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Abstract:

A national seismic testing lab is to be built
in Bulgaria. It will accommodate state of
art seismic testing facilities one of which is
a Reaction wall - Strong floor (RWSF). As
a first step towards determining suitable ac-
tuators for it, an appropriate numerical sim-
ulation must be performed on a number of
Prototypes made of different materials and
composed of diverse lateral restraining sys-
tems (LRS).

As part of the Thesis, the Prototype is chosen
as a steel structure composed of two differ-
ent LRS in both orthogonal directions - Mo-
ment Resisting Frame (MRF) and Concentri-
cally Braced Frame (CBF). A linear seismic
analysis is then carried out using the Modal
Response Spectrum Analysis (MRSA) on
a spatial computational model in Autodesk
Robot. A brief sensitivity study is performed
for determining the most conservative re-
sponse spectra based on EC8. Both LRS are
designed following the Capacity Design con-
cept. The obtained results are validated and
discussed.

The SeismoStruct software is used to simu-
late a RWSF test by performing a planar non-
linear static (Pushover) analysis on the MRF
and CBF. The non-linear response is verified
and the necessary parameters for choosing
an actuator are provided. The results are dis-
cussed with focus on uncertainties and the
steps that follow.
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Preface

This report is created in relation to the final Master Thesis in the Master of Science program in
Structural and Civil Engineering at Aalborg University (AAU). This is a short type of thesis which
is worth 30 ECTS corresponding to 900 working hours distributed in the period between February
2022 and June 2022. The signed Thesis contract between all parties can be found in Appendix G.

Reading Guide
This document is formed of two parts:
 Report, the purpose of which is to guide the reader through the process of completing the
project.

» Appendix, accompanying the Report and providing an in-depth explanation in form of ad-
ditional description, formulae and supportive material.

An example of the way the Report (left) and Appendix (right) are structured is shown below:

I Part

1 Chapter A Chapter

11 Section Al Section

111 Sub-section All Sub-section

Figure 1.1 | Figure 1 in Section 1 Figure A.1 | Figure 1 in Section A
Table 1.1 | Table 1 in Section 1 Table A.1 | Table 1in Section A
(1.2) Equation 1 in Section 1 (A1) Equation 1 in Section A

Each chapter begins with a small synopsis which summarizes its content. The references to the
literature used in the report are provided using the Harvard-Method. If the project is wanted in
paper form, it is recommended to print in color.
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Experimental seismic testing

The content in this chapter is meant to introduce the reader to what the different facilities used for
experimental seismic testing are and where the biggest of them are located worldwide. Bulgaria's
need for such a facility is brie y discussed after which the Thesis's problem statement is formed.

Introduction

The main challenge with seismic testing (similar to other experimental studies) is the scaling factor
which greatly impacts the structural response especially when dynamics are involved. Therefore,
it is understandable that experimental testing facilities grow in size with an aim of accommodating
as large as possible test specimens (prototypes). Furthermore, a growing amount of consulting
companies prefer to experimentally verify their numerical results on complex infrastructures such
as bridges. The two most common facility types used for experimental seismic testing are brie y
described below:

» Reaction Wall Strong Floor (RWSF)
The reaction wall and strong oor are typically one structural system. The RWSF can be L
shaped ( gure 1.1), rectangular or modular (re-con gurable). Actuators which are anchored
to the wall gradually apply a load in very small increments on the prototype structure. This
is why this facility is used mainly for pseudo-dynamic testing (more is discussed in Chapter
3). It however allows for testing of large structures without scaling them down.

» Shake table
A platform which is moved by actuators in up to its 6 DOF (see gure 1.2). This facility
allows for a fully dynamic seismic testing, simulation of accelerogram in real time, etc. The
main drawback of the shake tables is that the test specimens are very often scaled down.

