 7 5 ]
5 i 1 —6
q 3 5. 16
7 3

Figure 2-59. Different Joint types for the Symmetric and Asymmetric structure

Joints 1 and 2 are single side joints with the beam that is connected on the flange of the column,
which differs for the amount of rebars within the effective width.

Joints 3 and 4 are double side joints with the beam that is connected on the flange of the column,
which differs for the amount of rebars within the effective width.

Joints 5 and 6 are double side joints with the beam that is connected on the web of the column,
which differs for the amount of rebars within the effective width.

2.11.1 Joint type 1, X direction (single sided joint, £=1)

The components involved in the calculation of the resistance and stiffness of the joint illustrated
in
Figure 2-60 are reported in the follow:

e usrt - Upper slab reinforcement in tension

o lsrt - Lower slab reinforcement in tension
* cws - Column web panel in shear EN 1993-1-8 §6.2.6.1 and 86.3.2
e cwc - Column web in transverse compression EN 1993-1-8 §6.2.6.2 and §6.3.2
e cwt - Column web in transverse tension EN 1993-1-8 §86.2.6.3 and §6.3.2
+ cfb - Column flange in bending EN 1993-1-8 §86.2.6.4 and 86.3.2
e epb - End-plate in bending EN 1993-1-8 86.2.6.5 and 86.3.2
 bfwc - Beam flange and web in compression EN 1993-1-8 §86.2.6.7 and 86.3.2
e bwt -Beam web in tension EN 1993-1-8 §86.2.6.8 and §6.3.2
e bt - Bolt in tension
HEB%ZZO
’ e o eses | N
/1 777777777777777777 I§r‘t
I ——— L
S | B IPE240
B N o cs | piwe e
; =S b—N—Hi— il

Figure 2-60. Single Side Beam-to-Column Joint connected on column flange (Type 1 and 2)
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Row 1

Row 2

Row 3

usrt
Rowl -——-—-——-———— il
Isrt
Row2 -———---——--——— Al
s .
cfb cwt bt epb bwt
Rowd o —Wh— W
hr

cwc  cws bfwe
Row 4 —- L

Figure 2-61. Arrangement of the components (Type 1 and 2)

(h =381.1m)

usrt - Upper slab reinforcement in tension
(1, =201}

Isrt - Lower slab reinforcement in tension
(hy=1801nm)

cwt - Column web in transverse tension

cfb - Column flange in bending

epb - End-plate in bending

bwt - Beam web in tension

bt - Bolt in tension

(n=orm}

cws - Column web panel in shear

cwc - Column web in transverse compression
bfwc - Beam flange and web in compression

R agrs =499.10KN

R o Ry =184.40KN

R ey =46343KN
R ot =33074KN
R qnrt =18638KN
R =41946KN

21, g =35280KN

Voot =51502KN
Foncs =54480KN

Fe fora =S00.3BKN

Kz =1080mm

k3ot =0436mm

ks =7.11mm

k, =3466mm
ks =350

kg =00

ko =846nm

k =377mm
k, =259nm

k; =0

The design resistance moment of the composite joint with full shear connection is determined
by analogy to provisions for steel joints given in EN 1993-1-8 §6.2.7 [2] taking account of the
contribution of reinforcement as specified in EN 1994-1-1 §8.3.2(2) [8]. The moment plastic
resistance of the joint is reached as consequence of the failure of the column web in shear.

MR:l =R Rl ml+(vv\p,Rj _Ft,As‘LR:l) rb =17952KN\Nm

The rotational stiffness of the composite joint with full shear connection is determined by analogy
to provisions for steel joints given in EN 1993-1-8 86.2.7 [2] taking account of the contribution

of reinforcement as specified in EN 1994-1-1 §8.3.2(2) [8].
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The general method described in EN 1993-1-8 §6.3.3.1 [2] is applied in order to account for the
3 row in tension. In the considered case the effective stiffness coefficients are calculated based
on EN 1993-1-8 §6.3.3.1(2) (6.30) [2].

The rotational stiffness of the joint is calculated as specified in EN 1993-1-8 §6.3.1(4) (6.27) [2].

S :i:ﬁgﬂsﬂn
1.1 red
H =+
o)
2.11.2 Joint type 2, X direction (single sided joint, 5=1)

The components involved in the calculation of the resistance and stiffness of the joint are the
same of the Joint type 1 and are illustrated in

Figure 2-60. Joints 1 and 2 are single side joints with the beam that is connected on the flange
of the column, which differs for the amount of rebars within the effective width. The components
which differ from Joint 1 are the upper slab reinforcement in tension (usrt) and the lower slab
reinforcement in tension (Isrt). Arrangement of the components is reported in Figure 2-61.

Row 1 (h=3511nmm)

* usrt - Upper slab reinforcement in tension R g rg =406.90KN k31 =0910Mm
Row 2 (h,=2601mm)

» lIsrt - Lower slab reinforcement in tension R a2 ri =9R20KN ki3o¢ =0.230mm

Row 3 (hy=1801nm)

* cwt - Column web in transverse tension e ra =46343KN ks =711mm
 cfb - Column flange in bending R dors =339.74KN k, =3466mm
* epb - End-plate in bending R ey =186.38KN ks =359mm
* bwt -Beam web intension Rt =41946KN kg =00

* Dbt - Bolt in tension 2K, ry =3B280KN ko =846mm

Row 4 (h,=0nmm)

* cws - Column web panel in shear Vipri =515.02KN k =377nm
* cwc - Columnweb in transverse compression  F. .z =54480kN k, =259mm
* bfwc - Beam flange and web in compression Fe ort =500.35KN k; =co

The design resistance moment of the composite joint with full shear connection is determined
by analogy to provisions for steel joints given in EN 1993-1-8 §6.2.7 [2] taking account of the
contribution of reinforcement as specified in EN 1994-1-1 88.3.2(2) [8]. The moment plastic
resistance of the joint is reached as consequence of the failure of the column web in shear.

Mry =F aari B R aor m‘z"'(v\,\p,m —F aara _Ft'pezim) hy =17054KNm
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The rotational stiffness of the composite joint with full shear connection is determined by analogy
to provisions for steel joints given in EN 1993-1-8 86.2.7 [2] taking account of the contribution
of reinforcement as specified in EN 1994-1-1 §8.3.2(2) [8].

The general method described in EN 1993-1-8 §86.3.3.1 [2] is applied in order to account for the
3 row in tension. In the considered case the effective stiffness coefficients are calculated based
on EN 1993-1-8 §6.3.3.1 (2) (6.30) [2].

The rotational stiffness of the joint is calculated as specified in EN 1993-1-8 §6.3.1(4) (6.27) [2].

%,in’ :i :143921@

1 1 rad
M+ —
)

2.11.3 Joint type 3, X direction (double sided joint, £=0)

The components involved in the calculation of the resistance and stiffness of the joint are the
same of the Joint type 1 and are illustrated in Figure 2-62. Joints 3 and 4 are double side joints
with the beam that is connected on the flange of the column These joints differ from the Joints
1 and 2 for the absence of the component column web panel in shear (cws). The components
which differ from Joint 1 are the upper slab reinforcement in tension (usrt), the lower slab
reinforcement in tension (Isrt), the column web in transverse compression (cwc) and the column
web in transverse tension (cwt). Only the calculation of these components is reported in the
following.

T
|
HEB 220
|
I
| usrt
[7777777777777777 777777777777~~~ === === Ml
i Isrt
,,,,,,,,,,,,,,,,,, i
|
... ]
| cfb cwt bt epb bwt
e P — i
. _IPE240 1 A N 1| IPE240 |
|
S 3 R S S——— Me:

! cwc bfwc

] 1 ih— il
|
I
|
: i N o

Figure 2-62. Double Side Beam-to-Column Joint connected on column flange (Type 3 and 4)

usrt

Row 1l -——p-———-—————1 il

Isrt

Row 2 -——f-—————————1 il

o cfb cwt bt epb but
Row 3 -——f-—————————1
hr
cwe bfwc
Row 4 ——~ i Hil

Figure 2-63. Arrangement of the components (Type 3 and 4)

Row 1 (h=3511nmm)
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* usrt - Upper slab reinforcement in tension R At =53352KN kiz1 =2680nm
Row 2 (h,=2691mm)
* Isrt - Lower slab reinforcement in tension R Ao ri =18440KN k3o =1170nm

Row 3 (hy=1801nm)

e cwt - Column web in transverse tension Rucri =DA7.T6KN k;=711mm
« cfb - Column flange in bending R dors =339.74KN k, =3466nm
e epb - End-plate in bending R ebrs =186.38KN ks =359 mm
* bwt -Beam web intension R rs =41946KN =00

* Dbt - Bolt in tension 2K, ry =3B280KN ko =846mm

Row 4 (h,=0nmm)

* cwc - Columnweb in transverse compression  F., .z =69.12kN k, =259mm
* bfwc - Beam flange and web in compression Fe ort =500.35KN k; =co

The design resistance moment of the composite joint with full shear connection is determined
by analogy to provisions for steel joints given in EN 1993-1-8 §6.2.7 [2] taking account of the
contribution of reinforcement as specified in EN 1994-1-1 88.3.2(2) [8]. The moment plastic
resistance of the joint is reached as consequence of the failure of the beam flange and web in
compression.

