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ABSTRACT
Every year, earthquakes kill thousends of people and destroy or damage many buildings and
structures worldwide. It was observed that the damages induced by earthquakes in
developed countries (e.g., Japan and the USA) are less when compared to less developed
countries such as Iran, Turkey or Pakistan. Comparing the earthquake damages indicated
that even in new and modern buildings, some problems can be seen facing large
earthquakes.
Every earthquake has proved the vulnerability of many structures to damages. A lot of
considerations are required in the different phases of building processes i.e., structural
design, planing, construction and service processes. For instance, in a construction project,
we need to avoid such items: 1) soft stories; 2) irregular plans and elevations; 3)
concentration of the lateral horizontal resistance system in the center and/or asymmetrically
and 4) changing the lateral resistance system in the elevation. Soft story collapse is a
common problem in existing buildings. A soft-story failure can develop in multi-story
buildings in which one or more floors have low lateral stiffness. An example of a soft-story
failure in a building is an apartment with three or more stories located over a ground level
with large openings such as parking, garage or series of businesses with large windows.
The earthquake resistance of conventional structures depends on providing the building
with strength, stiffness, and inelastic deformation capacity, large enough to withstand a
given level of earthquake motion. A conventional structure may be safe, however, many
details, quality, etc. need to be controlled. An important point is the increase of the
‘structure’s stiffness’ by enlarging the section of columns, beams, shear walls or other
elements which causes the seismic load to increase. Seismic codes make buildings safe and
resistant to earthquakes. However, huge damages in recent earthquakes have shown that
fulfilling all code demands and recommendations are nearly impossible because the simple
stiffening of buildings usually leads to higher forces and problems with foundations.
Therefore new concepts and mechanisms have been employed to improve the response of
buildings.
Dampers that dissipate energy and reduce displacements are produced in different types and
are widely used in buildings. In Structural Control Systems, the response (e.g., forces and
displacements) of a structure is controlled to decrease the damages using special devices.
The HYsteric DEvice system (HYDE System) is a passive seismic control concept that
transforms a structure into a rigid-body mechanism. The story shear is controlled in a
dedicated story (the seismic link) using elastic-plastic devices (e.g., Shear Panels) or friction
devices with a force limiting capability. A well-designed HYDE System reduces the
displacements and forces drastically by preventing the typical built-up of kinetic and
potential energies usually seen in the conventional structures. It leads to superior
performance and economic efficiency.
The devices play the role of force fuses in HYDE Systems. The force is limited to a definable
control force. A design curve determines this force by means of nonlinear time history
analysis. A device (Shear Panel) must be designed that provides this control force as plastic
limit under dynamic loads. This plastic force can be produced by yielding of SPs. SPs should
provide a stable and definable force (yielding force) under cyclic loads.
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The evolution of force and deformation capacity for SPs is the main goal of this work. The
dynamic behavior of SPs depends on several parameters e.g., dimensions, shape, connection
conditions and load conditions. One of the most important parameter is the slenderness ratio:
h/t (height/thickness).
The literature in this field can be divided into two major categories: steel shear walls and
steel shear panels. The difference is the frame effect in shear plates and also specimens'
dimensions.
An overview of previous studies shows that steel shear panels have a stable yield force and
a full hysteresis loop.
The main aim of this work is to model the hysteresis, which evolves with load history. This
hysteresis evolution has been mainly neglectet so far, but may play a major role in the
response not only of HYDE System.
This work focuses on the effect of slenderness h/t ratio on SPs' hysteresis loops.
To achieve this purpose a detailed FE Model using the MARC software was developed
accounting for geometric and material non-linearities. This model was validated by
experiments that covered the applicable range of slenderness ratios.
In addition a simples rheological model is proposed. Its parameters can be identified with
the complex FE model avoiding further testing.
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1

INTRODUCTION

Many earthquakes occur around the world every year. Recent earthquakes have shown that,
serious structural damage can be expected in many existing structures and therefore, the
majority of the buildings are not safe enough to resist earthquake loads. Iran is a good
example. Located on an active Alpine-Himalayan seismic belt, it is one of the earthquakeprone countries which has experienced over 130 strong earthquakes with 7.5 magnitude or
higher within the past centuries (Ghafory-Ashtiany, 1999). In December 2003, a deadly
earthquake devastated Bam City (located in south Iran) with more than 30,000 mortalities
and 70,000 injured people (Manafpour, 2005). The aforementioned earthquake was one of
the most fatal natural disasters in modern Iranian history. Similarly, two destructive
earthquakes which happened in 1990 at Roudbar in (north of Iran) and Turkey are good
examples (Berberian & Walker, 2010).
Earthquakes have various effects including changes in geologic features, damage to manmade structures, and impact on human and animal lives. Earthquake damage depends on
many factors such as:
1.1

The size of earthquake
The distance from the focus of the earthquake
The properties of materials at the site
The nature of structures in the area
Problems with conventional structures under earthquake

Over the past 30 years, field reconnaissance has improved our knowledge on the influence
of many aspects of structural design on earthquake damage. The main lessons, are given in
the following (EERI, September 2004):
- Designing to code does not always safeguard against excessive damage in severe
earthquakes.
- Poor construction practice and lack of quality control can lead to severe damage or
collapse.
- Ground failures and large ground movements can cause severe damage and even
collapse of otherwise well-built structures.
- Buildings that experience successive earthquakes may suffer progressive weakening
or eventual collapse.
- Stiff elements that are not considered in design strongly affect the seismic response
of a building.
- Irregularities in stiffness and mass distributions that can cause unforeseen load paths
can lead to local or even global collapse.
- Soft stories create hazardous conditions.
- Inadequate spacing between the buildings could, but not always, result in pounding
damage.
- Elevators and stairways may suffer severe damage that blocks excavation.
- The weakest links in the building systems are often the connections between
structural elements.
- A collapse could happen if the strength of non-ductile elements is insufficient.
- Corner columns are vulnerable.
- Unreinforced masonry buildings usually perform very poorly in earthquakes.
- Reinforced masonry buildings usually perform well.
- It was observed that precast and pre-stressed concrete elements have been poorly
tied together.
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Figure 1 : The same type of building in the same location during an earthquake, one of them
collapsed but the other remained standing. (Dorka, 2017)

One of the most dangerous structural failure types is failure due to soft stories. “Earthquakes
over the last 30 years have confirmed the poor performance of buildings with soft first
stories. Both Northridge and Kobe earthquakes highlighted the observations on the poor
performance of soft first-story in buildings. In Japan, these buildings commonly were used
as a combination of commercial and residential buildings, and in Los Angeles, buildings
failed due to soft story were mostly apartments over garages” (EERI, September 2004).
Building codes are sets of regulations that govern the design, construction, alteration, and
maintenance of structures. They specify the minimum requirements to adequately safeguard
the health, safety, and welfare of building occupants. Structures are built according to almost
identical seismic codes in different countries. It is observed that developed countries
experienced low damages in earthquakes when compared to other countries. However,
there were also series of problems during past earthquakes (Goretti & Pasquale, 2002). The
criterion for seismic design of ductile structures accepted by most countries implies that
buildings should be able to resist moderate earthquakes without collapse, but perhaps with
some structural and non-structural damage.
Conventional structures can be earthquake-safe, but there are too many details that should
be done correctly and therefore, too many structures were lost in the last earthquakes. A
simple mistake in detailing columns or connections could lead to the collapse of the
buildings and therefore, quality control is overwhelmed by these code requirements. It was
observed in some cases, on two (or more) identical buildings with the same design at the
same location, that one is destroyed while the other(s) faces only some minor damage
(Figure 1).
Hence, new concepts are needed to reduce structural damages.
“Seismic Control” is one of the new concepts that are used for earthquake protection. It is
a very efficient, robust and economic method.
1.2

What is “Seismic Control”?

The basic idea is to control the response of a structure to dynamic loading by introducing
special mechanisms into the structural system with suitable control devices.
8

There is a lot of misunderstanding even in academia about structural control and in
particular: “Seismic Control”. The definition Dorka (Dorka, 2014) used in his work is
derived from control engineering. In this context, structural control is:
“The control of selected response variables of a structure subjected to dynamic loading.”
(Dorka, 2014)
Such variables may be displacements or their time derivatives (velocities, accelerations)
and/or forces. Full controllability of a system is of course important, but cannot be achieved
under all circumstances. For instance consider a motor, as it is an assemblage of rigid bodies
(pistons, drive shaft, etc.). Control over their motions is reduced if the drive shaft
experiences vibrations (e.g. due to a faulty bearing), which eventually will lead to the
destruction of the engine. Such “spurious modes” are often a problem in controlled systems.
Besides these rigid body assemblages, vibrational modes also can be controled. Such control
is now almost standard in high-end cars, where the suspension has active (usually hydraulic)
components that react to the car’s motion and using highly developed control algorithms,
provide an incredibly smooth ride at different speeds and on different road surfaces.
These examples from control engineering show that full controllability can be archived in
mode control and rigid body control mechanisms. For mode control, a structural system is
needed that has clearly defined modes. For rigid body control, a structural system must
contain an assemblage of rigid bodies. Their motion can be controlled in connecting links
using appropriate devices.
In buildings and bridges, serious efforts have been undertaken to develop structural control
concepts into a workable technology. Nowadays, we have lots of such devices installed in
a wide variety of structures.
For building structures under seismic hazard, the following structural concepts have been
identified (Dorka, 2004), which allow rigid body motion control (Figure 2).

Figure 2 : Structural concepts suitable for rigid body motion control and thus Seismic Control
(clock-wise from top left): Base Isolation (BI), Hysteretic Device System (HDS) (Dorka, 1994)
(Dorka & Bayer, 2000), Tendon System (TS) and Pagoda System (PS) (adapted from Dorka
(Dorka, 2004) ). HDS applies to deck bridges in particular. (Dorka, 2014)
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Four concepts are presented in Figure 2, which are suggested for Seismic Control (Dorka,
2004) because it is rigid body control, which is most suitable under earthquake loading.
Rigid body motion control avoids dynamic amplification and thus results in small kinetic
and potential energies (Figure 3), which in turn lead to reduced forces and displacements in
the structure.

Figure 3: Typical energies during an earthquake in a conventional structure (left) and a seismic
control system (right). HYDE is the hysteretic energy dissipated in seismic mitigation devices
distributed in conventional structures (added damping, left) or the seismic link of the control
system (right). Note the amplification of potential and kinetic energies in the conventional system,
which does not happen under rigid body control. Also, note the energy concentration in the link of
the control system, where the devices are designed to take care of it. (Dorka, 2014)

Figure 4 : left) Principle of PAGODA-system;
a)standing, b)hanging pendulums
Right) For about 1300 years, pagodas defy earthquakes
with their„ snake dance“

- Base Isolation (BI): The first idea was to isolate the building from the ground. An
example is a building, which is placed on top of frictionless rollers. When the
ground shakes, the device, ideally, does not transfer this motion to the building and,
thus, the building standing beyond does not move. Nowadays, various types of base
isolators are being used. The material of isolators can be a sand layer, graphite lime
mortar layer, slide friction layer, roller or rubber bearing (Monfared, et al., 2013 ).
BI has been investigated and applied extensively (Kelly, 1990) and therefore it is not
discussed here.
- Pagoda System: It manifests itself through a movement during an earthquake in
which the roofs of the pagoda twist towards each other. This is commonly referred
to as the "snake dance". This system is largely responsible for the fact that no
pagoda has yet been destroyed by earthquakes (Nakahara, et al., 2000). Despite
10

historical "success" with this system in slender structures, no modern buildings have
yet been built according to this concept.
- Tendon System: Here, rigid bodies are coupled by individual tendon nets. Devices
adjust the pre-tension of the tendons at strategic points. Favorable mechanisms of
various kinds can be set, as demonstrated by a children's toy in Figure 5. The
movement is controlled by the springs. In stead of springs, sophisticated Shape
Memory Alloys (SMAs) were used to retrofit a historic bell tower in Trignano, Italy
(Castellano, et al., 1999) with a tendon system.

Figure 5: A toy demonstrates the control of various mechanisms in a Tendon system

- HYDE System: The HYDE System will be discussed in detail in chapter 2.
If a Seismic Control system can achieve the behavior given in Figure 3 (right), the reduction
in forces and displacements already makes for a much more economical structure. It is the
force-limiting feature in the seismic link of the control system, which provides the required
robustness: regardless of the earthquake strength, the forces cannot become larger than this
controlled limit, which protects important structural elements, such as columns and piers.
Larger motions in the link can usually be accommodated structurally without much
difficulty (Dorka & Khanlou, 2013).