Figure 1.1: RWSF concept at IIT Kanpur, India [Rai Figure 1.2: 6 DOF shaking table concept lllustration
etal., 2014] courtesy of MTS.
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1. Experimental seismic testing Aalborg University

History

Earthquakes has always been one of the most destructive natural phenomenon known to hu-
mankind. Peru is known for being a highly seismic part of the world where people have adapted
their structures to resist earthquakes through trial and error. The ancient Peruvian civilization has
found that using dry-stone construction created more seismic resistant structure instead of using
mortar. It is visible in gure 1.3 how the Incas cut the stones to perfection so that they can tightly

t and create what is known today as a shear wall.

Figure 1.3: Dry-stone walls of Machu Picchu, Peru

Today the seismic performance assessment in a laboratory has replaced (thank god) the ancient
trial and error approach used by our ancestors. It is well established methodology to calibrate pre-
dictive models and analytical formulas from experimental data since numerical studies have their
limitations. This methodology is used for developing of modern seismic codes such as EN1998-1
[2004]. Moreover, developing novel structural solutions require experimental validations in order

to ensure their safety.

In the last decades considerable advances have been achieved in the Earthquake Engineering
(EE) eld. The research results have contributed to the preparation of modern design codes, to
the identi cation of several problems in the existing structures and to innovative solutions for the
structural assessmeriiMarazzi et al., 2011]

Facilities around the globe
Some of the major labs for seismic performance assessment are shown in tables 1.1 and 1.2 on the
following page with gures 1.4 and 1.5 illustrating the largest of them.

12



Boris Minkov 1.3 Facilities around the globe

As seen in table 1.1 the capabilities of a shaking table are most often expressed using its dimen-
sions, maximum acceleration and shaking frequency it can provide. Other parameters are the
maximum velocity in the different DOF measured in asnthe available DOF and the maximum
weight it can accommodate.

Table 1.1: Major shaking tables around the world

Country

Dimensions Max. acceleration Max. frequency
[mxm] [a] [HZ]

USA University of Nevada at Reno 4.3x4.5 1.0 50
USA University of California at San Diego 7.6 x 12.2 1.0 20
Japan E-Defense 20.0x15.0 15 50
China Tongji University in Shangai 4.0x6.0 15 50
Portugal LNEC - 6.0 -

As seenintable 1.2, the two mostimportant parameters for a RWSF facility are the maximum force

it can apply on a prototype (actuator capacity) and the maximum distance it can push it (actuator
stroke). Its shape (U, L, rectangular), dimensions (especially heigth), RW and SF capacity are also
important factors.

Table 1.2: RWSF around the world

Country Max height Actuator capacity Actuator stroke

[kN] [m]

[m]

Japan  Building Research Institute (BRI) 25.0 1000 +0,5
Taiwan NCREE 15.0 1000 +0,25t0 +0,5
Italy ELSA 16.0 3000 +0,25t0 +0,5

us NEES, Leigh University 15.2 2000 +0,5
India IIT Kanpur 10.5 - -
Greece NTUA 6.0 500 -

Figure 1.4: ELSA RWSF in ltaly [GA et al., 2014] Figure 1.5: E-Defence shake table in Japan. Photo cour-

tesy of Bosai.
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1. Experimental seismic testing Aalborg University

Bulgaria's needs

Bulgaria is located on the Balkan Peninsula which is one of the most geodynamically active parts
not only in Europe but the whole world. It is understandable why a lot of resources has been
invested throughout the years for R&D in the Seismic Engineering eld. The University of Archi-
tecture, Civil Engineering and Geodesy (UASG) in So a, Bulgaria has been a place where a big
part of the R&D has taken place not only on national but also on international levels. An example
of this is the EQUALJOINTS+ EU project with an aim of developing standardized seismically
guali ed joints according to EN1998-1 [2004] [Landolfo, 2022] (see also gure 1.6).

Figure 1.6: Beam-to-column joints prequali ed in the framework of EQUALJOINTS project: a) Bolted hunched joint
b) Bolted extended stiffened end-plate joint c) Bolted extended unstiffened end-plate joint d) Welded dog-bone joint
[ECCS, 2018]

An advanced seismic testing facility in Bulgaria is not only a good idea but rather a necessity if the
country wants to remain part of the international seismic R&D projects and community. Moreover,
this would represent a substantial advantage for the Seismic Engineering students in UASG since
it will impact the learning process by promoting and motivating the work in this eld.