Mzi =F aa ri ml+(':qf'o.m ‘Ft,AsLFu) h, =196.88K\m

The rotational stiffness of the composite joint with full shear connection is determined by analogy
to provisions for steel joints given in EN 1993-1-8 86.2.7 [2] taking account of the contribution
of reinforcement as specified in EN 1994-1-1 88.3.2(2) [8].

The general method described in EN 1993-1-8 §6.3.3.1 [2] is applied in order to account for the
3 row in tension. In the considered case the effective stiffness coefficients are calculated based
on EN 1993-1-8 §6.3.3.1(2) (6.30) [2].

The rotational stiffness of the joint is calculated as specified in EN 1993-1-8 §6.3.1(4) (6.27) [2].

Siin :i:gzmlAﬁn

' 1 1 rad
M+ —
(ka‘m keq]

2.11.4 Joint type 4, X direction (double sided joint, £=0)

The components involved in the calculation of the resistance and stiffness of the joint are the
same of the Joint type 1 and are illustrated in Figure 2-62. Joints 3 and 4 are double side joints
with the beam that is connected on the flange of the column, which differs for the amount of
rebars within the effective width. The components which differ from Joint 3 are the upper slab
reinforcement in tension (usrt) and the lower slab reinforcement in tension (Isrt). Only the
calculation of these two components is reported in the following. Arrangement of the
components is reported in Figure 2-63.
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Row 1 (h=3511nmm)

* usrt - Upper slab reinforcement in tension R ac ri =49A85KN Kizg; =2410mm
Row 2 (h,=2691mm)

* Isrt - Lower slab reinforcement in tension R Ao rt =6LA7KN kizor =0.530mm

Row 3 (hy=1801nm)

* cwt - Column web in transverse tension Rucri =SA7.T6KN k;=711mm
« cfb - Column flange in bending R dors =339.74KN k, =3466nm
* epb - End-plate in bending R e rs =186.38KN ks =359mm
* bwt -Beam web intension R rs =41946KN kg =00

* Dbt - Bolt in tension 2K, ry =3B280KN ko =846mm

Row 4 (h,=0nmm)

* cwc - Columnweb in transverse compression  F.,. .z =69.12kN k, =259mm
* bfwc - Beam flange and web in compression Fe ory =500.35KN k; =co

The design resistance moment of the composite joint with full shear connection is determined
by analogy to provisions for steel joints given in EN 1993-1-8 §6.2.7 [2] taking account of the
contribution of reinforcement as specified in EN 1994-1-1 88.3.2(2) [8]. The moment plastic
resistance of the joint is reached as consequence of the failure of the beam flange and web in
compression.

Mri =R s ri (B 4R a0 i T +(qunm R pari ‘Ft,Aszm) hy =185.07 K\m

The rotational stiffness of the composite joint with full shear connection is determined by analogy
to provisions for steel joints given in EN 1993-1-8 86.2.7 [2] taking account of the contribution
of reinforcement as specified in EN 1994-1-1 §8.3.2(2) [8].

The general method described in EN 1993-1-8 §6.3.3.1 [2] is applied in order to account for the
3 row in tension. In the considered case the effective stiffness coefficients are calculated based
on EN 1993-1-8 §6.3.3.1(2) (6.30) [2].

The rotational stiffness of the joint is calculated as specified in EN 1993-1-8 §6.3.1(4) (6.27) [2].

Sj,iri :& :3)7787ﬁ”n
1,1 rad
”[@,4 kaJ

2.11.5 Joint type 5, Y direction (double sided joint, 5=0)

The components involved in the calculation of the resistance and stiffness of the joint illustrated
in Figure 2-64 are reported in the follow:

e usrt - Upper slab reinforcement in tension
o lsrt - Lower slab reinforcement in tension
e epb - End-plate in bending EN 1993-1-8 §86.2.6.5 and 86.3.2
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 bfwc - Beam flange and web in compression EN 1993-1-8 86.2.6.7 and 86.3.2
e bwt -Beam web in tension EN 1993-1-8 §86.2.6.8 and §6.3.2
e bt - Bolt in tension
HEE§220
: usrt
Przzrrzrzrzrrrzzzzrsrrtsizz s -t === -===-1 i
| SIS T I It
s A I N1 2
. weE20 1| PE240
| Mz
| —— biwe

Figure 2-64. Double Side Beam-to-Column Joint connected on column web (Type 5 and 6)

Joints 5 and 6 are double side joints with the beam that is connected on the web of the column.
These joints differ from the joints from 1 up to 4 for the absence of the following components:

e cws - Column web panel in shear

e cwc - Column web in transverse compression
e cwt - Column web in transverse tension
 cfb - Column flange in bending

The components which differ from those of Joint 1 are the upper slab reinforcement in tension
(usrt), the lower slab reinforcement in tension (Isrt) and the bolt in tension (bt).

usrt
ROW 1 === il
Isrt
Row 2 -——f-——--——-——— il
o bt epb bwt
Row3 -+ W
hr
bfwec
Row 4 - Wil

Figure 2-65. Arrangement of the components (Type 5 and 6)

Row 1 (h=3511nmm)

* usrt - Upper slab reinforcement in tension R aqpi =45485KN kiz1 =2130Mm
Row 2 (h,=2691mm)
* Isrt - Lower slab reinforcement in tension R s rt =6LA7KN kizor =0.500mm

Row 3 (hy=1801nm)
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 epb - End-plate in bending R ebrs =186.38KN ks =359 mm

* bwt -Beam web in tension Rt =41946KN kg =00

* Dbt - Bolt in tension 2K, ry =3B280KN ko =15.73mm
Row 4 (h,=0m)

* Dbfwc - Beam flange and web in compression Fe tory =565.35KN k; =c0

The design resistance moment of the composite joint with full shear connection is determined
by analogy to provisions for steel joints given in EN 1993-1-8 §6.2.7 [2] taking account of the
contribution of reinforcement as specified in EN 1994-1-1 88.3.2(2) [8]. The moment plastic
resistance of the joint is reached as consequence of the failure of the beam flange and web in
compression.

Mri =R s ri (B 4R a0t T +(qunm R pari ‘Ft,Aszm) hy =185.07 K\m

The rotational stiffness of the composite joint with full shear connection is determined by analogy
to provisions for steel joints given in EN 1993-1-8 86.2.7 [2] taking account of the contribution
of reinforcement as specified in EN 1994-1-1 88.3.2(2) [8].

The general method described in EN 1993-1-8 §6.3.3.1 [2] is applied in order to account for the
3 row in tension. In the considered case the effective stiffness coefficients are calculated based
on EN 1993-1-8 §6.3.3.1(2) (6.30) [2].

The rotational stiffness of the joint is calculated as specified in EN 1993-1-8 §6.3.1(4) (6.27) [2].

Sni :ﬂzszeomﬁ1 Moment resistance of the joint
' 1 1 rad
M=t
o
2.11.6 Joint type 6, Y direction (double sided joint, £=0)

The components involved in the calculation of the resistance and stiffness of the joint are the
same of the Joint type 5 and are illustrated in Figure 2-64. The components which differ from
Joint 5 are the upper slab reinforcement in tension (usrt) and the lower slab reinforcement in
tension (Isrt). Arrangement of the components is reported in Figure 2-65.

Row 1 (h=3511nmm)

* usrt - Upper slab reinforcement in tension R ag i =53352KN Kizg; =2330Mm
Row 2 (h,=2691mm)

* Isrt - Lower slab reinforcement in tension R Ao ri =18440KN k32 =1.090nm

Row 3 (hy=1801nm)

* epb - End-plate in bending R ey =186.38KN ks =359 mm

* bwt -Beam web intension R r =41946KN =00

* Dbt - Bolt in tension 2 py =35280KN ko =15.73mm
Row 4 (h,=0m)
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* Dbfwc - Beam flange and web in compression Fe tory =565.35KN k; =00

The design resistance moment of the composite joint with full shear connection is determined
by analogy to provisions for steel joints given in EN 1993-1-8 86.2.7 [2] taking account of the
contribution of reinforcement as specified in EN 1994-1-1 §8.3.2(2) [8]. The moment plastic
resistance of the joint is reached as consequence of the failure of the beam flange and web in
compression.

Mri =R g r [ﬂﬁ(me —FLAGLR‘)@ =1%8K\Nm Moment resistance EN 1993-1-8 §6.2.7.2 [2].