Figure 6 : Distributing seismic mitigation devices such as hydraulic dampers or even elasticplastic or friction devices throughout a conventional structure without changing it into a genuine
Seismic Control concept does not provide any controllability. Such “added-damping” or addeddamping and stiffness “concepts are not “Seismic Control” (Dorka, 2014)
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It must be noted here that, distributing seismic mitigation devices in the same manner
through a conventional structure (Figure 6) is not “Seismic Control” as defined. These
devices are unable to control any response variable. Although they provide an overall
response reduction, this is limited by their energy dissipation capacity (see Figure 3 left).
An additional price is to be paid, though since many expensive devices are needed. There is
no comparable benefit in robustness and economy when comparing such “added-damping”
or “added-damping-and-stiffness” systems to genuine Seismic Control (Schmidt & Dorka,
2003) (Dorka, 2014).
In general, vibration control may be classified into four groups: Active, Passive, Semi-active
(parameter controlled), or Hybrid.

Friction force kN

- Active Control: Active control incorporates real-time recording instrumentation on
the ground integrated with earthquake input processing equipment and actuators
within the structure (Soong & Spencer, 2012). “With active devices in the links
(such as hydraulic jacks), full controllability can be achieved in systems, but for
earthquake loading, the devices and their energy requirements become too large and
costly” (Dorka, 2014) (Magonette, et al., 2002).
- Passive Control: In a passive control system, the response of a structure is controlled
and limited to the resistance of the structure by using some passive devices (Soong
& Dargush, 1999). Some of them modify the free vibration characteristics of the
structure and bring it to a lower frequency, where the amplitude of earthquake
excitation is smaller. Others control the response by controlling the maximum forces
in devices (Dorka, 2004). Passive control systems are commonly used due to their
simplicity of installation, low cost of implementation, and maintenance of structures.
- Hybrid Control: In addition to the two basic systems mentioned above, there are socalled "hybrid" systems. They are a combination of active and passive devices in
parallel (Djedoui, et al., 2017).
- Semi-active Control: “Semi-active Control uses parameter controlled devices like
magneto-rheological devices or friction devices like the UHYDE-fbr (Figure 7).
They can change their parameters according to the response of the structure and a
control algorithm. Adjusting their parameters requires very little energy, but can
improve controllability in comparison to passive devices (Khanlou & Dorka, 2013)
and thus the response of the structure. They may also be used to control the response
under another dynamic loading, such as wind and traffic, which may provide for
future applications in cable-stayed bridges (Abdel Raheem, et al., 2007)” (Dorka,
2014).

Displacement mm

Figure 7: Bi-directional semi-active friction device UHYDE-fbr (US Patent No 546047) designed
for bridge applications. Friction between the bronze inserts and the sliding plate is controlled by
air pressure. The specially designed bronze inserts provide very stable and repeatable behavior
under various pressure levels (hysteresis loops during repeated testing with constant air pressure
during tests at the JRC Ispra, right) (Dorka, 2014)
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2
2.1

HYDE SYSTEM FOR EARTHQUAKE PROTECTION OF STRUCTURE
HYDE System concept

The HYDE System concept was first introduced by Dorka (Dorka, 1994). It contains two
parallel structures: a very stiff Primary Horizontal load bearing System (PHS) with Seismic
Links (SLs) where HYsteretic DEvices (HYDEs) are placed; and a conventional soft
Secondary Horizontal load bearing System (SHS). The Seismic Link (SL) is defined as a
gap in the PHS, where the devices are placed (Figure 8).
The PHS needs to be very stiff to concentrate horizontal displacements in the SLs. The
stiffness of the support system for the HYDEs in the seismic link (link horizontal stiffness
LHS) must be similar to the PHS.
The SHS is provided by a horizontal system parallel to the LHS often a frame. It has a big
influence on the performance of a HYDE System concept. If it is too stiff, controllability is
lost and the structure becomes conventional. If it is too soft, a stability problem occurs
during non-linear actions of the HYDEs.
Therefore, the SHS should provide just enough stiffness so that the structure remains stable
under vertical loads.

Figure 8: Two versions of applying the Hysteretic Device Concept.

This is achieved when the SHS equilibrates the P- effect (Dorka, 2006).
The HYDE System must be stiff and provides a force limit, e.g., through a stiff-plastic or
stiff-friction hysteresis loop. Then, the SLs can transmit only the maximum HYDE force as
story shear to the adjacent structural members. Thus, the conventional parts of the PHS
remain elastic and are protected from overloading.
The design limit of a HYDE System is as defined the maximum elastic deformation of the
SHS usually by the columns. A well-designed HYDE System dissipates approximately 85%
of energy input into the structure (Dorka, et al., 2004). Moreover, the behavior of the
conventional parts of the structure becomes linear, even under severe earthquakes.
2.2

Design process

The design process is summarized in the following steps:
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- Getting the minimum stiffness of SHS for vertical loads.

Figure 9 : Minimum stiffness of SHS under vertical loads only (Dorka & Khanlou, 2011)

- Three genereted records of earthquakes scaled to the code prescribed maximum
used in the time history analyses.
- A variation of Fy (Figure 10) and respected time histoty analysis provide the design
curve (Figure 11) for every earthquake record.

Figure 10 : Design curve and the HYDEs idealized hysteresis loop.

- Analyzing two linear time history analyses: First, the building without any link
elements and second with solid link elements.

Figure 11: Defining the design force depends on the elastic limit displacement in the SHS (Dorka
& Khanlou, 2011)

- Analyzing the building non-linearly with several forces (minimum 3 plastic forces,
between two link forces which are gotten from last step) as a plastic force in a BoucWen model.
- Getting the design force from the elastic limit displacement of SHS.
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- Final check of elastic limits within the structure by time history analysis using the
chosen Fy.
- Designing the building elements, especially the SPs and their connections.
2.3

Validation of HYDE System concept

Efficient numerical models, optimized shear panels, friction devices and the concept for
design procedure have been proposed in many studies e.g., a retrofitting concept for large
panel buildings (Dorka, et al., 1998), and an RC-frame with masonry infill (Dorka &
Schmidt, 2002).
Experimental validations were done in large-scale pseudo-dynamic tests on two specimens
at the ELSA laboratory of JRC in Ispra, (Dorka, et al., 2004). One specimen was a ½ scale
3-story steel frame with composite floors. The other was a full-scale 3-story RC frame with
masonry infill in the upper floors.
The scope of this investigation was to verify and calibrate the modeling approach and to
study the issues of structural implementation on realistic mock-ups. It has particular
importance in retrofitting situations where the existing structure should be first modified to
comply with the HYDE System concept (Dorka & Schmidt, 2002).
2.3.1 Base excitations
Two earthquake accelerations (Figure 12) were chosen as the base excitations. The first one
was an artificial earthquake compatible with an EC8 response spectrum with soil class B
and 5% damping with a maximum acceleration of 0.25g. The second one was the Kocaeli
earthquake scaled to 0.25g to validate the HYDE System concept with a natural earthquake
record.

Figure 12 : “Ground acceleration time series (scaled to amax =0.25g) and corresponding response
spectra” (Dorka, et al., 2004)
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2.3.2 Steel frame specimen
The steel structure was a 1:2 scale model representative of an office building and previously
tested at ELSA laboratory. It was retrofitted using the HYDE System concept (Taucer, et
al., 2004). The steel frame had some small damages (some small cracks in the welding), that
have not been repaired prior to the HYDE System tests.
This steel frame was a 1:2 scale model with two bays and three stories. The frame was a 3D
frame with a 2m height of each story, and it consisted of 4m and 2.8m beams in longitudinal
(test direction) and transverse directions, respectively. The steel-concrete-composite slabs
are connected with headed shear studs to IPE180 steel beams. The columns (HEB140) were
welded to the beams. The frame was braced in the transverse direction to avoid lateral
displacements. For details on this structure, see the technical drawings in (Dorka, et al.,
2004).
The steel frame was converted into a HYDE System by stiffening the upper floors with
simple steel braces and implementing SPs on the ground floor between the floor beams and
inverted V-braces (Figure 13).
The SPs showed a very predictable and stable behavior up to a strain of 10% which is twice
the maximum design strain. Though the plastic buckling of the web and weld ruptures were
observed at the end of the test, no complete SP failure was observed. Figure 14 shows the
results of the test for cycling dynamic loadings.

Device force (kN)

Figure 13 : Steel frame mock-up at ELSA converted to a HYDE System using shear panel devices.
(Dorka, et al., 2004)

Figure 14 : SPD hysteretic cycles (blue
south side, red: north side). (Dorka, et al.,
2004)

Device Displacement (mm)
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2.3.3 RC-frame specimen
An RC-frame was designed and tested according to the 1986 Italian seismic code (Taucer,
et al., 2004). The frame had some damages (some small cracks had been seen in columns
and beams in joints). The RC-frame was converted into a HYDE System by adding simple
masonry walls in the upper floors to stiffen them. Prefabricated RC-panels (12cm thick,
C30/35 concrete and 440 N/mm2 reinforcement) with friction connections were
implemented in the ground floor (Figure 15). They were not connected to the columns to
keep the displacements of columns free of any lateral restraint. In these connections, the
friction between RC-panels and steel plates was controlled by packages of non-linear
springs ( Figure 15 right) which allow adjustment and checking of the clamping force with
an accuracy of 2% by simply measuring the package's thickness. The RC-panel and their
connections were designed by conventional static methods with a safety factor of two
(Dorka & Schmidt, 2004). The devices were connected to the bottom wall element with
plates fixed with 2xM16 pre-stressed bolts against an inserted pipe ∅35x8x120mm to avoid
local creep of concrete (Figure 16 link). All connections were designed to minimize any
slag to let the HYDEs be activated under small deformations. The friction devices showed
a non-linear behavior described by stiff-ductile hysteretic loops. The variation of the
clamping forces (measured in the bolts) during the tests was significant. Local imperfections
may be explained by the thickness variations and out-of-alignment of the concrete plate
which provided a friction path, as the disc spring packages were pre-stressed to the limit of
their respective plateaus.

Figure 15 : RC-frame mock-up at ELSA converted into a HYDE System using prefabricated wall
elements and simple friction devices (Dorka, et al., 2004).

Figure 16 shows the friction device and it’s hysteresis loop. Figure 17 shows the energy in
the structure with HYDE System. There is clearly shown the reduction of kinetic and
potential energy by using HYDE System.
The test results confirmed the modeling approach, even in the presence of small nonlinearity (cracking in the masonry walls).
2.3.4 Conclusions
From these tests, the following conclusions can be inferred (Dorka, et al., 2004):
- This work demonstrated the effective behavior of the HYDE System, where a
significant reduction of forces and displacements was achieved.
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Frame shear force (kN)

- The numerical model was confirmed by the data obtained from tests.The
conventional part of a HYDE System can be modeled with linear elements, and
static condensation can be used in the non-linear time history analysis, assuming the
floors to be rigid diaphragms and containing the main masses.

Frame drift Displacement (mm)

Figure 16 : Arrangement of one friction device and
instrumentation (left) Frame shear force vs. frame
drift diagram(right) (Dorka, et al., 2004)

- An elastic-plastic hysteresis law can describe the non-linear behavior of the seismic
link in terms of story shear versus story drift. It is recommended to use the BoucWen model because this modeling approach is very efficient numerically.
- SPD showed a very predictable and stable behavior up to a strain of 10%, equal to
twice the design limit. The plastic buckling of the web and weld ruptures observed
at the end of the test did not cause a complete failure of the device. It makes a shear
panel a very accurate, robust, inexpensive, and therefore ideal HYDE.
- The friction devices also performed very well with the special disc springs,
providing an excellent way of controlling and maintaining the friction force. They
require more effort and expertise on-site to secure stable and long-term behavior
when compared to SPDs. On the other hand, friction devices need not be exchanged
after an event and by simply releasing them after an earthquake, the structure moves
back into its initial position by its SHS.
- HYDE Systems reduce a big percentage of kinetic and potential energy (Figure 17).