A project for seismic testing facility is currently being developed where both a large scale RWSF
and a shaking table are planned. Once the facility is completed it will become the largest of its
kind on the Balkan Peninsula. Currently the National Technical University of Athens hold this title
(see table 1.2). For con dentiality purposes more information on the project (drawings, location,
etc.) cannot be shared.

Problem statement
The following problem formulation is stated below:

Problem formulation

Choose, analyze & design an appropriate Prototype from steel. Perform a suitable numerical
simulation and nd the necessary actuator capacity and stroke to accommodate it in the new
RWSF facility.

The following is not part of the problem formulation

« The choice of the actual actuators (product).
» The detail design of joints

« Investigation of soil-structure interaction

» Experimental validations and studies

14



2.1

Prototype

A prototype is de ned as the structure which is analyzed, designed and assessed as part of an-
swering the problem stated in section 1.5. The aim of this chapter is to introduce the reader to the
chosen structure for the Prototype. The choice of structural systems, loads and materials are all
discussed in details. Preliminary drawings/sketches of the structural joints are proposed.

Introduction

Before choosing the Prototype structure and its lateral restraining systems (LRS) a number of
consultation were made with Phd. Pierre Pegon (responsible for the largest RWSF facility in
Europe - ELSA) and Assoc. Prof. Tzvetan Georgiev (Company Supervisor and Professor in the
Steel Structures Division at UASG).

”...you have to deal with various scenario...You do not want to overestimate your needs, but at the
same time you would like to be prepared for the future!” -Pierre Pegon

Taking into consideration this feedback, it was decided to incorporate the two most common steel
lateral restraining systems (LRS) in the Prototype structure or namely the Concentrically Braced
Frame (CBF) and Moment Resisting Frame (MRF) - see gure 2.2. Having different LRS in
each orthogonal direction will yield more diverse results as their load-de ection characteristics are
different. It should be noted that the more scenarios for materials and LRS types are investigated
- the more diverse results will be obtained which will help choosing a suitable actuator for the
RWSF facility.

Figure 2.1: Members by type Figure 2.2: Investigated LRS: a) CBF b) MRF

15



2. Prototype Aalborg University

2.2 Geometry
The prototype structure is chosen to be regular in height and elevation so as not to introduce

torsional effects which would unnecessarily complicate a future experiment on it. It is part of a
three storey 1% m high steel of ce building with an inter-storey height ab3n. It is composed

of three 6 m bays in both longitudinaland transversg directions as shown in gure 2.3 below.

Figure 2.3: Stories and dimensions

The dimensions of the prototype structure are in accordance with the size of the future RWSF
facility. The XZ andY Z elevation can be seen in gures 2.5 and 2.6. A plan view is provided in

gure 2.4,

16



Boris Minkov 2.2 Geometry

Figure 2.4: Plan inXY plane

Figure 2.5: Elevation inXZ plane

Figure 2.6: Elevation inY Zplane

17



2. Prototype Aalborg University

2.3 Sections and materials
The materials and steel sections are shown in table 2.1 and gure 2.7 below. The corresponding
steel properties can be seen in Appendix A.1. Please note that different properties are used for the

linear and non-linear constitutive models (see later in section 8.3).

Table 2.1: Used sections and materials by member type

Member type Section Material according to EQ
Columns HEB 400 S460 N/NL
Diagonals (storey 3) CF SHS 100x3 S235JR
Diagonals (storey 2) CF SHS 120x4 S235JR
Diagonals (storey 1) CF SHS 140x4 S235JR
Secondary beams IPE 270 S275JR
MRF beams IPE 360 S275JR
CBF beams IPE 400 S275JR

Figure 2.7: Used sections

The shown steel sections and materials are later veri ed with the linear analysis and design in part
Il of this report.

18
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Boris Minkov 2.4 Loads and actions

Loads and actions

The applied loads and actions are discussed in detail with the company supervisor. This includes
conservative but realistic assumptions for their values and positioning. The non-seismic (vertical)

load cases are de ned in table 2.2 below with reference to the corresponding tables in Appendix

A.2 where the values can be found.