The rotational stiffness of the composite joint with full shear connection is determined by analogy
to provisions for steel joints given in EN 1993-1-8 86.2.7 [2] taking account of the contribution
of reinforcement as specified in EN 1994-1-1 88.3.2(2) [8].

The general method described in EN 1993-1-8 86.3.3.1 [2] is applied in order to account for the
3 row in tension. In the considered case the effective stiffness coefficients are calculated based
on EN 1993-1-8 §6.3.3.1(2) (6.30) [2].

The rotational stiffness of the joint is calculated as specified in EN 1993-1-8 §6.3.1(4) (6.27) [2].

S :ﬂ :96749_0% Moment resistance of the joint

b [1+1] r
ra kg
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2.11.7 Shear components for Joints

* Boltin shear

The joints employ 4 bolts where 2 are in traction and 2 works in shear. The shear resistance of
the single bolt is calculated as reported in EN 1993-1-8 83.6.1 Table 3.4 [2]. The shear
resistance has been reduced by factor 0,4/1,4 due to tension in bolts.

a,f A
Fv,Fd: v h

=9800kN Resistance of the single bolt
Wz

Vg1 =2521KN

e End plate in bearing

The bearing resistance of the end plate is calculated as reported in EN 1993-1-8 §83.6.1 Table
3.4[2].

klzmn(zsim;zsj:zus a :rﬁn[f—‘b;ljzl
d f,
_kay

Fort = =17283KN

W2

Vg » =69L3KN

* Column flange in bearing

The bearing resistance of the column flange is calculated as reported in EN 1993-1-8 §83.6.1
Table 3.4 [2].

k1=m'n(28%/17;25]=25 a, =mn(i—m;1j =1

u

Ry = 200 o5 20k
Wz

Vg 3 =1306.60KN

e Shear resistance of joints
The shear resistance of the joint is equal to the shear resistance of the weakest component.
Vigy =2521KN

2.11.8 Joint design for the Symmetric Configuration - ULS

« Joint type 1 - X direction (single side joint, £=1)

The maximum bending moment and the maximum shear force on the joint type 1 of the
Symmetric structure are respectively Mg, =463kNm and Vg =12446 kN.

My =179.52 KNm> Mg
Vi =2521KN >Vigy
« Joint type 2 - X direction (single side joint, £=1)

The maximum bending moment and the maximum shear force on the joint type 2 of the
Symmetric structure are respectively Mg, =587 kNm and Vg, =56.23kN.
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Mgy =170.54 kKNm> Mg
Vi =2521KN >Vigy
« Joint type 3 - X direction (double side joint, 5=0)

The maximum bending moment and the maximum shear force on the joint type 3 of the
Symmetric structure are respectively Mg, =98065kNm and Vg, =14563KN.

My =196.88 KNmM> Mg,
Vg =252.1KN >Vig,
» Joint type 4 - X direction (double side joint, 5=0)

The maximum bending moment and the maximum shear force on the joint type 4 of the
Symmetric structure are respectively Mg, =338 kNm and Vg, =5481kN.

Mgy =185.07 KNM> Mgy
Vi =2521KN >Vigy
« Joint type 5 - Y direction (double side joint, 5=0)

The maximum bending moment and the maximum shear force on the joint type 5 of the
Symmetric structure are respectively Mg =41L42KN\Nm and Vg, =56.11kN.

My =185.07 KNm> Mgy
Vg =252.1KN >Vig,
» Joint type 6 - Y direction (double side joint, 5=0)

The maximum bending moment and the maximum shear force on the joint type 5 of the
Symmetric structure are respectively Mg, =109.18KkN\m and Vg, =14151kN .

Mry =195.83KNm> My
Vi = 252 1KN >V,

2.11.9 Joint design for the Asymmetric Configuration - ULS

« Joint type 1 - X direction (single side joint, £=1)

The maximum bending moment and the maximum shear force on the joint type 1 of the
Asymmetric structure are respectively Mg, =1663kNm and Vg, =13456kN.

Mgy =179.52 KNm> Mg
Vi =2521KN >Vigy
« Joint type 2 - X direction (single side joint, £=1)

The maximum bending moment and the maximum shear force on the joint type 2 of the
Asymmetric structure are respectively Mg =1129kNm and Vg =6210kN.

My =17054 KNm> Mg
Vi = 252.1KN >V

« Joint type 3 - X direction (double side joint, £=0)
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The maximum bending moment and the maximum shear force on the joint type 3 of the
Asymmetric structure are respectively Mg, =10431kNm and Vg =14992kN.

Mgy =196.88KNM> Mgy
Vg =252.1KN >Vig,
» Joint type 4 - X direction (double side joint, 5=0)

The maximum bending moment and the maximum shear force on the joint type 4 of the
Asymmetric structure are respectively Mg =4210kNm and Vg; =6386KN.

Mgy =185.07 KNM> Mgy
Vi =2521KN >Vigy
e Joint type 5 - Y direction (double side joint, 5=0)

The maximum bending moment and the maximum shear force on the joint type 5 of the
Asymmetric structure are respectively Mg, =663 kNm and Vg, =7425kN.

My =185.07 KNm> Mgy
Vg =252.1KN >Vig,
» Joint type 6 - Y direction (double side joint, 5=0)

The maximum bending moment and the maximum shear force on the joint type 5 of the
Asymmetric structure are respectively Mg, =149.83kN\m and Vg =17356kN.

Mry =195.88KNm> My
Vi = 252 1KN >V,
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3 DESIGN OF THE EXPERIMENTAL TESTS

The 3-D full-scale tests were performed at the laboratory of Material and Testing of the
University of Trento. The facilities of the laboratory were the starting point for planning the 3-D
tests. The lab is equipped with a 42 m long strong floor and to the 9.5 m height reaction L shaped
wall (Figure 3-1 and Figure 3-2). Holes in a regular pattern on both the floor and the reaction
wall allowing an easy connection of specimens and actuators. Two bridge-cranes allow an easy
handling of the specimens. A high pressure oil network characterized by 210 bar, 1500 I/min
flow in the main line, 1200 I/min flow in the raising line and 600 kW oil pumps allows the effective
connection of several actuators, also distributing them in far apart locations. A support for a
gqueen post truss permanently located in the lab and an emergency escape at the end of the lab
limited the available area for test to a square area with side of approximately 13.6 m (Figure
3-3).

‘\r_,’/ s
H.\"'\-\ \\‘\H\-\
- H\“x ::H ~. 15
‘“‘-,‘(r\\;\&\‘ H‘\"ssﬁ
~ = \“x,
.\‘\, Hh""a S
- T,
“
‘\“‘m i
A _.»f’,"’- pr = &
P I 4
» oo < :
s i D N
& ﬂi“a&@‘ $m$mmm%w e
oo dle  dfe o ofe e i««:a% [ i)
ag e ap 4P a4 A ||
L O S >
S N O | P
] L - - L S - -
i b 4 db  db 4B 4 ahe o
oo e e e e dv o o 3
TR N s
S A - T e i
el e e afe -~
e S i e Z
P GOt
7 4 Ab-ﬁb* b i
® 2 -
% wq’;::;/ “.“;, -
$31_-,:{::"' P
o
b N

Figure 3-1: 3-D view of the laboratory of Material and Testing of the University of Trento
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Figure 3-2: Plan view of the laboratory of Material and Testing of the University of Trento
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Figure 3-3: Available area for tests

The plan view of the lab shown in Figure 3-2 identify the pattern of the holes in the slab which
allow the connection of specimens/counter frames to the slab. The position of these holes
identifies possible positions of the columns of the 3-D specimens. The design of the reference
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structure was hence carried out by considering the testing availability of all the partners involved
in tests and in particular of UTRE.