Figure 17 : Comparison of energies: Steel frame (left) and Rc-frame ( right) both after
modification to HYDE Systems which reduce a big percentage of kinetic and potential energy.
(Dorka, et al., 2004)

This experimental campaign demonstrated that the retrofitting of a building by HYDE
System is a very effective and economical solution, especially when using SPs as HYDEs.
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2.4

A HYDE System design for a residential building in Skopje

A typical modern residential building in the Republic of Macedonia, Skopje was studied by
Dorka and Gleim (Dorka & Gleim, 2006) (Figure 18).
The building is an RC frame with infilled non-bearing masonry walls. It was designed and
built according to the common code, and it could be expected to be capable of protecting its
inhabitants during major earthquakes. During a public-private partnership (PPP-project
between the University of Kassel, IZIIS, and a local contractor), a study was carried out on
using the HYDE System to demonstrate its advantages in terms of seismic resistance and
economy.
For this purpose, the necessary link, the rigid body on top and an SHS that is not too stiff,
was provided (see figure Figure 18). 16 SPs were placed in every direction between RCwall (separated from the adjacent columns to allow link movement) on the second floor (see
Figure 19). All walls (either masonry walls or RC walls) were separated from the columns
and the ground floor (the “link floor”). The SHS is a low stiffness, horizontal RC-frame.
The masonry walls were connected to the RC-frame to provide the necessary PHS stiffness
in the upper stories.

Figure 18 : A typical residential building in Skopja (Dorka & Gleim, 2006)
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Figure 19 : A typical residential building that was re-designed as a HYDE System (Dorka &
Gleim, 2006)

A 3-D finit element ( FE) model (Figure 20) was used for static condensation. Three natural
records of earthquakes scaled to a maximum 0.35g were used for the time history analysis.
The limit force (design force) was obtained from design curve (Figure 20). the deformation
limit in the link was estimated from the elastic limit state of the RC-frame corners in the
SHS.

Figure 20 : (Left) 3-D FE and condensed
model, (Right) design curve with design point
(Dorka & Gleim, 2006)

This study illustrated that:
- Seismic detailing is not required (only required for the connections of SPs) in this
building.
- Building with HYDE System needs only inexpensive devices e.g. shear panels to
control a rigid body mechanism.
- The HYDE System design proved to be more robust (Figure 21) and economical
than the conventional design.
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Figure 21 : Comparing the maximum design stresses :conventional design (left), and HYDE
System (right). It shows supperior robustness of the HYDE System (Dorka & Gleim, 2006)

2.5

Retrofitting of the Allstate Building in Seattle

The Allstate Building in Seattle, USA (Dorka & Conversano, 1995) is a three-story
administration building that was built in 1959/60 and renovated in 1991/92.
Except for the stiff first floor system which will not exhibit any considerable story drift
during an earthquake, the 2nd and 3rd story horizontal system lacked the ductility required
by modern codes. Therefore, a seismic retrofit became necessary.
During the renovation, two stairways were added, as well as a new elevator and a new glassroofed atrium for the 1st and 2nd floors (Figure 22 and Figure 23).
The horizontal load-bearing systems were different in every floor:
- First floor: a stiff exterior concrete wall on the two short sides and one long side of
the building which was needed as an earth retaining wall.
- Second floor: an RC-frame formed by the columns and slab.
- Third floor: a light steel frame formed by steel columns and light steel trusses.
A seismic assessment showed that there was a capacity to create brittle failures. The main
problem was the weak frames that did not fulfill the demands of the current seismic code.
A conventional retrofitting approach had to upgrade all bearing elements by augmenting
columns with an external layer of reinforcement and implementing new shear walls. In this
approach, the seismic forces were so high that the foundation could not support them. In
this situation, a HYDE System brought the solution.
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Figure 22 : Allstate Building floor plan and section with new rc-cores containing seismic links
with shear panel just below the 2nd floor ceiling (Dorka & Conversano, 1995)

Figure 23 : “Elevator core as part of the Primary Horizontal System (PH-System) with seismic
below the 2nd-floor ceiling. Shear panel dampers as Hysteretic devices and grouted steel tubes on
the corners as overturning devices” (Dorka & Conversano, 1995).
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Shear panels were placed in the new stairway and elevators, which provide the PHS and the
link in the 2nd-floor (Figure 23). The existing frames provided the SHS without
modification.
To verify the new PH-system, the UBC provisions for excentrically braced frames (EBFs)
were used because of the similarity of both systems; EBFs are also stiff-ductile system with
shear panels as hysteretic devices. The shear panels in the Allstate Building were designed
to yield at the calculated story shear using the static procedure.
In addition to this, non-linear three-dimensional analysis was performed on a system model
using linear beam elements to model the frames (SH-system), lumped prismatic masses for
each floor and a bi-linear two-dimensional hysteresis model for the shear action in each
seismic link. A reliability study using 500 earthquake records generated from a modified
Kanai-Tajimi spectrum scaled to the local properties of the site was performed and a
comparison made to the performance of the previous system and a system with conventional
rc-cores assuming linear behavior. Since this study is reported in (Dorka & Pradlwarter,
1993), only the results in terms of standard deviations of the story drifts are given in Table
1
Table 1 : Standard deviation of 2nd story drift
System type

Dim.

x-direction y-direction

Previous

mm

24.48

30.13

Stiff (linear) cores

mm

2.00

1.90

Hyde-system

mm

2.80

2.90

The standard deviation of the story drift is a direct measure of the reliability index as it is
defeined in modern codes. The comparison shows clearly the effect of the new Hyde-system
in the Allstate Building. It limits the standard deviation of the story drift-(linear) system
values without the large forces.
Conventional retrofitting was too expensive, the building would have been demolished and
therefore saved the building.
- No major repair on the main structure was necessary.
- SPs are accessible and easily replaceable.
- The retrofitting was 60% cheaper than any conventional approach and therefore
saved the building.
2.6

Self-centering HYDE System for seismic retrofit of composite frame

A study on a seismic retrofit of a typical deficient composite frame using the HYDE System
concept was done by Dorka (Dorka & Khanlou, 2013). This was comparing elastic-plastic
control devices (e.g. shear panels or friction devices) with self-centering HYDEs (e.g. shear
panels that exhibit elastic buckling).
The building was a typical office building of 70ties vintage that can be found in many areas
of Europe. As shown in Figure 24, the structure was a five-storey. It had a 7.2 m by 7.2 m
column spacing and it was limited to one bay in the transverse direction where composite
steel-concrete moment resisting frames provided horizontal resistance.
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Figure 24 : Typical office building of 70ties vintage constructed with composite frames (Dorka, et
al., 2012)

The new seismic hazard is given in Figure 25. It refers to a soil class D in Celico, Italy, with
a peak ground acceleration of 0.3 g for a 475 year return period.
In addition to usual advantages of HYDE System (superior performance and economy) this
study revealed that the large dissipation capacity of elastic-plastic HYDEs is not the
controlling factor for the response. It is the limit force Fy which provides robust behavior
with very little variation of expected displacements in the seismic link under different
earthquakes that represent the same seismic hazard (Figure 26) (Dorka & Khanlou, 2013).

Figure 25 : Elastic response spectrum for Celico, Italy for an office building on soil class D
according to EC8 (Eurocode 8) with 3 spectrum compatible, generated earthquake records.
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Figure 26 : Design curves for 3 artificial earthquake and hysteresis loop with design HYDE forces
given by the elastic limit displacement of the 1st story columns: upper- graph for an elastic-plastic
and bottom- graph for a self-centering HYDE System.
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2.7

Summary of HYDE System development

The HYDE System concept provides superior robustness and economy for structures under
seismic actions.
- The HYDE System is an easy-to-use passive seismic control concept that can be
used in less-developed countries.
- HYDE Systems are easy to model, their modeling is validated.
- Retrofitting is done with little interference to occupants. They are very suitable for
retrofitting, in particular soft-story structures.
- The control of the shear force limit is the most important feature, dissipation is
secondary.
- Quality control only concentrates on the HYDEs in the link.
- All other members only require simple, even non-seismic detailing.
- They can be designed based on any modern code, using time history analysis.
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3

OVERVIEW OF THE PREVIOUS SHEAR PANEL AND SHEAR WALL
STUDIES

In this section, numerical and experimental studies are discussed to provide an overview of
SP behavior and specific parameters that are important for their performance. The literature
in this field can be divided into two major categories: shear walls and shear panels. The
differences, between these studies are the effect of the frame on the shear web and also the
dimensions of the specimen.
Shear steel walls for numerous studies were carried out on different parameters e.g. the
effect of material properties (Caccese, 1993), the angle formed by the tension field (Driver,
1998), the thickness (Elgaaly, 1998), the ratio of width to height (Maripudi, 1990), beam to
column connections (Robert, 1998) (Xue, 1994) ,or holes in the shear web (Roberts, 1992)
etc.
Owing to the tension field action, first revealed by Wagner in 1931 (Wagner, 1931), thin
plates under in-plane shear possess substantial and stable post-buckling strength and
deformation capacity. In his model, the shear panels were replaced by a series of truss
members. After then, many scientists like Kuhn, Basler, Rocky, Porto, etc. studied the
diagonal tension in the plate and improved the knowledge on the ultimate force and the
effect of flanges on the behavior of shear panels.
The following studies highlight the developments in this field.
3.1 Takahashi et al. (Experimental study on thin steel shear walls and particular bracings
under alternative horizontal load.) 1973.
The first extensive research program on the behavior of steel plate shear wall panels was
conducted by Takahashi (Takahashi, et al., 1973) in Lisbon. The objective was to investigate
various configurations of stiffened shear panels subjected to inelastic cyclic loading to
determine their suitability for use as a lateral load-resisting system for buildings.
The experimental program was carried out in two parts. The first phase consisted of cyclic
tests on 12 panels with varying plate thicknesses (2.3 mm to 4.5 mm, with overall
dimensions of 2100 mm width by 900 mm height) and stiffener arrangements. The stiffeners
were cut in various widths from the flat plate and welded to the panels on one or both sides.
One of the 12 panels was a control specimen with no stiffeners installed. Each panel was
bounded by a very stiff rectangular pin-jointed frame and connected thereto with highstrength bolts. From four to six complete cycles of shear, loading was applied with
increasing deformations in each cycle.
The researchers demonstrated that the stiffened panels dissipated significantly more energy
than did the unstiffened panel, although both types generally behaved in a stable and ductile
manner. The panels with stiffeners on both sides tended to show more stable behavior than
those with single-sided stiffeners. Based on the results of these tests, Takahashi (Takahashi,
et al., 1973) recommended that stiffened steel plate shear walls be designed so that the shear
panel does not buckle elastically. Furthermore, it was recommended that, should inelastic
buckling occur, it be limited to local buckling between the stiffening elements that is, overall
buckling of the stiffened panel should not occur.
The second phase of the experimental program consisted of two full-scale tests of a section
of a stiffened shear wall taken from the design of a 32-story building. The design was carried
out using the principles established from the results from a series of tests. Two specimens
were one bay wide and two stories high. One was with stiffened door openings and one
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without. To produce similar shear stiffness and strength, the panels without openings were
4.5 mm thick and the panels with openings were 6 mm thick.
Horizontal in-plane loads were applied at the top of the specimens. The specimens were
loaded and unloaded in one direction, with a few fully reversed loading cycles interspersed.
Both specimens showed good ductility and energy dissipation characteristics.
The full-scale specimens were modeled using the FE method. Elastic-plastic material
behavior was assumed, based on Von Mises yield criterion. Fully planar behavior was
assumed so that plate buckling did not need to be taken into account. The FE analyses used
monotonic loading, but the good agreement was achieved with the envelope of the
experimental load vs. deflection curves.
The first test results showed that the specimens underwent large deformations exhibiting a
very stable and ductile behavior. Some of the panels buckled elastically because the height
of the transverse stiffeners was small. Partial buckling also occurred in the specimens that
had relatively large spacing between stiffeners. In some other specimens occurred plastic
buckling.
The yielding shear stresses of the infill panels conformed well to the Von Mises yield
criterion, namely.
𝛿𝑦
(Eq. 3 – 1)
⁄
√3
After buckling, the rigidity of panels gradually decreased as the plates developed tension
field action. The specimens with stiffeners on both sides of the panels showed more stable
behavior than those with stiffeners on one side of the panels only. In general, the hysteresis
curves were S-shaped for most specimens, except in a few cases where the specimens were
heavily reinforced with wide stiffeners.
𝜏𝑠𝑦 =

The authors concluded that the equations presented for the design of stiffeners for thin steel
shear walls are satisfactory provided that plate buckling would not occur until the plates
develop their shear yield strength. Moreover, they concluded that the conventional shear
theory, wherein the horizontal shear is transferred by beam action alone, can be conveniently
used to calculate the stiffness and yield strength of stiffened shear panels.
3.2 Timler and Kulak (experimental study of steel plate shear walls) 1983
The behavior of the steel shear wall has been studied by Timler as his Ph.D. work. Timler
(Timler & Kulak, 1983) presented the experimental results as a research report in 1983. The
main goal of this work was to study the yielding and the buckling and post-buckling force
of the plate embedded in the frame. It was assumed that the tension field action plays a big
role in the post-buckling force (Thorburn, et al., 1983). And the work was an experimental
investigation to verify that unstiffened, thin-webbed steel plates are effective as a lateral
load resisting scheme.
Experimental program
A single full-scale specimen was fabricated and tested (Figure 27). It represents two single
stories, one bay steel shear wall elements. The members oriented vertically in the specimen
correspond to the beams in the prototype. The horizontal members represented the columns.
The use of a symmetric model provided a condition of infinite stiffness at the specimen in
perpendicular direction. Having equal and opposite transverse (horizontal) components of
the tensile forces present within both web plates acting on either side of the interior beam
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causes a no bending situation for this member. This is consistent with the usual design
assumption for interior beams located in shear wall.