Table 2.2: Non-seismic load cases as de ned in Autodesk Robot [2021]

Number Name Load origin Reference
1 kG1/struct/  steel elements and slab/diaphragm tables A.3 and A.4
2 kG2/roof/ roof structure table A.5
3 kG3/ oor/ oor and ceiling structure table A.6
4 kG4/wall/ external wall cladding table A.7
21 kS1/snow/ snow on the roof table A.10
22 kQ1/live/ imposed load on the roof table A.8
23 kQ2/live/ imposed load on the oors table A.9

* Permanent loads kGinclude the structural and non-structural elements.

« Variable actions kS1of which only snow is considered. Wind actions are neglected assum-
ing that seismic actions are dominant.

» Imposed loads kQfor the corresponding building category chosen for the prototype - of ce,

The seismic actions are applied as equivalent static forces using the Modal Response Spectrum
Method (MRSA) as described in section 4.2. This includes performing a sensitivity study in
section 5.4 for nding the most conservative spectra for the Prototype structure. The derived
seismic load cases are shown in subsection 7.1.1.

Load combinations

The SLS and ULS load combinations are de ned according to EN1990 [2007] and can be seen in
Appendix B.3. Please note that the seismic load combinations are shown separately in subsections
7.1.2 and 7.1.3. The SLS criteria for the different members are de ned in table 2.3 belowlwhere

is their length/height.

Table 2.3: De ned SLS criteria for the members

Member Criteria

Beam/slab Maximum vertical deformation ( nal) L/200
Beam/slab Maximum vertical deformation (imposed load$y250
Column Maximum nodal displacement L/150

The maximum design vertical load on the slab used to choose a trapezoidal sheet product in sub-
section 2.6.1 is calculated in (2.1) below

Og = 1:35kG1+ 1:35kG3+ 1:50kQ2 = 13:30kN=m? (2.1)

19
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2. Prototype Aalborg University

Structural systems and boundary conditions
The Prototype's structural systems alongside with the boundary conditions (BC) are summarized

in gure 2.8 below. The following subsections contain detailed description of each system and the
design measurements undertaken to ensure the chosen BC for the three main structural systems:

« Slab/diaphragm - subsection 2.6.1
» Concentrically Braced Frame (CBF) - subsection 2.6.2
* Moment Resisting Frame (MRF) - subsection 2.6.3

Please note that the proposed design solutions are only supported with preliminary drawings/sketches
since the detailed design is not part of the Thesis's delimitation.

The member de nition parameters (example: buckling length) are shown in Appendix B.2 as
de ned in Autodesk Robot [2021]. Their de nition is based on the boundary conditions and
design choices discussed in the following sub sections.

Figure 2.8: Structural systems in 2 elevations and 1 plan

20
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Boris Minkov 2.6 Structural systems and boundary conditions

Slab/diaphragm

The slab/diaphragm of the prototype is made of a com-

posite deck formed from structural trapezoidal sheeting

lled with reinforced concrete as shown in gure 2.9.

This is a widely used solution for steel structures since

it is cost effective, simple to execute and it provides ex-

cellent diaphragm behaviour in both orthogonal direc-

tion. Moreover, after a brief research it was found that

a similar solution was used in an seismic experiment

performed at ELSAs RWSF facility [GA et al., 2014].

The TYPE AS55/P600 trapezoidal sheeting solution by £ e 2.9: composite slab made of trape-
METECNO [1961] is chosen. Its properties and load  zoidal sheeting and reinforced concrete
bearing capacity can be found in Appendix A.2.1. [Ganesh et al., 2005]

A reinforced concrete slab o= 95mm made of C25/30 concrete is casted on top of the 55mm
high TYPE A55/P600 steel sheeting driving the total slab thickness=0150 mm as shown in

gure 2.11. The maximum design vertical load on the trapezoidal sheet has been calculated to
q¢ = 13:30kN=m? in (2.1). TYPE A55/P600 witlt = 1:2mm is able to withstand a load of
13:54kN=m? with a de ection less tharL.=200 (in agreement with table 2.3). The solution is
illustrated in gure 2.11 and can be seen in details in Appendix A.2.1.