The 3-D full scale experimental test were performed on a portion of the first floor of the
corresponding full-frame, which will be referred to hereinafter as sub-frame. The floor framing
plan of the sub-frames for the Symmetric and Asymmetric configurations are represented by
the dotted area in Figure 3-4 and Figure 3-5 respectively which dimensions are in agreement
with the lab testing facilities.
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Figure 3-4: Floor Framing Plan - Symmetric Configuration (dimensions in mm)
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Figure 3-5: Floor Framing Plan - Asymmetric Configuration (dimensions in mm)

The final geometry of the two specimens and the layout of the slab rebars are presented in
Figure 3-6. ‘Symmetric’ Structure. Slab reinforcements. (a) Lower layer; (b) upper layer
(dimensions in m). The rebars layout showed in the figures are in agreement with ones
calculated for the reference structures (Figure 2-38, Figure 2-39, Figure 2-50 and Figure 2-51).
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Figure 3-7. ‘Asymmetric’ structure. Slab reinforcements. (a) Lower layer; (b) upper layer
(dimensions in m)

3.1 Numerical analysis of the experimental test

In order to design the experimental tests, refined Finite Element Models of the full-frames
and sub-frames were developed by using the Abaqus program [9]; beams and columns are
modeled as ‘Frame’ elements while the slabs are modeled as ‘Shell’ elements with quadrilateral
elements with 4 nodes. The ‘Frame’ elements are modeled in the position corresponding their
central axis, while the ‘Shell’ elements are modeled in the position corresponding the mid height
of the concrete section. The ‘Shell’ elements are modeled with a constant thickness and, in
order to reproduce the real distribution of the rebars in the slabs, accurate partitions and several
sections accounting for different dimensions and spacing were adopted. Figure 3-8 show the
partitions defined for the ‘Symmetric’ configuration, while Figure 3-9 refers to the ‘Asymmetric’
case [ref]. The representation considers the rebars excluding their anchorage length. The rebars
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are embedded within the slab and the slab is rigidly connected to the beams through ‘TIE’
constraints [9]. In the preliminary study, a rigid beam-to-column connection is considered and
the columns are fully fixed at the base. The loads are uniformly distributed on the slab and are
gradually increased by using a smooth step. Different levels of meshing arrangements for the
beams and the slabs have been considering in order to ensure an adequate structural response
while minimizing the computational time of the simulations. Meshing of all the parts is carried
out using the ‘structured’ technique. Mesh refinement with an average value of 200 mm has
been used.
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Figure 3-8. ‘Symmetric’ structure. (a) Concrete slab partitions;
(measures in mm)

(b) slab section properties
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Figure 3-9. ‘Asymmetric’ structure. (a) Concrete slab partitions; (b) slab section properties
(measures in mm)

The structural steel and the rebars are modeled by an elastic perfectly plastic material
model based on the nominal values of the mechanical properties. The Young’s modulus, E and
the yield stress, fy, are assumed equal to 200 GPa and 450 MPa and to 210 GPa and 355 MPa
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for steel B450C and steel S355, respectively. The Poisson’s coefficient is assumed equal to 0.3
for both the steel materials. Material non-linearity for the concrete is included in the FE model
by the ‘Concrete Damage Plasticity’ option. The stress-strain relationship are defined in
compression according to the Eurocode 2 [3] and in tension according to [10] including the
effects of the tension stiffening. Stress-strain relationships for the concrete are reported in
Figure 3-10. The von Mises yield criterion coupled with an isotropic hardening is assumed. All
the material properties are defined accounting for the true values of stress, o, and plastic strain,
&p [11]. True stress-strain relationships and the plastic strain can be obtained based on the
engineering values by the following equations:

O-( = O’ﬂOm (l+ gnom) (1)

g =In(1+e, ) (2)

—e_e =g _5
é‘l,p\_“:l gl,d _‘91 E (3)

where onom is the engineering stress, enom is the engineering strain, o is the true stress, & is
the true strain, & is the true plastic strain and &.¢ is the true elastic strain.

fem = 38 MPa

Jc,nom [ MPa]
N
o

' ™ Eem = 32836 MPa

o 1 2 3 L4 : 1
Ec,nom[ ] x10 Et,nom[ ] x107

Figure 3-10. Concrete stress-strain relationships. (a) Compression and (b) tension behavior for
concrete class C30/37 according to [3] and [10]

The numerical simulations of the tests, performed in ABAQUS [9], follow the three steps
of the loading procedure. In the first step, the gravity load is applied on the slab defining the
condition before the column’s collapse; in the second step the central column is ‘removed’, while
in the third step, additional load is applied onto the slab up to the collapse in order to get an
appraisal of the available safety margin. The first step is performed by a static analysis while
the second and third steps are performed by quasi-static analyses. The static analysis is
performed with the ABAQUS/Standard solver; in this case the central column is fixed at the
base and the analysis provides the vertical reaction force of the element. The equilibrium
equations are solved using the static general analysis procedure. The standard ‘Full Newton’
solution technique is adopted together with an automatic incrementation scheme for the
application of the loading. In the following steps, the quasi-static analyses are performed with
the ABAQUS/EXxplicit solver which offer advantages while solving large non-linear problems. In
the second step the central column is released and the reaction force from step 1 is applied at
the base. A force in the opposite direction is increased in order to gradually reduce the force up
to zero. In the third step the gravitational load on the slab is gradually increased. In these
analyses, the dynamic equilibrium equations are solved using the central difference algorithm;
the velocity of the column displacement is calibrated limiting the ratio between the kinetic energy
and the internal energy (i.e. < 0.01), ensuring that the dynamic effects are negligible. The
response of the full-frame and sub-frame of the symmetric configuration in the three steps is
reported in Figure 3-11.
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e)

Figure 3-11. Sequence of collapse for the full-frame and sub-frame with the following loading
steps: a) and b) Application of gravity load; c) and d) Removal of column; e) and f)
Increase of load.

3.1.1 Sub-frame boundary conditions

The task of the experimentation is to investigate the behavior of the real structure subjected the
collapse of a column. Hence, the sub-frame should be restrained in a way that permits
simulation of the presence of the remaining part of the structure and this issue was of primary
interest in the preliminary study for the test design.

The sub-frame is ‘extracted’ from the ground floor of the full-frame and hence the columns are
fixed at the strong floor. The columns are longer than the story height, and continue up to the
middle height of the second story, where they are connected among them by steel truss
elements as represented in

Figure 3-12. This specimen’s configuration allows for approximating well the distribution of the
moments in the columns and the rotational stiffness of the beam-column joints.
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While the definition of the columns’ upper restraints was almost immediate, calibration of the
connection between beams and slabs with the reaction system required greater attention. Three
different restraining options, as illustrated in Figure 3-13, were considered in the analyses, and
the main results in terms of deformations and internal forces were compared with the
corresponding ones obtained by the analysis of the full-frame. In particular, the adequacy of the
boundary restraints is checked by comparing the response at several significant sections of the
structure reported in Figure 3-14. In order to limit the length of this report, only the results of the
Symmetric configuration are reported and discussed in this section. Similar results have been

obtained for the Asymmetric configuration.

Figure 3-12. Sub-frame for the Symmetric configuration 3-D representation
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Figure 3-14. Significant Sections used for the comparison - Symmetric Configuration

In the Option 1 and 3, only the steel beams are restrained while the slab is not connected to the
reaction wall. The presence of the bracings in full-frame prevents from any significant
longitudinal displacement and hence, the relevant d.o.f. U1 is fully restrained in the sub-frame.
This d.o.f. is left free at the central beam (B in Figure 3-13) where the vertical and lateral
displacements (U2 and U3) are restrained. Besides, in the Option 1, the end rotations of beams
A and C about both principal axes (R2 and R3) are restrained, and the central beam’s end is
restrained against rotations R2 and R3. In the Option 2, in addition to the restraints of the Option
1, also the parts of the slab adjacent to the lateral beams are connected, for a width of 0.5 m,
to the reaction wall, restraining all the translational degrees of freedom. The Option 3 is similar
to the Option 1 but all the rotations are released.

In order to permit the comparison between the results of the sub-frame and of the full-frame by
neglecting the effects of the higher axial load on the columns of the full-frame, concentrated
loads are applied on the columns of the sub-frame model and are varied during the analysis in
order to simulate the axial force variation of the full-frame. The sequence of the concentrated
loads applied on the columns is reported in Figure 3-15.
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b)

Figure 3-15. Sequence of collapse for the full-frame and sub-frame with the concentrated loads
applied on the columns: a) and b) Application of gravity load; c) and d) Removal
of column; e) and f) Increase of load
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Figure 3-16. The ratios of the axial forces on the columns of full-frame and of sub-frame for: a)
first step and b) second step

The ratios of the axial forces on the columns of full-frame and of sub-frame for the first and
second steps of the loading sequence are reported in Figure 3-16. It is possible to observe that
these values are very close to 1 in all the columns confirming that by this procedure is possible
to well approximate the axial force of the full-frame. However, the shear forces in the beams are
not simulated and hence the axial forces on the columns of the sub-frame close to the reaction
wall are still lower with respect to those of the column of the full-frame.
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Figure 3-17. Comparison of the Vertical displacements and Bending moments on the Section 1
- Symmetric Configuration

Figure 3-17 shows the comparisons of the vertical displacements and bending moments on the
slab positioned on the sections 1 of the sub-frame with one of the three restraining options and
the full-frame. The dotted lines indicate the responses of the sub-frames while the continuous
line is related to the full-frame. The responses are reported for three steps of the numerical
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tests. In the step 1 the gravity load is applied on the slab, in step 2 the central column is
completely removed, while in the step 3 the load on the slab is increased with a coefficient equal
to 1.3. By looking at Figure 3-17 is possible to observe that there is no significant difference
between the results obtained by the three restraining options. Moreover, is possible to observe
that all of them are able to approximate more than satisfactorily the behavior of the full-frame in
term of displacements and bending moments. Similar results are obtained also by comparing
other quantities (i.e. shear, axial force, etc.).