Figure 27 : Test Setup (Timler & Kulak, 1983)

Two loading sequences were used; a cyclic loading to the allowable serviceability deflection
limit, and a final loading excursion until failure was reached. During load reversals carried
out within the first loading procedure, both tensile and compressive forces were applied.
The major area of interest of the testing program was the examination of the tension field.

Figure 28 : a typical steel shear wall (Timler & Kulak, 1983) using inclined truss members,
simplified model of shear wall.

Figure 28 shows a sample model of typical steel plate shear wall with horizontal and vertical
boundary conditions. The thin embedded plate is buckled in shear and forms a diagonal
tension field to resist lateral loads. Timler and Kulak (1983) presented the following
equation for the inclination angle of the tension field, α, in a single panel shear wall (SPSW)
infill plate:
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𝑡𝐿

4

𝛼 = tan−1 √

1 + 2𝐴

𝑐

1

1 + 𝑡ℎ (𝐴 +
𝑏

(Eq. 3 - 2)

ℎ3
360 𝐼𝑐 𝐿

)

t = thickness of the infill plate h = story height
L = bay width
Ic = moment of inertia of the vertical boundary element
Ac = cross-sectional area of the vertical boundary element
Ab = cross-sectional area of the horizontal boundary
As the exterior beam Timler’s specimen was free to bend, the additional bending strain
energy of the beam was also included in the total work equation. Also, as the base of the
columns was pinned the strain energy term for the column bending was modified. Following
the same procedure outlined by Thorburn et al. (Thorburn, et al., 1983), the solution for 
was derived as:
𝐿3

1

4

𝛼 = tan−1 √

1 + 𝑡𝐿 (2𝐴 + 120𝐼 ℎ)
𝑐

1

1 + 𝑡ℎ (2𝐴 +
𝑏

(Eq. 3 - 3)

𝑏

ℎ3
320 𝐼𝑐 𝐿

)

Ib = moment of inertia of the horizontal boundary element
The second entry in the parenthesis for the numerator is the additional contribution due to
the bending of the exterior beam member. The predicted angle of inclination for tensile
stresses was computed as 51°. The measured angle of inclination of the principal stresses,
which is a key parameter in the model, was found to be within 10% of that predicted by
equation (Eq. 3 – 3). The discrepancies between Thorburn’s original derivation and revised
expression, Equation (Eq. 3 – 3), were found to be of minor significance. The simplified
analytical model, the strip model, developed by Thorburn et al. (Thorburn, et al., 1983) was
found to be satisfactory in predicting the overall load-deflection response of the specimen,
although the predicted elastic stiffness of the specimen was slightly stiffer than the measured
value.
The measured axial strains in the columns were in good agreement with the predicted values.
The less satisfactory correlation was obtained between measured and computed bending
strains. In each case, the measured strains were lower than those predicted.
3.3 Nakagawa and Kihara, (Low yield strength steel panel shear wall) 1996
Nakagawa (Nakagawa, et al., 1996) investigated experimentally the hysteretic behavior of
the low yield strength steel walls (LYSWs). The experimental work was conducted in two
stages: to verify the effectiveness of the ribs under a cycling shear load and to investigate
experimentally a three-story steel frame with the LYSWs.
The specimens were low-yield strength steel plate panels (t=4.5mm) measuring 1700 by 1700
inside length and ribbed with the steel plates (t=6mm). The experimental parameters were
the rib arrangement, spacing, and height. Five specimens were prepared as shown in Figure
29.
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1700 mm
1700 mm

No. 1: h= 27mm

Specimen
No. 1

No. 2: h=35mm ,No.3: h=18mm

Rib
d/t cr1 cr2
arrangement
GIRD

No. 4: h=35mm

No. 5: h=35mm



110 123 144 47

No.2

NON GRID 110 123 144 52

No.3

NON GRID 110 42 144 37

No.4

NON GRID 170 69

60 39

No.5

NON GRID 250 31

27 41

Figure 29 : Rib arrangement of specimens
and test setup which has two joints and
diagonal force.

𝜋2𝐸
𝑡 2
( )
12(1 − 𝜗) 𝑑
cr2 = the shear stress undergoes elastic buckling,
 = the plate buckling of the specimens
𝜏𝑐𝑟2 = 𝑘

(Eq. 3 - 4)
k=9.34 (panel supported simply)

The symbol 𝜏𝑐𝑟1 denotes the shear stress at which the entire panel undergoes elastic buckling
(entire buckling). Its approximate value was calculated by the energy method by assuming
that panel was simply supported. That is, the buckling deformation  of the panel was
defined by the Fourier series of equation (Eq. 3 – 5). The sum of the strain energy of the
panel & ribs and the potential energy of the shear force, is an external force. The buckling
stress of the panel was calculated by equation (Eq. 3 – 6).
𝑀
𝑁
𝑚𝜋𝑥
𝑛𝜋𝑦
(Eq. 3 - 5)
𝜔 = ∑ ∑ 𝑎𝑚𝑛 𝑠𝑖𝑛
𝑠𝑖𝑛
𝐿
ℎ
𝜕 ∏ ⁄𝑚=1 𝑛=1= 0
(Eq. 3 - 6)
𝜕𝑎𝑚𝑛
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Figure 30 : Shear stress and shear strain relationship of specimens

The hysteresis curves of specimens 1 to 5 are shown in Figure 30. The load and deformation
of each specimen are converted into the average shear stress  and the shear strain ,
respectively. The specimens exhibited stable hysteresis loops of high energy absorption
capacity and did not appreciably differ in the cumulative loop area.
The hysteresis loop from test responses are shown in Figure 30. The plate buckling load is
the average shear stress of the specimen when out-of-plane deflection is visually observed
in the panel. The elastic limit of the low-yield strength steel used in the specimens was about
60 MPa and was about 70% of the 0.2% offset yield strength of 87 MPa. Given this material
property, the specimens were judged to have substantially undergone plastic buckling,
except for specimen 5 that buckled locally first.
The test results and conclusion can be expressed as follows:
- Buckling mode:
- The specimens No. 1) (Figure 29) the local buckling mode up to the end.
- No.3) (Figure 29) the entire buckling without any local buckling.
- No. 2, 4, 5) (Figure 29) the out-of-plane deformation of the ribs and exhibited the
entire buckling mode.
- The plastically buckled specimens exhibited slip-like hysteretic behavior on the
inversion of buckling deflection in large-amplitude cycles.
- Comparison between tests No. 2 and No. 3: (Figure 29) the stiffness of ribs has a
positive effect on the buckling force.
- Comparison between tests No. 2, No. 4, and No.5 (with panel width-to-thickness
ratio, d/t, of 110, 170, and 250): not only the stiffness of ribs affect the buckling and
ultimate force, but the arrangements efect.
- The ribs installed on the shear plate are effective in preventing elastic buckling of
LYSWs.They also provide stable hysteretic behavior during plastic buckling with a
high energy absorption capacity from low to high strain amplitudes.
- LYSWs have a considerable vertical load-bearing exhibited stable hysteretic
behavior when subjected to cyclic shear loading.
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3.4 Driver (Seismic behavior of steel shear walls) 1998.
Driver (Driver, 1998) studied the behavior of shear walls. A large-scale four-story, singlebay specimen with unstiffened panels (Figure 31) was tested under controlled cyclic loading
to determine the behavior of steel shear walls. Shear plates were welded to the beams and
columns to get an infilled steel frame to resist the lateral forces like earthquakes and wind
loads. A 500 mm thick reinforced concrete reaction wall was available for applying the
horizontal loads and a pre-stressed concrete strong floor supported the specimen at the base.
The vertical loads were applied through a distributing beam on top of the shear wall. Inplane and out-of-plane displacements and also 98 electrical resistance strain gauges were
measured at each of the four levels.
A horizontal in-plane load history with gradually increasing loads in successive cycles
(slow cycling force, plus vertical loads and displacement control) was applied.

Figure 31 : Test setup (Driver, 1998)

The following points can be mentioned from the test results:
- In the first 10 cycles, the test specimen behavior remained virtually linear.
- In the first cycling with  = y, panels 1, 2, and 3 (Figure 31) all buckled visibly at
the maximum deflection.
- The first yielding in beam-to-column joint occurred during cycle 17 ( = 3y).
- The first tear was detected during cycle 18 in the weld connecting panel 1.
- 15 tears were present in panel 1 by the end of the test (cycle 30  = 3y).
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- At the end of the test (cycle 30), the base shear reached 85% of the maximum base
shear achieved (cycle 22).
- In the early (elastic) loading cycles, the panel maintained its stiff state. As the extent
of deformation increased, the steel plate shear wall yielded and the frame gradually
softened.
- The unloading curves had the same slope with the elastic stiffness in the early cycles
but the slope of these unloading curves tended to decrease gradually.
- As the shear panels had showed yield deformation, the stiffness of the frame was
reduced substantially in the opposite direction to that of the previous excursion.
- The local buckling in the column flanges began in cycle 20 and it propagated in the
subsequent cycles.
- The hysteresis curves were relatively wide, which indicates the significant energy
dissipation during each cycle (Figure 32).
- One of the reasons that the tearing did not result in sudden decrease in stiffness is
the ability of the continuous shear plate to redistribute loads to areas unaffected by
the tearing.
- The crack began suddenly at the flange in the base connection in cycle 30 and
propagated approximately 30 mm along the flange in a relatively manner, as is
apparent from the 45° shear slope on the fracture surface. Although failure occurred
in the column after a very large deflection and after a large number of inelastic
reversals, it was a sudden fracture that should be avoided.
- The fracture was sudden and was accompanied by a large release of energy. The
fracture began at the toe of the weld connecting the west flange of the column to the
base plate. The crack then propagated through the remainder of the west flange and
completely through the web.
A preliminary finite element model with basic features of the model, such as the types of
elements and the solution was presented by Driver (Driver, 1998) to simulate and to predict
the behavior of shear walls (Figure 33).
Cycle 22 (5y)
Cycle 30 (9y)

Storey Shear (kN)

Cycle 11 (y)

Figure 32 : Hysteresis (Top
deflection vs. base shear force) and
envelope of cycle test curve. (Driver,
1998)

In the following, the details of the FE model are illustrated:
- The beams, columns, and the shear wall infill plates were modeled using a
quadratic, shear-flexible beam and plate/shell elements respectively.
- Linear material for beams and columns, and bi-linear elastic-plastic material
with Von Mises yield surface model for shear plate was assumed respectively.
- Because of the large number of high-level strain reversals, a kinematic hardening
rule was invoked to simulate the Bauschinger effect in the cyclic runs.
- The FE analysis software ABAQUS was used to simulate the numerical model.
- A geometric non-linear analysis was considered in the numerical model.
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- At higher loading levels, where the model is still essentially elastic, it predicts a
stiffer behavior than that exhibited by the specimen.
- The result showed that the FE model accurately predicts the ultimate load (the load
level occurred in the test at a defection of 5y (yield displacement).
- The gradua1 post-ultimate strength degradation exhibited by the test specimen
(cycles 24 to 30) was not seen in the FE results because the tearing and local
buckling behavior of the shear wall was not included in the model (Figure 32).

Figure 33 : Finite Element Model of specimen (deflected shape) (Driver, 1998)

Hysteretic behavior: The criterion used to control the test, and which is of prime importance
for the performance of the specimen, is the story shear vs. story deflection behavior of panel
1. The test results are shown in Figure 34 , where the deflection is given both in absolute
terms and also in terms of the drift ratio, / hs (deflection/high of specimen). The hysteresis
curves show the same characteristics of unstiffened, thin panel steel plate shear walls
(Tromposch & Kulak, 1987).