As seen from gures 2.11 and 2.10, the slab is spanning in one direction and supported on the
secondary and MRF beams. The secondary beams are hinged to the CBF beams. In this way only
1=3 of the vertical load is transferred to the MRF beams and the remairid@Q@ to the CBF

beams. The load distribution is done in this way so as not to overload the dissipative MRF beams
with vertical load but rather have a leading lateral (seismic) combination for their design which is

a more economic solution.

Figure 2.10: Floor plan with slab span Figure 2.11: Chosen solution for supporting the
slab on the prototype structure

21



2. Prototype Aalborg University

2.6.2 Concentrically Braced Frame (CBF)

The lateral stabilizing system idirection is formed of four identical CBFs as shown in gure
2.12. An elevation view is provided in gure 2.13 where the connection details are visible. Please
note that gure 2.14 is a preliminary sketch used for demonstrating the used connection concept -
the joints design is not in the thesis's scope.

Figure 2.12: CBF in transversg direction Figure 2.13: Elevation, YZ plane, structure axis 1

Each beam-column connection is hinged
(moment released) leading to the CBF
cores (marked in gure 2.12) becoming the
stiffest system in the lateray direction.
This means that the largest amount of lateral
force is accumulated in the diagonals which
is desired as they are later designed as
dissipative elements. Figure 2.14 illustrates
a proposed connection design concept
where a low rotational stiffness is provided
by using a bolted joint between the CBF
beam and column. A traditional gusset plate
connection is used for connecting the di-
agonal struts and CBF beam to the column
with an emphasis on the center-lines of all
elements meeting in one point.

The base of the columns are moment

released arounxi(released\y) i.e. they are

considered as pinned in the direction of the

CBF. In this way the development of the

plastic mechanism in the CBF is easier to

control. In practice this is done by reducing

th_e _Wldth Of_ the base plate and keeping a Figure 2.14: Connection concept for detail 1.1 and 0.1 with
minimal y distance between the bolts as shown boundary conditions

shown in gure 2.14.
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2.6 Structural systems and boundary conditions

Moment Resisting Frame (MRF)

The structure is stabilized laterally by the four MRF provided int#rection as shown in gure

2.15. An elevation view is provided in gure 2

.16 where the connection details are visible. Please

note that gure 2.17 is a preliminary sketch used for demonstrating the used connection concept -

the joints design is not in the thesis's scope.

Figure 2.15: MRF in longitudinalx direction

As seen in gure 2.17, the MRF beams are
xed to the columns by means of a welded
connection. A compressible material with a
width of minimum 25mm must be placed
between the slab and column in order
to avoid the contact point between steel
and concrete. Moreover, shear connectors
(struts) are provided between the slab and
the top ange of the MRF beam which
restrict the in-plane movement of the
diaphragm. Note that this connection detalil
is further examined in subsection 6.2.1.

The base of the columns is provided
with a xed support My moment is xed).
For this purpose the rotational stiffness
aroundy is increased by adding a longitu-
dinal stiffener at the base plate by naturally
continuing the column's web.

Figure 2.16: Elevation, XZ plane, structure axis A

Figure 2.17: Connection concept for detail 1.2 and 0.1 with
shown boundary conditions
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3.1

RWSF test methods

The aim of this chapter is to present the most common test methods performed on a RWSF facility.
Each of them is brie y discussed after which the chapter is concluded with the most suitable one
that can be reproduced by a numerical simulation

Introduction

As previously mentioned, one of the substantial advantage of the RWSF facility is the possibility
to test large specimens without scaling them down. This, combined with the exibility and the
wide range of test offered by a RWSF facility is often the reason for choosing it instead of a shake
table.

To show the possibilities of a RWSF test simulation, the results from DUAREM: Full-scale ex-
perimental validation oDUAI eccentrically braced frame witREM ovable links performed at
ELSAs RWSF facility (see table 1.2) are used as an example in the subsections to follow - see
gure 3.1.

Figure 3.1: Cover page of DUAREM report [GA et al., 2014]
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