Figure 3-18 shows the comparisons of the vertical displacements and bending moments on the
slab positioned on the sections 2 of the sub-frame with one of the three restraining options and
the full-frame. Similarly to section 1, also in this case for the first two steps of the analysis the
response of the full-frame is well approximated by the sub-frame. Differently, the response of
the third step of the analysis is not well captured. It is consequence of the buckling of the central
column close to this significant section in the full-frame.

As showed in Figure 3-16 the columns close to this section are more compressed in the full-
frame with respect to the sub-frame and the buckling of the central column as showed in Figure
3-19 is not reproduced in the model of the sub-frame. However, this phenomenon is not of
interest in this study and there is no significant difference between the results obtained by the
three restraining options.
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Figure 3-18. Comparison of the Vertical displacements and Bending moments on the Section 2
- Symmetric Configuration
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Figure 3-19. Third step of the analysis for the full-frame. Buckling of column.

Figure 3-20 shows the comparisons of the vertical displacements on the slab positioned on the
section 4 of the sub-frame with one of the three restraining options and the full-frame. In this
section, the response of the sub-frame is strictly related to the restraining option adopted. Figure
3-20 shows that no one of the considered options is able to reproduce well the behavior of the

full-frame in this section.
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Figure 3-20. Comparison of the Vertical displacements on the Section 4 - Symmetric

Configuration
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These results indicate that the behavior of the floor subjected to the collapse of the central
column is weakly sensitive to the boundary conditions used to reproduce the continuity of the
full-frame and that the response on the sections of interest for the experimentation are well
reproduced by the sub-frame independently from the response of the external sections. This
outcome allows the use of the simplest restraining solution during the test.

Full-frame Sub-frame

Bottom Side

Top Side

Figure 3-21. Comparison of the Von Mises Stresses on the slab - Step 1 - Symmetric
Configuration

Full-frame Sub-frame

Bottom Side

Top Side

Figure 3-22. Comparison of the Von Mises Stresses on the slab - Step 2 - Symmetric
Configuration

Figure 3-22 and Figure 3-22 compare the Von Mises stresses at the bottom and top side of the
slab between the full-frame and the sub-frame modeled by using the restraints of Option 3 for
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the first and second steps of the analysis. It is possible to observe that the distribution of the
stresses obtained in the full-frame is well approximated by the sub-frame model. Analogous
results have been obtained also by using the other restraint Options.

3.1.2 Increase of load after column removal

While performing the third step of the test's sequence, additional load should be applied onto
the slab up to the collapse in order to get an appraisal of the available safety margin. However,
application of a distributed load in the frame during the experimental test is not feasible and
other solutions have been explored. During the first and second steps the presence of the
column is simulated by using a hydraulic ram in which the compression force is gradually
reduced down to zero. The hydraulic ram might then used to apply a tension force so simulating
the increase of the vertical load in an ‘easy’ and feasible way. The influence on the frame
response of this loading approach was explored by comparing the results of the numerical
analysis of the full-frame and of the sub-frame by using the two different loading solutions. The
responses are compared in terms of deformations and internal forces at several significant
sections of the structure identified in Figure 3-14. However, in order to limit the length of this
report, only the results related to section 1 of the Symmetric configuration are reported. Similar
results have been obtained for the Asymmetric configuration.

Figure 3-23 shows the comparisons of the vertical displacements and bending moments on the
slab positioned on the section 1 of the sub-frame restrained by option 3 with the concentrated
load applied in the central column and the full-frame where the increase of load is made by
increasing the distributed load on the slab. The dotted lines indicate the responses of the sub-
frames while the continuous line is related to the full-frame. The responses are reported for
three steps of the numerical tests and in the step 3 the load on the slab is increased with a load
factor equal to 1.3. In this case the concentrated force is the equivalent force based on the
influence area of the central column. The results for the step 3 indicates that the proposed
solution is able to approximate more than satisfactorily the behavior of the full-frame in term of
displacements (with an error of 1.5 %) and bending moments. Similar results were obtained
also for the other ‘significant’ sections and by comparing other quantities (i.e. shear, axial force,
etc.). The analyses demonstrate that is possible to apply a concentrated force in the central
column to increase the vertical load during the test in order to investigate the available safety
margin.

Position [mm]
2000 4000 6000 8000

Position [mm]

g
o

10000 12000 b

....................... " Step 3

Vertical Displ. [mm]
3
Bending Mom. [KNm/m[~™

Figure 3-23. Comparison of the vertical displacements and bending moments of the Section 1
- Symmetric configuration

3.2 Design of the test setup

The numerical analysis showed that the behavior of the floor subjected to the collapse of the
central column observed in the full-frame can be well simulated in the sub-frame by applying
the boundary conditions reported in Figure 3-24. Only the steel beams are restrained while the
slab is not connected to the reaction wall. The longitudinal displacement is fully restrained in the
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lateral beams (joints A and C). This d.o.f. is left free at the central beam (B in Figure 3-24) while
d.o.f. U2 and U3 are restrained. In all the connections, the rotations are released.

F
v, 2 L &
X1z X1 == kL

Figure 3-24. Boundary conditions for the sub-frame - Symmetric Configuration

Since the rotations are not restrained, the boundary conditions reported in Figure 3-24 have
been obtained by using truss elements. The same elements of the test setup are going to be
employed for both the Symmetric and Asymmetric configurations, hence, they have been
designed by considering the worst condition among the two cases.

The specimens will be built inside the laboratory. Figure 3-25 and Figure 3-26 report the 3-D
representation of the sub-frame and the relative position with respect to the reaction walls
including the elements employed to reproduce appropriate boundary conditions.

Figure 3-27 shows the plan view of the experimental test for the Symmetric configuration while
Figure 3-28 up to Figure 3-32 report the relative sections. These Figures include the indications
of the lateral supports, of the central support, of the hydraulic ram and of the base supports.

Figure 3-25. Symmetric 3-D specimen
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Figure 3-26. Asymmetric 3-D specimen
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Figure 3-27. Plan View of the Experimental Tests for the Symmetric Configuration
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Figure 3-29. Section B-B of the experimental test setup for the Symmetric Configuration
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Figure 3-30. Section C-C of the experimental test setup for the Symmetric Configuration
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Figure 3-32. Section E-E of the experimental test setup for the Symmetric Configuration

3.2.1 Restraints of the lateral beams

The lateral supports are identical with the only difference that the lateral support type 2 is longer.
Lateral support type 1 is reported in Figure 3-33. These connections are made by coupling two
yokes and rod ends which are connected respectively to the counterwall from one side and to
the steel beam form the other side. The rod ends are connected by a tubular steel element by
a coupling system that permits the regulation of the length of the elements while assembling the
test setup. The rod ends have the rotation that is fully released in the principal direction, while,
in the other direction only a rotation of 6 degrees is permitted as reported in Figure 3-34. This
solution have been adopted since the numerical analysis showed that in this direction the
demand in terms of rotation is lower than 6 degrees.

Both the lateral supports have been designed to support a force in traction of 250 kN.
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Figure 3-34. Behaviour of Lateral Supports

3.2.2 Restraints of the central beam

The central connection is made by two braces which restrain the vertical and the in plane lateral
displacement of the central beam as shown in Figure 3-35. Differently, the out of plane lateral
displacement is released. The braces are connected to the strong floor and to a steel plate in
which is connected the central beam. Figure 3-36 reports a detailed representation of a single
brace. The connection with the strong floor is made by yokes and rod ends while the steel plate
in the top is equipped with spherical roller bearings in order to permit the connection with the
yokes. In this case the braces are composed by two tubular steel elements as can be observed
in Figure 3-36. The shorter element has been introduced in order to permit the length regulation
of the brace. Also in this case the rod ends have the rotation that is fully released in the principal
direction, while, in the other direction only a rotation of 6 degrees is permitted.

The actions on the steel braces have been obtained by the Abaqus model. Figure 3-37 and
Figure 3-38 show the axial forces on the diagonal braces of the central joint restraint system
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respectively for the Symmetric and Asymmetric frame. The braces of the central supports have
been designed to support a force in traction of 250 kN.

The shear force on the central beam transmitted by the central joint restraint system is reported
in Figure 3-39.

Figure 3-35. Central Support

Pins W\

Yoke

Steel Plate Lock nut

Coupling System
Yo

\
L\/Steel Plate

Steel Tybolar Steel Tubular . \
‘ .
o o [ e | mmmi| - H ] @/\Jo.m
[ >
450 3510
Lock nuts Lock nut Joint

Lock nuts

IPE 240

Threaded rod

- ¥ i

Figure 3-36. Central Support - One brace
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Figure 3-37. Axial Forces on the diagonal braces of the central joint restraint system of the
Symmetric Frame
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Figure 3-38. Axial Forces on the diagonal braces of the central joint restraint system of the
Asymmetric Frame
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Figure 3-39. Resultant Vertical Force transmitted by the central joint restraint system
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Figure 3-40. Symmetric Frame in the Laboratory. Section A-A

The forces on section A-A as illustrated in Figure 3-40 have been obtained as Free Body Cut in
Abaqus. The evaluation of the bending moment on the composite section A-A is made by
combining the actions of the beam and of the slab.