Drift ratio, /hs (%)

Figure 34 : Story shear vs story deflection, panel 1 (Driver, 1998)
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During the initial (elastic) loading cycles, the panel behaved stiffly. As the deformation
increased, portions of the steel plate shear wall yielded and the frame gradually softened.
After significant yielding of the infill panels had occurred, unloading and reloading in the
opposite direction produced a consistent and characteristic buckling pattern. Consider the
single representative cycle (cycle 22, modified to form a closed curve) shown in Figure 35.
The unloading curve a-b has panel stiffness similar to that in the elastic region. Although,
with the increasing peak deflection in each excursion, the slope of these unloading curves
tended to decrease gradually.
As the load reversed, the stiffness of the frame was reduced substantially (curve b-c). This
reflects the redevelopment of the tension field of the panel in the opposite direction to that
of the previous excursion. Because the plate had been stretched in-elastically, the diagonal
was longer than the opening within the moment-resisting frame upon its return to the neutral
position.
This was manifested during the test by significant out-of-plane buckles that were present
when the shear wall was not under load. For the tension field to redevelop to the point where
it again became the primary mechanism for resisting the story shear (point c), significant
story deflection was required. When this had occurred, the curves showed an increase in
(Figure 35) stiffness (curve c-d) because the tension field that acted as a diagonal tie braced
the story. As the loads approached the ultimate strength again (curve d-e), yielding of the
various components of the shear wail (primarily the infill plate) resulted in another decrease
in stiffness. The subsequent curves representing the unloading and reloading of the panel in
the opposite direction (curve e-f-g-h-a) are a repetition of the phenomena described for the
curve a-b-c-d-e.
Each of the inelastic cycles carried out during the test resulted in the generation of similar
hysteresis curves that follow the various stages described above. The primary difference in
the curves is the stiffness of the shear panel during the redevelopment of the tension field,
and the amount of deflection required for the redevelopment to occur, as seen in Figure 34.

g

h
F

a

f
b

c
e

d

Figure 35 : Typical loading cycle, panel 1 (Driver, 1998)

Although the FEM provided a highly accurate simulation, it has a long computation time as
it is a complex method. However, designers generally need simpler methods that can be
processed by the commonly available computing resources. Two methods were proposed:
The strip model assumes that the dominant action that resists a story shear is the diagonal
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tension field that develops after the thin, unstiffened infill plate buckles. The hysteresis
model assumes that the shear panel has a bi-linear elastic-plastic behavior with constant
plastic force (Driver, 1998) .

Test cycle 11+

Test cycle 8+

Test cycle 5+

Figure 36 : Upper) Comparison of Hysteresis FE Models with Test Results - Panel I
bottom ) Comparison of Hysteresis Models with Test Results - Panel I / Cycle 2 1 (Driver, 1998)
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3.5 Rezai (Behaviour of steel plate shear walls by shake table testing) 1999
Rezai (Rezai, 1999) studied experimentally and numerically steel plate shear walls with thin
unstiffened webs. He assumed that the steel plate shear wall system resembles a vertical
plate girder, where the theoretical buckling strength of the plate panels is negligible and the
lateral loads are carried through the post-buckling strength of the plate panels. The force
was carried by the combination of the plate panels with the frame action of the surrounding
beams and columns. The major part of the vertical loads was carried by the frame special
columns. The experimental program accompanied by the numerical investigation was
conducted at the University of British Columbia to verify the guidelines and design
principles provided in the latest version of Canada’s National Standard on Limit States
Design of Steel Structures, CAN/CSA-S16.1-94 (1994).
For testing, two single story and one four-story single-bay steel plate shear walls, with
unstiffened infill panels were chosen. The beam-to-column connections were fixed
(moment-resisting) (Figure 37).
The specimens were quarter-scale models of a typical office building core and were tested
under cyclic loadings and base excitation.
Table 2 presents the list of specimens and applied loads.
Table 2 : Test table of the specimens and loads (Rezai, 1999)

Phase Specimens
1

2
3

Two singlestory single bay

loads

Propose & loads
To get the general inf. of the behavior of shear panels and
to verify fabrication procedures.

Cyclic

One single bay
Quasi-static cyclic
four-story
One single bay On the shaking table
and horizontal base
four-story
motion

Maximum displacements ductility of 7 x y, 6 x y, and
1.6 x y.
Maximum displacements ductility of 7 x y, 6 x y, and
1.6 x y.
under low, medium, and intense dynamic motion

Rezai (Rezai, et al., 2000) used different strip models to compare with test results. It is
known when an infill plate buckles (generally buckling occurs at low lateral load levels
because of large panel width to thickness ratio and because of fabrication induced out-ofplane imperfections), the system continues to resist the load by forming a diagonal tension
field.
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Figure 37 : Detail of specimen (Rezai, 1999)
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Two methods were used for simulating the shear force and deformation of the plate as
follows:
- Parallel Strip Model: The tension fields were simulated by some parallel truss
elements (capable of transmitting tension forces only), oriented in the same direction
as the principal tensile stresses in the panel.
- Proposed Multi-Angle Model: Parallel truss elements assumed that the web had no
shear resistance before buckling and that it behaved elastically. However, this was
not correct. Because the behavior of shear panels was nonlinear , some boundary
elements and a more complex model were necessary. Rezai (Rezai, et al., 2000)
proposed a model with a series of strip elements in two directions and also diagonal
elements, which connected the corners. To simplify the modeling, the tension strips
were placed diagonally between opposite corners and from the corners to the midspan of boundary members, as shown in Figure 38.

Figure 38 : Top - Parallel strip model representation of a typical steel plate shear wall panel
Bottom - Proposed multi-angle strip model representation of a typical steel plate shear wall panel
(Rezai, Ventura, & Prion, 2000)
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To study the effects of various modeling assumptions, different angles for the parallel strip
modeled and one multi-angle strip model were chosen to simulate the shear plate. The
results of the nonlinear analyses of the numerical model for the second single-story
specimen and four-story specimen are given in Figure 39.

Figure 39 : Comparison of push-over load-deflection curves of CANNY-E models with envelope
curve of cyclic tests, a) four-story test results for the first floors b) test results for the second
single-story specimens (Rezai, et al., 2000)

From the response of specimens and numerical models, the following can be inferred:
- Elastic zone: the prescribed strip models overestimated the elastic stiffness of the
specimens, while the yield and ultimate strength were reasonably well predicted.
- After buckling: The numerical models had high stiffness and low yield force and the
strength was not properly captured.
- The optimum tension field action is significantly influenced by the story height and
width of the panel.
- Despite the very stiff profiles of columns and beams, the boundary moment-resisting
frames were significantly less affected by the presence of infill panels at the upper
floors compared to the first that was highly benefitting.
- Even though the proposed model performed better than the 37° strip model ( = 37,
Figure 38), the elastic stiffness was overestimated while the yield strength of the
four-story specimen was underestimated. This indicates the need to improve the
model.
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3.6 Chia-Ming Uang, (San Francisco-Oakland Bay Bridge), 2003
Chia-Ming Uang of the University of California San Diego and Washington State
University (UANG, et al., 2003) experimentally and analytically studied the steel shear links
and orthotropic bridge decks to support the design of the new east span of the San FranciscoOakland Bay Bridge. A series of full-scale tests of two built-up wide-flange shear links were
conducted to evaluate the force and deformation characteristics under cyclic loading.
Figure 40 shows two full-scale shear links, which were built of steel wide-flange sections
with a shear “deformable region” in the center and a “connection region” on either side. The
testing was conducted in a displacement-controlled mode.
A prescribed quasi-static cyclic loading sequence was imposed laterally to the top of the test
setup (Figure 41). The loading sequence was a variation of that proposed for testing link-tocolumn connections. The loading protocol was followed until the inelastic rotation of the
link exceeded the one that was predicted from time history analyses by the designer.

Type 1
Type 3

Figure 40: Tower cross section and elevations: (a) Main span
elevation; (b) Section A-A; (c) Transverse tower elevation; (d)
Longitudinal tower elevation (UANG, et al., 2003)
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Figure 41 : Shear link test setup (UANG, et al., 2003)

A single cycle with small deformation amplitude was imposed and increased until the
specimen failed. Such a modification was justified from the results of time-history analysis,
which indicated that the AISC loading protocol would unrealistically impose a very large
cumulative inelastic deformation demand on the link specimen. Figure 42 shows the loading
sequence that was used.
The behavior of the two specimens was similar. Minor flaking of the mill scale in the web
was visually identifiable in the every stages of testing. The first occurrence of slipping of
the bolted flange splices, which was accompanied by a loud noise as the splice plates slid
past the fanges, was observed during the first cycle when the imposed lateral displacement
() was 66 mm. As the lateral displacement was increased, the splices continued to slip in
both the push and pull directions. (Shear deformation of the deformable region was not
affected by the bolt slippage because it occurred outside the region.)

Figure 42 : Link loading sequence (UANG, et al., 2003)

The tests results were:
- The specimens were able to reach an inelastic rotation more than two times greater
than what the bridge will have deformed during the earthquake with 1500 years
return period.
- Weldings, had to be re-designed (which had been designed according to AISC
Seismic Provisions) because some brittle fracture occurred before the inelastic
design rotation capacity was reached.
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Figure 43 : Link shear force versus inelastic rotation relationships (UANG, et al., 2003)

- Cracking started in the weld between the web and flange and continued to propagate
into the web as the lateral displacement increased.
- Cracks were observed during the first cycle when the imposed lateral displacement
was 66 mm. The maximum displacement was 345 mm. Shear panel force was stable
and continuously increased during the increased excitation.
- Two effects were considered in the study because they have profound influences on
the ultimate strength and post-buckling behavior of the stiffened panel: the initial
geometric imperfections and residual stresses.
- The numerical model (generated by ABAQUS software) predicted the ultimate
strength, buckling modes, and the post-buckling behavior appropriately when the
effects of geometric imperfections and residual stresses were considered.
3.7 Choi and Park (cycling tests for framed steel plate walls), 2008
Choi et el. (Choi & Park, 2008) experimentally studied the variations of the structural
capacity of steel plate walls with various infill plate details. A concentrically braced frame
(CBF) and a moment-resisting frame (MRF) were also tested for comparison. They varied
the location and length of the weld-connection, coupling wall, and the connection details
between the moment frame and infill plates, such as weld- and bolt connections.
The specimens were one-third scale models of a three-story wall with thin infill plates
(Figure 45). Fully restrained moment connections were used at all beam-to-column joints.
The beam flanges were rigidly connected to the columns by full penetration groove welding.
The beam webs were connected to the column flange by two-side fillet weld. In the welded
specimens FSPW2, FSPW4, and FSPW5, 50 mm wide and 6 mm thick fish plate was used.

Figure 44 : Detail of fish plate connecting infill plates and frame members: (a) weld-connection
(b) bolt-connection (Choi & Park, 2008)
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Figure 45 : Dimensions of specimens (mm): (a) FSPW4 (partially connected infill plate) (b)
FSPW5 (coupled wall) (c) BSPW2 (bolt-connection) (d) CBF (concentrically braced frame) (Choi
& Park, 2008)

In FSPW2, all of the four infill plates were welded to the frame. To reduce the length of the
weld, the infill plates of FSPW4 were welded only to the top and bottom beams [Figure
45(a)]. The coupled wall FSPW5 consisted of two separate walls connected by a coupling
beam [Figure 45(b)]. The flange and web elements of all beams and columns satisfied the
requirements for compact sections according to the AISC seismic provisions (AISC, 2005).
In BSPW1, the infill plates were bolted to the frame members [Figure 45(c)]. Figure 44(b)
shows the detail of the bolt connection. The bolts were designed to resist the plastic tensionfield action of the infill plates. However, to minimize bolt slip, in BSPW2, 100 mm bolt
spacing (60 bolts per infill plate) was used. The CBF and MRF consisted of beams and
columns of the same sizes as those used for FSPW2.
Before testing the steel plate walls, a pushover analysis was performed for the specimens
by using ABAQUS (HKS 2003). In the FE analysis, material nonlinearity and geometrical
nonlinearity were considered. From the analysis results, the yield displacement δy at the top
of the specimens was estimated to be 15 mm on average. Based on this predicted yield
displacement, the target displacements for the cyclic loading were chosen as ± 0.2δy, 0.4δy,
0.6δy, 0.8δy, 1.0δy, 1.5δy, 2δy, 3δy, 4δy, 6δy, 8δy, 10δy and 12δy. Cyclic loadings were
repeated three times at each target displacement.
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Figure 46 : Load-top displacement relationships of specimens: (a) FSPW2 (b) FSPW4 (c) FSPW5
(d) BSPW2 (e) CBF (f) MRF

Figure 46 shows the load-top displacement relationships of the test specimens. Figure 47
shows the final situation of the specimens.
The test results showed that, regardless of the connection details, steel plate walls showed
excellent initial stiffness, strength, and energy dissipation capacity even though local
buckling of the thin plates occurred at early load stages.

Figure 47 : Deformed shapes of specimens at the end of testing: (a) FSPW2 (b) FSPW4 (c)
FSPW5 (d) BSPW2
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Unlike conventional braced frames and reinforced concrete walls, the thin plate walls
showed good deformation and energy dissipation capacity. The findings are summarized as
follows:
- Displacement ductility and energy dissipation of the steel plate wall FSPW2 with
fully welded infill plates were 2.8 times and 5.8 times those of the concentrically
braced frame (CBF), and 3.3 times and 2.8 times those of the moment-resisting
frame (MRF).
- The steel plate wall with partially welded infill plates exhibited an excellent
deformation capacity equivalent to that of the solid wall with fully connected infill
plates. Therefore, the partially connected infill plates can be applied to ordinary
buildings that typically have a large span to story height ratio.
- The coupled wall that was stiffened only with the endplates at the wall opening
exhibited an excellent deformation capacity, equivalent to the deformation capacity
of the solid wall.
- The wall with bolted infill plates exhibited large initial stiffness and load-carrying
capacity, comparable to the wall with welded infill plates. However, at the ultimate
state, due to the slip of the bolt connection, the deformation capacity of the bolted
wall was two-thirds that of the welded wall.
3.8 Irena Hadzhiyaneva (shear wall behavior) 2014
Hadzhiyaneva and Belev (Hadzhiyaneva & Belev, 2014) studied the behavior of steel shear
walls at the University of Architecture, Civil Engineering and Geodesy, Sofia, Bulgaria.
They tested two types of specimens (approximately 1:4), one type of them were steel wall
and the other type was a composite wall. Two scaled specimens of the steel plate shear wall
(SPSWs, W1, and W2) and one of the composite shear wall (CSW, W3) with almost
identical dimensions (Figure 48) were fabricated. Specimen W1 was tested under monotonic
unidirectional loading and the other specimens (W2, W3) were tested under pseudo-static
cyclic loading with displacement control. The pin connections were used to connect the
column bases.
The slenderness ratio of the web steel panel was 400 (600/1.5, h/t). As shown in Figure 48,
the frames of the test were made of hot-rolled cross-sections of IPE200, IPE270, and
HEB120. The slenderness of the web panel with 600x600 mm clear dimensions was
therefore 600/1.5=400. The partially composite specimen W3 had a single-sided reinforced
concrete encasement with dimensions 520x520 mm and thickness 80 mm. The shear
connection between the steel web panel and concrete encasement was made utilizing
bolted-headed studs (M6, grade 5.6) with 75 mm spacing (Detail A, Figure 48). Additional
rectangular washers were used to prevent pullout of the studs and tearing of the thin web at
stud attachments. To improve the ductility of the CSW specimen and avoid direct interaction
between the concrete encasement and boundary steel framing, the proposal of Astaneh-Asl
(Astaneh-asl, 2002) was implemented. The encasement was separated from steel frame by
leaving a 40 mm wide gap.
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Figure 48 : Layout of tested spesimens: top – bare steel specimens; bottom – partially-composite
specimen (W3) (Hadzhiyaneva & Belev, 2014)

The encasement and its reinforcement were designed with extra over-strength to maintain
their stiffness and resistance during cyclic testing. The same approach was followed in the
design of the headed shear studs (M6), which had to provide shear transfer and prevent web
local buckling. The provisions of AISC (2005) were used for estimating the required spacing
b of shear studs:
𝑏
𝑘 𝐸
= 1.1 √ 𝑣 ⁄𝑓 = 1.1√5.21000⁄30 = 65
𝑦
𝑡
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(Eq. 3-7)

For infill panel thickness t =1.5 mm, the allowable stud spacing max. b ≤ 0.15x65 = 9.76
and therefore b = 7.5 cm was chosen for the W3-specimen.

Figure 49 : Hysteretic response of W3 specimen at displacement magnitude 6y (6 . yield strain)
(Hadzhiyaneva & Belev, 2014).

The specimen underwent 17 full cycles, of those were about 9 after yielding. A first crack
developed in the perimeter connection during the cycle corresponding to 2/3y. In the first
of the three cycles with displacement amplitude 4.y (twelfth cycle with inter-story drift
ratio IDR ≈ 1.4 %) the web buckled in a free area between the strip and adjacent stud row.
Afterwards buckling spread and formed local tension fields in-between the stud rows.
Figure 49 presents the hysteretic response of W3.
A three-dimensional model was developed in ANSYS v.10.0 (SAS IP Inc., 1998). All of
the specimens’ components were modeled by SHELL181 finite elements. The pattern of the
initial out-of-plane deformations was assumed to correspond to the first buckling mode
shape, with a magnitude equal to 1/200 of the panel span for W2. The steel material was
modeled with a bilinear stress-strain law with a 1% slope of the post-yield branch.
Figure 50 compares the test-obtained force-displacement relationships with the numerical
predictions. In general, the FE-models and static nonlinear analyses can well estimate the
ultimate resistance of the specimens. As a general observation, the numerical models predict
larger initial stiffness. They, however, do not account for the residual welding stresses,
which according to the visual check of the infill panels before the testing, create an initial
biaxial tension stress field.

Figure 50 : Comparison of results from refined ANSYS models and testing of W3 (Hadzhiyaneva
& Belev, 2014)
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The summation of these residual stresses with the stresses induced by the applied loading
could result in the delay of the initial buckling, but also in earlier tensile yielding.
The experiments showed that the scaled SPSW- and CSW-specimens have good ductility
and stable hysteretic behavior. The CSW-specimen with a buckling-restrained infill panel
performed better due to its shear action compared to post tension field action of SPSW with
bare-steel web panel. The gaps left between the steel frame and concrete encasement seem
to have contributed to CSW ductility. As a whole, the shear studs were not sufficient to
ensure reliable out-of-plane support of the slender web because local web buckling was
observed. The semi-rigid frame joints exhibited adequate rotational capacity and could be
considered a reasonable detailing option for design applications if, the beams are secured
against lateral-torsional buckling.
3.9 Gianfranco De Matteis (Experiments on steel buckling inhibited shear panels), 2014
Matteris at el. (Matteis, et al., 2014) studied the behavior of steel buckling inhibited shear
panels. They studied two versions: 1) with out-of-plane deformations (buckling), and 2)
plastic deformation. The out-of-plane deformations were inhibited by thick plates to avoid
buckling which reduces the shear resistance and plastic deformation. The main purpose for
using "Buckling Inhibited Shear Panels" was to reduce the effect of instability. Moreover,
two techniques for the inhibition of buckling phenomena were examined. First contains the
out-of-plane displacements only for the plate portions that are mostly involved in the
development of the first critical mode. The second, with a more complex assemblage of the
parts, inhibits the out-of-plane deformations of the entire system.
The specimens were two plates (500×500 mm) with different thicknesses (0.8 mm and
2.5mm). The plates were placed inside a steel frame with pinned-end beams obtained by
coupling two UPN 140 profiles. To avoid undesirable premature failure (bearing stress of
sheet or shear failure of the bolts), the pre-stressed bolts were used for connecting the plate
to the frame.
The following six full-scale specimens were used:
- StSP8:
0.8 mm thick steel shear panel;
- p-BIP St8:
0.8 mm thick steel partially buckling inhibited panel;
- t-BIP St8:
0.8 mm thick steel buckling inhibited shear panel;
- StSP25:
2.5 mm thick steel shear panel;
- p-BIP St25:
2.5 mm thick steel partially buckling inhibited panel;
- t-BIP St25:
2.5 mm thick steel buckling inhibited shear panel.
All the panels have been diagonally loaded through a test machine, following a cyclic quasistatic protocol. This had some cycles in the elastic range and then three repetitions with
progressively increasing displacement amplitudes, defined as integer multiples of the
displacement corresponding to yielding. The force was measured by a load cell in the testing
machine. The diagonal displacements of testing panels was measured by a diagonal
transducer. Four transducers were placed on the perimeter of the panel, measuring the
possible relative displacements between the panel edges and the perimeter frame. Figure
51 shows the test setup.
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Figure 51 :Specimen: (a) Partially buckling inhibited panel (p-BIP) and (b) totally buckling
inhibited panel (t-BIP) (Matteis, et al., 2014)

Specimen:
Shear Panels (0.8 mm)
The hysteretic responses of the specimens “StSP08”, “p-BIP St08”, and “t-BIP St08” is
shown in Figure 52 in terms of shear stress-shear strain relationships.

Figure 52 : Hysteretic cyclic response of a) “StSP 08”, b) “p-BIPSt08”, c) “t-BIPSt08” (Matteis,
et al., 2014)
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Table 3 : Experimental observations on 0.8mm shear panels (Matteis, et al., 2014).
Shear strain range
St 08
p-BIP St 08
t-BIP St 08
(diagonal displacement)
[0, ±0.11%]
Elastic behavior
([0, ±0.50 mm])
[±0.11%, ±0.66%]
Buckling phenomena with
([±0.50 mm,
the development of
Inelastic behavior without buckling phenomena
±3.00 mm])
pinching effects
[±0.66%, ±2.20%]
Development of buckling in
Full development of
Plastic deformations of the
([±3.00 mm,
contact with the inhibition
tension field mechanisms
panel
±10.00 mm])
system
[±2.20%, ±4.40%]
Panel damage close to the Panel damage close to the
Panel damage at the vertexes
([±10.00 mm, ±20.00 mm])
perimeter members
inhibition system
of the plate
Detachment of the plate
Plate tears close to the
Plate tears in the centre of the
[±4.40%, ±9.04%]
from the connection system inhibition system with buckles panel with buckles strongly
([±20.00 mm, ±40.00 mm]) up to the collapse of the pushing against the restraining pushing against the restraining
specimen
elements
elements

The observations during the tests of 0.8 mm thick plates are listed in Table 3.
Results for Shear Panels (2.5 mm):
In Figure 53, the hystereses of the 2,5mm specimens are given. In this case, some buckling
phenomena were noticed even for the buckling inhibited panels. The reduced gap between
the restraining system and the restrained plates, made the detrimental effects due to
pinching, which was less important than for the 0.8 mm panels, with hysteretic cycles
significantly larger. An appreciable difference between the cyclic response of the
“pBIPSt25” and the “t-BIPSt25” was observed, the first resulting (specimen with t=0.8mm)
in more degradation.
The observations during the tests of 2.5 mm plates are listed in Table 4.

Figure 53 : Hysteretic cyclic response: a) “StSP 25”, b) “p-BIPSt25”, c) “t-BIPSt25” (Matteis, et
al., 2014).
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Table 4 : Experimental observations on 2.5mm shear panels. (Matteis, et al., 2014)
Shear strain range
(diagonal displacement)
[0, ±0.11%]
([0, ±0.50 mm])
[±0.11%, ±1.10%]
([±0.50 mm, ±5.00 mm])
[±1.10%, ±2.20%]
([±5.00 mm, ±10.00
mm])
[±2.20%, ±4.40%]
([±10.00 mm, ±20.00
mm])
[±4.40%, ±6.74%]
([±20.00 mm, ±30.00
mm])
[±6.74%, ±9.04%]
([±30.00 mm, ±40.00
mm])

St 25

p-BIP St 25

t-BIP St 25

Elastic behavior
First out of plane
deformations

Elastic behavior

First buckling
phenomena;
development of
pinching effects

Elastic deformation of the
inhibition devices;
Development of slight pinching
phenomena on the hysteretic
cycle

Tension field
developing

Panel damage close to the
connection system

Plate tearing close to
the perimeter frame and
on the plate diagonal

Panel damage close to the
restraining plate

Collapse of the system

Collapse of the system

Development of
slight pinching
phenomena on the
hysteretic cycle
Panel damage close
to the connection
system
Panel damage close
to the restraining
plate
Collapse of the
system

In particular, the following results are worth mentioning:
- When buckling inhibited shear panels are designed, it is necessary to manage
carefully the gaps, which could be particularly significant for very thin sheeting,
between the restraining and the restrained parts. The response of the system for lowmedium shear strain demands could be negatively affected by such a gap in terms of
dissipative capacity.
- When the gap significantly influences the system response, the “p-BIP” solution is
surely more convenient compared to “t-BIP” one. In fact, in this case, the restraining
action on the panel portions that are sensitive to the higher critical modes is not
necessary, as these do not influence the panel response.
- When larger thicknesses and smaller gaps are applied, the performance of the
system could be negatively influenced by the out-of-plane deformability of the
restraining elements, in particular when they are not properly designed according to
the strength of the material of the base plate.
3.10 Azimi et al. (Study of effects of steel plate thickness on nonlinear behavior of shear
walls) 2015
The effects of steel plate thickness on the behavior of shear walls were studied
experimentally and numerically by Azimi et al. (Azimi, et al., 2015).
In 2011, research about a new type of steel shear wall named “semi-preserved steel shear
walls at the edges” was published (Timler and Kulak, 1983) . It was based on laboratory
studies by Dr. Moharram.
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Figure 54 : Semi-preserved steel shear wall at the edges (Azimi, et al., 2015).