Mgy =186.900 KNm

In order to achieve an adequate safety margin the lower flange of the beam is stiffened with a
welded steel plate. The dimensions of the section of the steel plate are 10 x 90 mm?2,

3.2.3 Column Supports

As can be observed from Figure 3-29, the central column is supported by a hydraulic ram. The
hydraulic ram is introduced in order to permit simulation of the collapse of the central column,
and it is arranged with a load cell to monitor the forces. The ends of hydraulic ram and load cell
are pinned to the column from one side and to a base support from the other side. These
connections, similarly to the other supports previously described are made by using yokes and
rod ends.

Figure 3-41 reports the arrangement of the hydraulic ram. The hydraulic ram has a capacity in
pulling of 600 kN and all the connecting parts have been designed to resist of this force.
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Central column

Hydraulic Ram

Load cell

Figure 3-41. Arrangement of the Hydraulic Ram

Both, the hydraulic ram and all the columns are connected with base supports connected to the
strong floor by Dywidag bars. Figure 3-42 give a 3-D representation of the base supports.

Figure 3-42. Base support a) for the hydraulic ram, b) for the columns

3.2.4 Column Supports
Moreover, as can be observed by the sections, the columns are longer than the story height,

and continue up to the middle height of the second story, where they are connected among
them by steel elements (HEB 140).

Figure 3-43 reports the central connection of the crowing beams.

a) b)

Figure 3-43. Central connection of the crowning beams. a) plan view, b) lateral view
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Similar arrangement of the test is going to be employed also for the asymmetric configuration.
Figure 3-44 reports the plan view of the experimental test for the symmetric and asymmetric
structure.

a) N i N N i N b) i i N i N N
H ]
[T 1T
[T I
[T I
[T 1T
— HERERERE — HEE

Figure 3-44. Plan View of the Experimental Tests for the a) Symmetric and b) Asymmetric
Configuration
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4 PRODUCTION OF THE SPECIMENS

In this section, a list of the pieces produced for the construction of the two specimens is given.
All the drawings are reported in the annexes A-C.

Depending on the material to be provided, the material was provide by ArcelorMittal, local

fabricators and local companies.

4.1 Steel components

Table 4-1 summarises the steel components needed for the construction of steel skeleton of

the full-scale specimens.

Table 4-1. Summary of the steel components for the steel skeleton of the full-scale specimens

DESCRIPTION

DRAWING NAME

NUMBER
OF PIECES

SPEC. CONFIGURATION

Symmetric

Asymmetric

Summary of the steel

FST 01

X

X

comeonents

Steel profile HEB220 length
5500mm

Steel plate type B
400x400x30mm

Steel plate type C
220x220x20mm

Column assembl

Beam type 1
Steel profile IPE240 length
5460mm

Beam type 2
Steel profile IPE240 length
5670mm

Beam type 3
Steel profile IPE240 length
7095mm

Beam type 4
Steel profile IPE240 length
4246mm

Beam type 5
Steel profile IPE240 length
1500mm

Steel plate type A

COLUMNS TYP

FST 02-09

FST 03-09

FST 03-09

FST 09
BEAMS

FST 04

FST 05

FST 06

FST 07

FST 08

FST 03-04-05-06-
07-08

E1l

18

18

18

12

6

54

X

X

Figure 4-1land Figure 4-2 provide a plan view of the two full-scale specimens (steel skeleton)
which allows identifying the position of the various steel components.
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The profiles needed for the steel skeleton of both the specimens (Annex A) were produced by

ArcelorMittal.

Beam type 5
%

Beam type 5

|
_
7
%
.
.
|
.
.
|
.
|
|
%
.
.
.
%

Column
type 1

7
;ﬁ////z/////////////////////////////////////////////m/

Beam type 5
%

Beam type 1

X7 7775 Column
Column type 1
type 1
%
—
(O]
Q
z |
E%
o
3
0
Beam type 2 é Beam type 2 /
7777777777777 777777777 77777
Column Column Column
type 1 type 1 type 1

[

Figure 4-1. Steel profiles for the symmetric full-scale specimen
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Figure 4-2. Steel profiles for the asymmetric full-scale specimen
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4.2 Restraints

In order to reproduce the effect provided by the remaining part of the structure and the base
connections, the specimens will be restrained to both the floor slab and the vertical walls of the
laboratory. Ai this aim suitable restraints were identified trough FE numerical investigations and
accordingly designed. Furthermore, the columns of the specimens, at their upper ends, will be
connected together in order to reproduce the effect provided by the levels of the structure above
the one considered in the tests. Figure 4-3, Figure 4-4 and Figure 4-5 allow identifying the

position of the restraints.

The main drawings related to the restraints are summarised in Table 4-2 and collected in Annex

B. The restraints (Annex B) were produced by local fabricators.

] o o o © o [e] o ] ] o] o o o] o]

Top restraint

e system ' oo
[e] [e] (o] o] o]
[o] o] o] [e] o]
Lateral Restraint
(s} o] [e] [¢] o [ [o] type 3 \\ [
Column base restraint
o type 2 o o o o o o
\
\ .
¢ Column base restraint ©\ o o Column base restraint

type 1 \ type 1

Figure 4-3. Restraints configuration for the full-scale specimens

Table 4-2. Summary of the restraints

'l (.

AN

DESCRIPTION DRAWING NAME NUMBER OF COSNPIEIEB/IRFTA\NF?ON
PIECES Symmetric | Asymmetric
RESTRAINTS AT THE COLUMN'S BASE
Column Base Restraint type 1 | CBR1 | 8 | X | X
Column Base Restraint type 2 CBR2 1 X X
LATERAL RESTRAINTS
Lateral Restraint type 1 | LR1 | 1 | X | X
Lateral Restraint type 2 | LR2 | 2 | X | X
Lateral Restraint type 3 LR3 1 X X
TOP COLUMN RESTRAINTS
Top connection type 1 | TC1 | 1 | X | X
Top connection type 2 | TC2 | 4 | X | X
Top connection type 3 | TC3 | 4 | X | X
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Figure 4-4. Restraints for the symmetric full-scale specimen
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Figure 4-5. Restraints for the asymmetric full-scale specimen
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4.3 Rebars

The reinforcement of the slabs of the two full-scale specimens is realized with an electrowelded

wire mesh located on both the upper and the lower sides of the slab and additional rebars added

where required by the design calculations.

A summary of the reinforcement needed for the slabs of the two full-scale specimens is reported

in Table 4-3-Table 4-7. In detail:

= Table 4-3 summarises the electrowelded wire mesh required for both the specimens;

= Table 4-4 and Table 4-5 list the additional rebars for the symmetric specimen, for the lower
and the upper side, respectively;

= Table 4-6 and Table 4-7 collect the additional rebars for the asymmetric specimen, related to
the lower and the upper side, respectively.

A detailed description of the layout of the rebars for both the specimens is presented in Annex
C.

Table 4-3-Table 4-7 and the drawings of Annex C have been sent to a local Company for their
production.
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Table 4-3. Summary of the electrowelded wires for the full-scale specimens (symmetric and asymmetric

configuration)
ELECTROWELDED WIRES
MESH TYPE 1
0 26 76 26 26
210
@10
210
@10
210
710
o @10
gl & @10
Q& X 210
4 210
210
@10
210
@10
210
710
9 1025 3450 1025
5500
N° panels Dimensions Nominal unitary weight Nominal total weight
mm kof kof
22 5500x2300 57,882 1273
I ——
MESH TYPE 2
9 26 26 26 26 26 26 26
210
@10
@10
210
@10
210
o @10
g 9 @10
qQ X @10
3 210
@10
@10
210
@10
210
@10
™ 1000 5x1000 1000
o 7000
N° panels Dimensions Nominal unitary weight Nominal total weight
mm kof kof
62 7000x2300 74,493 4619
MESH TYPE 3
@10 @10 @10 @10 @10 @10 @10
@10 @10 @10 @10 @10 @10 @10 @10
3 35 , 15
i o 8
2 60
o @6
25 14x150 25
2150
N° panels Dimensions Nominal unitary weight Nominal total weight
mm kgf kgf
44 2150x1300 12,976 571
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Table 4-4. Summary of the rebars for the symmetric configuration - Lower side

SLAB REBARS - LOWER SIDE - SYMMETRIC CONFIGURATION

Position Shape Diameter | Length Qua?tity Nominal weight
mm mm n kgf
Pos. C L 2400mm 10 2400 22 33
Pos. D 5 2400mm 10 2400 8 12
Pos. E . 2400mm 10 2400 30 44
Pos. F L 2400mm 10 2400 8 12
Total nominal weight (kgf) 153

Table 4-5. Summary of the rebars for the symmetric configuration - Upper side.