With this new shear wall, the steel plate does not cover the entire surface of the wall, but it
is separated by border elements (Figure 54).
Two types of specimens were chosen to investigate the behavior of shear walls under
dynamic loads:
- Regular shear wall with welded beams and columns.
- Semi-Preserved steel shear wall at the edges.
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Regular shear wall with welded beams and columns, numerical model

Semi-Preserved steel shear wall at the edges, numerical model

Figure 55 : Deformation of numerical models (Azimi, et al., 2015)
The following was considered in this research.
-

The lateral load distribution was static.
The numerical model was displacement control, until the force dropped.
ANSYS was the software used for the numerical model.
Geometrical and material nonlinear analysis was used for the numerical model.
Von Mises model was used as material model.
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Figure 56 : Comparison of deformation and shear forces for the experimental and numerical
model (Azimi, et al., 2015)
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Regular
Regular
Regular
Regular
Regular

Figure 57 : Properties of the specimens (Azimi, et al., 2015)

To investigate the effect of thickness of shear plate on the non-linear behavior of steel wall,
several specimens were chosen which are listed in Figure 57.
Figure 58 shows the load-displacement curves of regular steel shear walls with different
thicknesses. If the thickness is increased so will resistance.
Yielding was distributed through out the steel plate, which shows the satisfactory behavior
of the system. For maximum drift levels according to codes, the frame remains in elastic. It
is expected that when an earthquake occurs, most of the energy is dissipated due to plastic
buckling.

Figure 58 : Load-displacement curves of regular walls (Azimi, et al., 2015)

3.11 Summary of previous studies
Recently, the use of steel shear walls and shear panels have increased because they provide
an option that is economically beneficial and can be useful for retrofitting. The behavior of
plate walls was studied numerically and experimentally. Table 5 is presented by Lind (Lind,
2008) as a summary of experiments.
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2 Large scale, 1- story

1 single story, full scale, 2panel
1

Single Specimen

Quasi static, fully reversed
cyclic loading, 28 cycles
completed, monotonic loading
to ultimate, axial load applied.

16 small scales

1

Plate thickness and
diameter of
opening. Aspect ratios
(b/d) of 300/300 and
450/300.

Quasi-static cyclic, at
least 4 cycles. Equal and
opposite loads along one
diagonal in order to reach
a desired displacement.
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Tearing at
welds at the
base of the
columns.

Vertical beams, horizontal
columns, pinned corner joints.
Built up column and beam
sections. Infill to boundary fish
plate connection. Beam to
column continuously welded
with stiffeners.

Failure occurred in a corner
connection.

Typical bolted shear beam-tocolumn connections, pin
connections at column base,
stiff vertical beam members.

Fillet weld tear at web plate to
fish plate connection due to
robust beam-column joint
rotation, local lateral instability
around pin in region where
flange had been cut back, and
slip of the bolts.

Plate clamped to frame
with 2 rows high strength
bolts, pinned joints at
corners of frame, corners
cut from plates to pins.

Only comments on
ultimate load carrying
capacity, not failure
specific.

Stiff frame, pinjointed,
panel-frame
connected by
high
strength bolts.

Cyclic, 4-6
complete
cycles.

Cyclic, loaded
and unloaded
in one
direction, a
few fully
reversed
cycles.

Cyclic static loading: 3 times
to serviceability drift limit and
pushover loading to failure.
Loaded as a simply supported
beam.

1

12 one story;
900 x 1200 mm

Takahashi
1973
Japan

Stiffener
configurations,
plate thickness

2

2 Full, singlebay, 2-story

Takahashi
1973
Japan

Stiffened
openings
vs. no
openings

Single two-story
specimen tested as two
single-story
specimens

1

Timler and Kulak
1983
University of Alberta, Canada

Tromposch and Kulak
1987
University of Alberta, Canada

Roberts and Sabouri
Ghomi
1992
University of Wales

Failure Mode

Boundary
Conditions

Loading

Parameters

Stories

Author
Year
Institute/
Country
Specimens

Table 5 :”Summary of experiments” (Lind, 2008)
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Both monotonic and
cyclic shear loading.

Single Connection.

Cyclic loading created by moving beam and
column segments, and applying a tensile force
to the infill panel at a 45 to beam and column.
This simulated the opening and closing that
occurs at connections when shear forces are
applied to a panel and the forces created by
TFA. Total of 35 cycles were completed.

Equal lateral loads applied at
each floor. Slow cyclic
loading according to ATC-24.
Total of 30 cycles applied.

Beam-Column moment
connections. No lateral
supports. Welded connections
for beam column and plate.
Deep, stiff, top beam. Plate weld
connected to frame members
using fish plates. Gravity loads
applied to columns.

Column fractured at
base.Fracture began at welded
connection at column flange and
continued through the web.

Beam-to-column connections varied from
shear to moment resisting connections in
frame. Infill panels continuously welded to
flanges of beams and columns. Stiff, 9 in
panel at top to anchor TFA. Base plate
continuously welded to beam and columns
at base. Lateral bracing restricted out-ofplane movement.
Moment connection specimens failed due
to weld at column base failing in tension,
column base yielding,
and excessive plate deformations. Shear
connection specimens plate yielded first,
followed by column yielding.

Rigid, composite frame
with steel WF encased
in rectangular RC
sections.

Steel shear walls more
ductile. Walls with
concrete covering had
higher initial stiffness
and diagonal
compression field.

Fish plate weld connected infill plate to beam
and column elements. Strap plate used for
continuity between fish plates.

Tearing occurred at welds connecting fish
plate to boundary
elements and infill panel. Tears in welds
occurred, but found not to be detrimental for
strength of shear wall.

Cyclic loadings, single horizontal force
applied at top of wall, 24 fully reversed cycles,
2 series, final loading was monotonic to
failure. Displacement controlled cyclic
loading. Each displacement repeated 3 times.
Full 24 cycles repeated, then pulled
monotonically to actuator limit.

Panel slenderness ratio, beam-to column
connections. moment connection:
continuous fillet weld of entire beam section
to column. Shear connection: fillet weld of
beam web to column flange.

H:L ratio, wall thickness,
monotonic vs cyclic
loading, with and
without concrete
covering.

Built according to typical
construction details, Panel
thickness and grade of steel
varied per story.

n/a

4

8 1/4 scale, 3-story, single bay

14, 1/10 scale model, 2
story
3

Connection

1 4-story, single-bay, 1/2 scale

Elgaaly and Caccese
1993
University of Maine

Sugii and Yamada
1996
Kansi University, Japan

2

Driver
1997
University of Alberta, Canada

Driver
1997
University of Alberta, Canada
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Elgaaly and Caccese
1998
University of Maine
7, 1/3 scale, single bay, 2-story
2
Column sections, application of axial
load, welded vs. bolted, bolt spacing,
stiffened openings placement.
Reversed cyclic loading. Each level
consisted of 3 complete cycles.
Displacement controlled cyclic loading
from 0 to maximum in 5 steps. 20 steps
each cycle, 60 steps each displacement.
If axial load applied: representative of
50% column capacity.
Plates bolted to fish plates welded to
surrounding beams and columns.
Columns welded to base plate. Stiff top
beam used to anchor TFA. Beam webs
welded to column flanges. Specimens
braced at mid-floor level and top to
prevent out of plane buckling.
Failures included local buckling of
column, rupture of weld between column
and base plate, and shearing of bolts
connecting plates to midfloor beam. Due
to high number of column failures, larger
column sections were used and full
post-buckling strength was reached in
plates.

Rezai and Lubell
1998
University of British Columbia
1, 4-story, single bay, 1/3 scale,
aspect ratio 1
4

Single specimen

Shake Table test. Different
earthquake
motions, recorded and generated,
were applied. 3 records chosen to
most likely damage structure.
Stacks of steel plates attached at
each level to model dead loads.
Full moment connections by
continuous fillet welds of beam
section to column flange, column
base and bottom flange of lower
beam welded to base plate, then
bolted to shake table. 2 parallel
frames for lateral support. Fish
plates used to connect infill panel.

Failure was not reached. Infill
plate remained basically elastic.
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Schumacher, Grondin and Kulak
1999
University of Alberta, Canada
4 Connections , full scale
n/a
1: corner where infill plate is welded directly to beam and column flanges, 2: corner
where fish plates are welded to beam and column flanges then infill plate welded to
fish plates, 3: fish plate welded to one boundary member and then infill welded to fish
plate and also directly to adjacent boundary member. 4: Modified 2 where fish plates
meet at 45 and corner is cut out to reduce area of high stress.
Cyclic loading created by moving beam segment up and down, moving column
segment from side to side, and applying a tensile force to the infill panel at a 45 to
beam and column. This simulated opening and closing that occurs at connections
when shear forces are applied to a panel and the forces created by TFA. ATC-24
was used to determine cyclic levels. Increasing levels of 3 cycles up to approximately
42 cycles per specimen.

Infill plate connected using only two fish plates. Panel welded directly to beam and
column flanges in areas without fish plates. No strap plates used at fish plate
connections. Beam and column segments fitted with a portion of panel.

1: Joint between beam and column failed. Yielding along welds and traveling at 45.
2: Tear in welds at fish plate to infill connection and fish plate to boundary
connection. All tears occurred at gap between fish plates.
3: Tear in welds along fish plate connections. Tears located at end of fish plate.
4: Tears in weld along fish plate connections. Tears located where gap in fish plates.

Lubell and Rezai
1999
University of British Columbia

2, 1/4 scale, single bay, single-story, aspect
ratio 1:1
1

Depth of top beam, method of cyclic loading,
fabrication method. Deep top beam added to
2nd specimen. Extreme precautions made to
2nd specimen for weld distortions and
excessive out of plane displacements.

Fully reversed, cyclic quasi-static loading.
Applied with hydraulic actuator aligned at
column web. First specimen loaded with 1 or 2
cycles at each load level. Second specimen
tested following ATC-24.

Full moment connections at all beam-column
joints with continuous fillet welds of entire
beam section to column flanges. Infill plate
connected using fish plates with 45 degree
cuts at corners. Triangular stiffeners welded to
column flanges at base. Lateral bracing
supplied.

Specimen 1 had severe plate tearing and weld
cracking. Testing was terminated due to
distress in lateral bracing member. Specimen
2 failed due to an extensive column fracture
just above the stiffener gusset plate at the
base of the left column.
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Lubell and Rezai
1999
University of British Columbia
1, 1/4 scale, single bay, 4-story,
panel aspect ratio = 1:1
4
None, single specimen,
designed
to model steel framed office
building.
Fully reversed, cyclic quasistatic loading. Applied with
hydraulic actuator aligned at
column web for each floor. Steel
masses were attached at each
level to simulate gravity load.
ATC- 24 was used.
Continuous columns through
height of frame. Deep, stiff top
beam. Full moment connections
at all beam-column joints with
continuous fillet welds of entire
beam section to column flanges.
Fish plates weld connected infill
plate to beams and columns.

Global, out-of-plane buckling of
the first story column.

Driver, Grondin, and Behbahanifard
2001
University of Alberta, Canada
1 1/2 scale, single-bay, 3-story
3
Single specimen. Top 3 panels used from
previous experiment since there was little
damage done.
Fully reversed cyclic loading based on
ATC-24. Where yield displacement was
estimated with finite element analysis.
Equal loads applied at each level. Gravity
loads applied for reasonable un-factored
value in typical building by distributing
beam placed at top of wall.
Beam-to-column moment connections
with complete penetration groove welds
on flanges and fillet welds on web.
Columns welded to base plate. Infill
connected using fish plates with strap
plates at corners all fillet welded.