SLAB REBARS - UPPER SIDE - SYMMETRIC CONFIGURATION

Position Shape Diameter | Length | Quantity Nominal
mm mm n° kgf
£
Pos.A | EXC—— 10 3000 28 52
o 1450mm ;
£
Pos.G1 | § [ 16 3500 3 17
S L 1548mm
A
Pos. G2 | ¢
£
gI [ 16 3200 3 15
“ 1502m .
l A
Pos.H | 3000mm 16 3000 24 114
Pos. | v 3000mm 16 3000 48 227
Pos. L L 2400mm 10 2400 92 136
Pos. M | | 3000mm 16 3000 12 57
Pos. N ” 3000mm 16 3000 44 206
Pos.O | | 2400mm 10 2400 35 52
Total nominal weight (kgf) 878
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Table 4-6. Summary of the rebars for the asymmetric configuration - Lower side

SLAB REBARS - LOWER SIDE - ASYMMETRIC CONFIGURATION

Position Shape Dial;nn:ater Len:]gth Que;?tity Nomingglﬂweight

Pos. C L 4700mm 10 4700 41 119

Pos.D | 2400mm 10 2400 8 12

Pos. E . 2400mm 10 2400 21 31

Pos. F ¥ 2400mm 10 2400 8 12

Pos. G ¥ 8500mm 10 8500 8 42

Pos. H ¥ 6000mm 10 6000 76 281
Total nominal weight (kgf) 527
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Table 4-7. Summary of the rebars for the asymmetric configuration - Upper side

SLAB REBARS - UPPER SIDE - ASYMMETRIC CONFIGURATION

Position Shape Diameter | Length Qua?tity Nominal
mm mm n kgf
Ei ——
Pos. A 5 Tasomm 10 3000 28 52
Pos. | ,, 3000mm 16 3000 40 189
Pos. L y 2400mm 10 2400 98 145
Pos.M | _ 4000mm 16 4000 12 76
Pos.N | _ 4000mm 16 4000 45 284
Pos. O y 3000mm 10 3000 35 65
£
Pos. P1 EI[ 16 3500 3 17
< L 1548mm L
1
Pos. G2 | ¢
£
gI [ 16 3200 3 15
S 1502m L
| i
Pos. Q 5 3000mm 16 3000 24 114
Total nominal weight (kgf) 957
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5 CONCLUDING REMARKS

This document focuses on the design work related to two full scale tests carried out at the
University of Trento in the framework of the European RFCS project ‘Robust Impact design of
steel and composite building structures’ (acronym ROBUSTIMPACT) (Grant Agreement
Number: RFSR-CT-2012-00029).

The study focuses on composite steel and concrete framed buildings and in particular on their
response when subject to accidental actions. At this aim, two reference five-story buildings were
designed according to the Eurocodes, and representative one story sub-frames ‘extracted’ from
them. The sub-frames were built and tested at the Laboratory of Material and Structural Testing
(LMST) of the University of Trento by simulating the loss of an internal column. In this document,
the work performed to design the reference frames, to ‘extract’ representative sub-frames, and
to design the test set-up is highlighted. In detail, the following subjects are analyzed:

 the selection and the definition of the reference buildings for the case studies;

 the design of the reference buildings according to the Eurocodes;

» theidentification of the representative sub-structures (slab-beam system, columns and joints)
from the reference structures to be experimentally investigated;

» the design of the test set-up.
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ANNEX A: FULL-SCALE TESTS - STEEL COMPONENTS

Beam Type 1 Number of pieces- 12
I 1PE240
5460
Beam Type 2 Number of pieces - 6
I IPE240
5670
Beam Type 3  Number of pieces - 3
I IPE240
7095
Beam Type4  Number of pieces - 3
I IPE240
4246

Beam Type 5 Number of pieces- 6

| ——
1500

Column type 1 Nu

mber of pieces - 18

TI

HEE 220

5500

Plate type A Number

of pieces - 54

260

0

150

400

400

Plate type B Number of pieces - 18

Plate type C Number of pieces - 18

HER
ezl

20

Shear Connector SD 3/4" x 4"; Mild Steel; 1182 Headed studs

H

D

gfj
< H O D=19 ;H=31.75 ;A=9.52 L=100

DI TRENTO

I PARTIMENTO DI INGEGNERIA MEQSANICA £ ETRUTT URALE

Laboratorio Prove Materiali e Struttre

Name Steel Grade Dimensions [mm] Weight [t] Number of pieces | Total Weight[t] Drawing No.
Beam type 1 IPE 240 S 355 JR 240x120%5460 0.168 12 2.011 FST 04
Beam type 2 IPE 240 S 3656 JR 240x120%5670 0.174 3 1.044 FST 05
Beam type 3 IPE 240 S 355 JR 240x120x7095 0.218 3 0.653 FST 06
Beam type 4 IPE 240 S 355 JR 240x120x4246 0.130 3 0.391 FST 07
Beam type 5 IPE 240 S 355 JR 240x120x1500 0.046 3 0.276 FST 08

Column type 1 HEB 220 S 355 JR 220x220x5500 0.393 18 7.079 FST 02-09
Plate type A S 355 JR 260x150x10 0.003 54 0.165 FST 03-04-05-06-07-08
Plate type B S 355 JR 400x400x30 0.038 18 0.678 FST 03-09
Plate type C S 355 JR 220x220x20 0.007 18 0.137 FST 03-09

g D=18; H=31.75;
Shear Cooneclors SD 3/4"x 4 - A=9.52; L=100 - 1182 - FST 04-05-06-07-08
Total 12.434
UNIVERSITA DEGLI STUDI

&

RFCS project N° RFSR-CT-2012-0029
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ANNEX B: RESTRAINTS
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ANNEX C: SLAB'S REINFORCEMENT

— — _—
wwr 0ogl =7 0L$ g's0d Wit 00Fg = 1054019 4 504 Wi 00gL =1 0L$ g 's0d

3 A EAx 2
e P —

i 000€ = 1044 W sod uitti 000€ = 7014 ¥ 'sod

o
2
&
2
5
s o
5 4
@ o o
g ;
L1 ? I
ol o [as]
<L TlE q
! g
< b — — — — T — - — — T a
o @0 0 0 @ @ o5 [ [ o o
s 8 & & : gog 2 : gl 8 g
D
w
- wut 00KZ = 70§ H0L$ 3 s0d ww 00kg =105 H0L$ 3 s0d =
-] 00e e =

D

TRE

000015

T
Fewen

UNIVERSITA'DEGLI STUDI

DITRENTO

RFCS project M. RFSR-CT-2012-0029
Proposal acronym: ROBUSTIMPACT

Laber storio Prave Materal & Strifture

Organisation acranym: UNITRE

o

T R e e e e e E

(@]

A
c

ml [af=iuf: 1% ED‘
CEES z 0sse 0558 ] BULEELS
o P 8 D=
; 0051 g} :
—r— T g
v e i ‘ ‘|m o g
g
- 3
S n
SiSanen T S 4
@ 2
== == 3
= = P
= e c o o
o e i g
S E— P ] o
o 8% g i
i cL i
i a3 i
o 82 i
S — page) —
p—tr— ST e
S ;2 ]
= 5E I 8
= o2 o
= £5 =
=g 50 N s
< i @ } -
e i i
i ] i &
i g —£H H
- S04 N =] ol o
Cei— i =
O i 2N
e == =
o e e 2
== =L 5
== } 4 =i =
I - | == sod I — a
e ] g g —i g
foman— w X o P o
12— o % —R ]
I - o —
ot 2902 no9gE EGEE GIEE 9\%55 GIEE I3
i i £
i o =
i i =
g
== =44 3
= . 1 "
=t o N1 o —
o ] s i 2
- 2 —H =
£ g ESdNIT b o =
§ § i =3 504 —p 8}
2 2 i 0 )
8.2 =i s = «
i f S =] =3 sog =
=1 I dg: 2 g —
2flel - 5 = it
= E = = i
=" fug — AR LU UL R LU BEHERRE
&
a gl 1|l EENENRRNENRRRINENN NN INER R NG| M T AT T A T A =
L¥l [Iz] : t : t # ><
< [ia} < i} <

SLAB REBARS - LOWER SIDE - SYMMETRIC CONFIGURATION




MOMENT RESISTING STEEL-CONCRETE COMPOSITE FRAMES UNDER THE COLUMN LOSS SCENARIO:

DESIGN OF THE REFERENCE FRAMES AND OF THE FULL-SCALE SUB-FRAME SPECIMENS

LS8 o T R 3 i R PR P TSRS PSS S 5 S Py S ST TS 2L
[ — - LILE
oy syt Japyanal

LT o] 3

= 4]

an: e

JyLINN whuoiae uonesiueBin

1OWdWILSNA0Y WAuDDE [esodnld
6Z00-210Z-L0-HS 4 N 19aloud

T R e P I T
OLNAYL 1T

TOLE T, LISHAAING

/9750, e
g 50d Lk (13

g's0d

=
=

ki TOEL

VY 088

oS 3
o
—H <8 &
H 504 nﬁqu e
— = F3I=
Is0d 2"z
l I
L w
o s
= g
———
7 sod 3 3
E| E
L
7 sod
etz
0e 0g
el
17 |e
boon oz |=Z
|04 = = &
Slzz
% S EN
— = |-
d sod H s0d L [
R e |
o SNERE
| 'sod ERERE]
ENERE]
———
T sod
051305 L0L$ 10 &l
i N
T sod
el el
& &
8 s
w - o
— = H=
| 'sod o |=o|lo
= —
4 ARk
i
- H sod

Wi 000t

X

w
=
=

EGLT

NOILVINOIANOD JIHLINNAS - 3AIS d3ddN - SYdvd3d av'is

[ —
Wi O0PZ = 106 H0LG 1500 et QOze = 1914 9 0d
wil 000F = 105L/9L91 | 504 WA OPFE = 106 L0LE 1 50d TIET
it 000 = T061/9L$Z TUH 50d it 000E = 106179191 1 '50d 0572 W
wut 00pzg = 106L/aLPZ LUH s0d W Oopg = 106119192 H 504 Lt 008g = 191 9 504
FETS
0558 0558 Gor
I == TTTTTTTTTTTTTT LT = [TTTTTLTTT T T T et
iimm mwwnan || AL AR RR =555 =5 T T T e
| UH] S04 = | 50d == 'S0d -w9 sog —
T ey 504
-] 50 o T
Y 8 =
Ly Ly —
8 8 ——
= = —
0 0 -5 S04 -
- | 504 \ T
|
00EE Az T
0525 B [CUTECC g 50
GEGL = iy
R ﬁ = NCiiEE
Al H
2 ﬁ S35
I====1 %lm %
[ESSE] - 50d
E=ee T 2 & e
== @ = & o =
— —aae7UH 504 = | 504 - 3 F Yo
= 0 = 0 z |8
= ﬁ =
2 = ==
. ==hb
2 = —
| ] 50 o |
= = pancIsIp ALiojun I
— - om—xomiovewo@i}@ )/ =g 'sod
I— i
= —i
| S04 mm =y 50d
| U S04 - | 50 FA
===cn===aNNNNNENIRNNRNNNN| lmﬁ ety | ﬂw
T [T i 3 5w
—_ B
006 RL
—

wiw oglL =019 g sod

1343

GLLT g
=

Wi po0g = 1014 ¥ sod

C-2



MOMENT RESISTING STEEL-CONCRETE COMPOSITE FRAMES UNDER THE COLUMN LOSS SCENARIO:

DESIGN OF THE REFERENCE FRAMES AND OF THE FULL-SCALE SUB-FRAME SPECIMENS

o1y zoummyayl

ST s

€y

o Buney

Favel

s

T LINA WAUCIoE uonesiueby
10YdMILSNADY wWhuoide esodoly
BZ00-Z10Z-10-HS 4 N 1alodd

ﬁmn_l

w_mow

_EH_

@

g Il 300 98 F 9
FEEITEEIT)

OLNTHLId
1dOLE ITOEd VLIS HIAIND

o[ &
e
— [=3 o
H 50d S ﬁ a
[ -
| 504 =
=
i
o
2
8
5
e
7 sod 3
o8l
0E 0E
e
— 2
|"50d -
u
2
L B
H 5od 8
q sod n
N
e 8
I"50d 5
5
P —
T50d
05 1X05 L0L S 10 I
)
&
m
= =
| 504 3
-
1 2 : e
|Mﬂ7” Ed
s
T H 504 m
348 3
e

g-9 998

GLLT

T054L0Le H sod

Wtk 0009
Wit 0058

=701y sod

it 0008

T051/0L4 9 sod

NOILVINOIANOD DIHdLINNASY - 3AIS 4IMOT - Sdvd3d av'ls

d

it of

1

P = 105H0LE O sod

Wt 00Fg =71 0shi0L$ Q sod
wa 0opg =1 05L/01L$ 3 sod Wi 00/ = 70514019 O S04
g49.81
Toch [EE) [ =
S o 1IN NN NN RN [TTTITITLH )
8 i 1
[ i M T AT oA T L AT
L g e i
L @ @ HHM
& = e
ﬁ 0 mm -+ S0
2 =
N —— pajnguisip Ajuuoyun = i
[ [P | E— 0G1LX0SLA0L § 4O Ban g ——
= o DESL —Ji | == '30d
P 2
ey o b
= el 1] ) i —
(] 504 o (] 'S0d 5 ] T
T n B o Bl FrE—] =¥ sod
2 = } ! 3 ! =
2 T ==i=|
= M ===
28 o obip e i
H 5 o =
H g 0 EE=
- ' s e
3 TTH 1T S
- 5 B
_:______:____::E__:,__: AL :::ﬁ:::::_:fT v
LT T EATERITCA R TR et I [T __:____ﬁ
el e Y el el
g € 8 ] c g g l
= @ P @ =
0 0 0 ﬂ 0 006 »W

"

l

uny 00l =10L¢ 9 sod
Gile

j

uy Qo0g = 10L¢ v sod

Ll

C-3



MOMENT RESISTING STEEL-CONCRETE COMPOSITE FRAMES UNDER THE COLUMN LOSS SCENARIO:

DESIGN OF THE REFERENCE FRAMES AND OF THE FULL-SCALE SUB-FRAME SPECIMENS

T e g e e T

-

wor ur sbupesp

cLogalio:

ay

Jenp ensni

uswp Iy

Bumey

2

son

Iy LINM WALl uanesuebig
1O¥dWILSNA0Y whuoie |esodoig
BZ00-Z10Z-13-1S 44 N 192foid 534

ﬁwl_l
m,muw
:3H_

=

ST & [FLR (o0 S0 S

OLNAHL 1T
IA0LS TOHA Y LIS HEAIN

/G756d
T
Hsod
—

1's0d

oe

a'sod

0SLHOS 0L ® 10 Bl

T5d

I'sod

g 50d

Hsod

L¥l

006

=

T0L¢ g sod
PR
4
T0L¢ v sod

006

|

E

g-d 99g

NOILVINOIANOD DI41ININASY - 3AIS d3ddN - S4dvd3dd av'ls

Wi oogl
Wil 0o0g

1054019 O sod
TostieLblL N sod
105191 2 W sod

it 000€
it 000
itk 000%

1014 g sod
CilT

T0L$ v sod

E

tatti TOSL
tutld 000¢

UL O0bZ = 1051014 7 S04
it 000 = 106L/9L9 1} | S0d

EGTT

7arA

ittt 00z€ = 1944 4 "s0d

FaE

titi 0DRZ = 1054019 1 S0d TCED
i 00¢ = 106191 7 1D 'sod Wt 0g0g = 10618191 | 50d 0577 2
Wi 007 = 106L/91$Z | U sod wn oope = 105191 b © sod wittt 00se = 191 o 5o
doial
0558 G FER
= ;AN NNNNRNRARINENEN] e L T = e
.......... EEREESE )
e | T T eeeaeas =~s~ 1R RRRRRARRRRARARNES =555
B |'s0d S0, .|
2 — -0 504 Hum
~=—=| U7 '80d X - o 504 (-
50, & ]
-] d s |= — -y 504
2 0 i
£ i | 'S0 [ |
= | — .
=== HiNis IO g 'sod
===x OEE Fezg i ) minnn| =
E) l‘/ﬁlll. s
J==== MR
L ====, min
ﬁ SEES MESiEE
@ =
, i
&Hlly T
= A -y s0g
2 i Hl
L=t sl sl 1
= o
o - 504 . (L )
=} I8 [} e
e el I3 @ —
A.vm:o.moao ] P " = == |5
z = pi— i !
B } } ==
= .
= —
= ot |
-4 S04 |
peInqLIsIp ALLIojun —t—
o 051X L0L§ 10 8liA4 i
I —
< ——/ =3 sod
O
g [sog-ae |
= ]/ == s0d
| L) 504 - | S04 L"O ' =g 509 H\Ik
&
>
w t == L =s=n L L | =
= g } EEREEE aj
2 s s M 0 M NN NN ESSSS 55 T T LA T e
js) o
s |€ ; g |C 7 g |}
= o = 2 =
: ' = [
} ! b o
—
A‘ ittt gogl =701 9504
m ST T

—_—

s 0pog = 1049 ¥ sod

c4