Rupture in beam flange to column flange
connection in cycle 21 triggered large
crack in middle panel. Repaired and test
continued. Severe local buckling in
column flange at base and level 1. Tears
in bottom panel at bottom corner.

Story height. One specimen 2; one 3. Plate
thickness.

Reversed cyclic loading with gradually
increasing overall drift; Reference SAC
protocol. Actuator applied load at deep top
beam.

Deep top beam. Boundary CFT column,
WF beams, interior WF column. Roller at
coupling beam due to symmetry. Boundary
elements A572 Grade steel. Flux cored arc
welds used to connect boundary elements
to each other and steel infill plate. Bolted
splice at mid-story height. Moment
connects from CFT to WF beams.

Failure initiated in both specimens by a
fracture in the top coupling beam along the
column face. Resulted in total separation of
coupling beam from specimen.

Astaneh-Asl
2001
University
2 1/2ofscale,
California,
single-bay
Berkley
varies

The following points can be understood from the previous works:
- Hysteresis curves were of elasto-plastic type and they were s-shaped, when buckling
occurred.
- The important parameter is the slenderness of shear panel (h/t, high/thickness of
plate).
- The system should be designed to ensure the full post-buckling strength of the infill
panels. Therefore, special attention is needed in the design of the test setup and
connections points.Welding between webs and flanges needs particular attention to
avoid cracks in the welds.
- Strip and modified strip models were developed and can be applied in practical
design situations.
- To avoid brittle failure, welding needs to be designed for full ultimate stress of the
material.
- The material should be low-carbon steel to allow maximum straining.
- Three deformation phases happen before is readed the maximum load capacity: 1)
buckling , 2) shear yielding; 3) diagonal tension field.
- The hysteresis of the SP is affected by the load history.
- Realistic FEM modeling requies sophisticated material modelling and higher order
displacement theory.
- Minor cracking in welds or buckles of SPs does not influence their capacity
significantly.
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Berman and Bruneau
2003
University of Buffalo
3 large scale, single-story, single bay.
Aspect ratio of 2:1 (L:h)
1
Three SPSW, 2 flat infill plates with
different boundary conditions and 1
corrugated specimen.
Quasi-static cyclic in accordance with ATC24. Loading in increments of yield
displacement estimated from numerical
simulation using pushover analysis. Load
applied with actuator at top of the
specimen. Cycles completed varied for 7 31.
Boundary frame designed to remain elastic
with a safety factor of 2.5. Specimen 1 with
flat infill, epoxy was used. Specimen 2 with
flat infill was welded. Both were connected
to intermediate WT then bolted to frame.
Corrugated specimen was connected using
epoxy to intermediate L. sections
connected with pop rivets.
Specimen 1 failed prematurely due to poor
epoxy coverage. Specimen 2 failed due to
fractures in the welds connecting infill to
intermediate WT's at corners. Corrugated
specimen failed due to infill plate fractures
at areas of repeated local buckling.

Park and Kwack
2007
Korea South
5 1/3 Scale, 3-story, single bay
3

Plate thickness, column strength

Reversed cyclic loading in
increments of yield
displacement calculated with
finite element program.

Built up members used for
columns and beams. Lateral
support preventing out of plane
deformations. Stiff top beam at
location of loading. Fish plates
used to weld connect steel
plates to frame members.

WC - Local buckling of columns.
SC - Fracture of welded
connections at column base,
fracture at beam-column
connection.

4

PROBLEM STATEMENT

In the past, many research programs were conducted on various aspects of HYDE System.
They indicated that HYDE System concept is a low-cost and effective method, especially
retrofitting of soft stories. Shear panel is one of the most low-cost and robust seismic device
that can be used in HYDE Systems.
A lot of studies were done in the last 50 years on SPs and SWs (Azimi, et al., 2015). FEM
was utilized to simulate their behavior, using geometrical and material nonlinear analyses.
These numerical models were backed by experiments. Differences between numerical and
experimental responses are mainly unloading parts and after cracks.
Important shear panel design parameters e.g., load and deformation capacities, yield force,
linear and non-linear deformation limits have not been addressed adequately so far. It is
known that (Dorka, 1994) (Bayer & Dorka, 2000): Buckling or yielding of the web,
dimensions, mechanical property of material, connection situations, h/t slenderness of web
are important and have not been studied sufficiently.
Thus, appropriate experimental and numerical studies need to be undertaken to thoroughly
investigate buckling, yielding, post bucking, and cracking of shear panel webs under cycling
loading in h/t ratios range and to modify or develop new design rules that can be applied for
any practical shear panel used in any structural system with improved accuracy.
The hysteretic curves of SPs are investigated. For this purpose:
- An improved numerical model (FEM) must be developed that can present buckling,
yielding, crack, and non-linear deformations for a wide range of h/t ratio.
- This model must be validated by experiments. The specimens are defined with h/t
ratios which can cover most of SPs in practical application.
- A simple link element is needed to describe the hysteresis loop of shear panels. This
element can then be used to simulate SPs in structural models.
- The most important aspect for the experiment is the validation of developed FEM
model (Chapter 6).
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5
5.1

EXPERIMENTAL INVESTIGATION
Introduction

The response of SPs under dynamic loads depends on their material, geometry and methods
used during their production process. Thus, it is necessary to study the behavior of SPs, as
well as their material and manufacturing method. The method used for producing SPs used
in this study is illustrated in Annex A. In this study, material and manufacturing and design
methods are proposed such that the SPs can be made and used in an easy and economically
efficient way anywhere. The most important aspect for the experiment is the validation of
the developed FE Model (chapter 6).
5.2

Selection of steel

The aim of material selection is basically using a type of steel, which can be found easily
everywhere. According to the HYDE design curve (Chapter 2), the SHS limit displacement
should be less than the deformation capacity of SPs. This requires a deformation capacity
of the steel as large as possible.

Figure 59 : Typical stress-strain behavior of structural steels

As shown in Figure 59, the most suitable steel for the SPs is therefore S235 (S235 JR) since
it has the largest plastic deformation capacities. The nominal values of the yield strength
and ultimate strength are fy=235 N/mm2 and fu = 370 N/mm2, respectively.
5.3

Choosing the slenderness ratio of specimens

As discussed (in chapter 3), the h/t ratio is the most important parameter, it is therefore the
focus of these experiments. Critical buckling stress have been proposed during some
researchs (Sabouri-ghomi, et al., 2008). Therefore, the SPs were selected with a wide range
of slenderness ratios. Dimensions of the shear panels were 400×400 mm with h/l =1.
Thicknesses of the webs were equal to 1, 2, 3, 4, 5 and 6 mm, which corresponds to a h/t
ratio range of 66.67 - 400.
Table 6 shows the thickness, width of the web and flange, and the slenderness ratio of the

specimens.
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Table 6 . Thickness of web and flange for test specimens

Shear Panel’s Thickness
web [mm]
Name
SP1
1
SP2
2
SP3
3
SP4
4
SP5
5
SP6
6

Slenderness
of Thickness
of
h/t ratio
flange [mm]
3
3
3
6
6
6

Number of
the made SPs

400
200
133
100
80
67

2
2
2
2
2
2

Figure 60: The range of slenderness ratio according to Timoshenkos҆ formula and AISC .

Figure 60 shows the behavior of the SPs and their critical buckling stress according to
Timoshenko (Timoshenko (1961)) and AISC (AISC, 1999). It shows that the selected h/t
ratios cover the whole practical range with a concentration on compact to medium slender
SPs, these are the ones usually chosen for SPs in HYDE Systems.
5.4

Design of Shear panel device and its connection

The yielding force was estimated using Eq. 6-1 with h equal to height of the SP:
𝑏. 𝑡𝑓𝑙𝑎𝑛𝑔𝑒 2
𝑡𝑤𝑒𝑏 . ℎ
𝐹𝑦 = 𝑓𝑦 . (
+4
)
ℎ. 4
√3

(Eq. 6-1)

Where, the first term determines web yielding and the second term represents a plastic hinge
mechanism in the flange. A detailed numerical study was performed on plastic shear panels
using ANSYS software (Dorka & Schmidt, 2002), which verified this simple formula (Table
7).
Slag in the connections is avoided using a connection (see Figure 61) proposed by Dorka
(Dorka & Schmidt, 2002). It uses pre-stressed bolts to avoid slag and allows for easy
replacement of the SP after an earthquake.
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An elliptical shape of the curve was proposed by Dorka (Dorka & Schmidt, 2002). This
reduces strain concentrations and in these SPs were chosen two curvatures (see Figure 61).
Table 7 shows the SPs’ yield level according to Eq. 6 -1.
Table 7 . Design of SPs҆ force

tweb
SP1
SP2
SP3
SP4
SP5
SP6

tflange Fy

1
2
3
4
5
6

3
3
3
6
6
6

[kN]

56,4
110,7
164,9
225,5
279,8
334,1

Figure 61 : The shape of shear panel in detail
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5.5

Description of the test setup

Figure 62 and Figure 63 show the test setup in the laboratory at the University of Kassel.
The test machine has two clamps, of which one is fixed and the other can be moved in one
direction. The clamp is moved by a hydraulic cylinder. Two identical SPs were tested
simultaneously (Figure 62). The tests were displacement controlled.

Figure 62: Test setup of SPs and measurements

Because there was no exact fit in the connections, some settlement developed during testing
which was removed by pre-stressing the bolts after a test protocol was finished (Figure 64).

Figure 63 : Measurement in the back of SP

5.6

Description of measurements

The test machine measured displacements and forces in vertical direction (Figure 62). To
measure the deformation of SPs one displacement gauge was diagonally placed in one SP
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(Figure 62) and two other displacement gauges were placed horizontally between the middle
plate and the lower part of the machine (Figure 63). Several strain gauges were placed in
critical points on the web. They were 2D rosettes measuring the strain in three directions
(0°, 45° and 90°). Table 8 lists the sensors.
Table 8 : Sensors used in the tests
Channel No.

Name

Channel_1 FORC_M
Channel_2
DIS_M
Channel_3
LVDT1
Channel_4
LVDT2
Channel_5
LVDT3
Channel_6
Channel_7
DM1
Channel_8
Channel_9
Channel_10
DM2
Channel_11
Channel_12
Channel_13
DM3
Channel_14

5.7

Dim
ensio
Type
Range
n
kN
Schenk 2000
±2000
mm
Schenk 2000
±400
mm Balluff B1W1-A316-MO300
±150
mm
HBM Wl-5mm
±2.5
mm
HBM W10-TK
±5

µε

OMEGA SGD-3/120-RYT21
Gauge length: 3 mm

Resoluti
on

Remark

±1
±.05
±.1
±.01
±.01

Gauge
resistance:
120 Ω

Testing protocol

The chosen protocol (Figure 64) is suggested by Dorka (SCHMIDT & DORKA, 2004)
(ROIK, et al., 1988) . With a decreasing stage, it allows repeated loading under the variation
of period T and maximum displacement amplitude (ROIK, et al., 1988). Therefore, it is
possible to investigate systematically the effect of varying load histories on the specimen,
such as stiffness, load-carrying capacity and development of damage.

Figure 64 :Displacement protocol for one step based on (ROIK, et al., 1988)

The frequency was very low (smaller than 0.01 Hz), which made these tests quasi-static.
5.8

Testing program

The protocol was repeatedly applied with increasing amplitude starting with 3mm (half the
calculated yielded displacement) untile 30mm (Figure 65).
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Tests were performed with 2 SPs each, using the same displacement history (Figure 65).

Figure 65 : Eight steps of displacement excitation

5.9

Test Results

The LVDTs and load cells performed properly, but the strain gauges failed too early to
provide any meaningful information on local strain development. Also, the applied
displacement was slightly different in (+) and (-) directiony which did not have any
significant effect on the results.
5.9.1 Hysteresis loop and the force-time curves
Figure 66 gives the hysteresis loops and force histories for each SP. Since the force was
measured for 2 SPs combined in a symetric setup, it is devided by 2.
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Figure 66 : Force vs. time and hysteresis loop for SPs
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Countinued Figure 66: Force vs. time and hysteresis loop for SPs
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Countinued Figure 66: Force vs. time and hysteresis loop for SPs
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5.10 Defining yielding and ultimate force for SPs
Based on the hysteresis loop (from the experimental response of SPs, which can be
simulated by an FE model), two forces can be defined:
- Ultimate force, the maximum shear force capacity, which is nearly constant in each
step, is called ultimate force. For SPs with high slenderness ratio (h/t >200),
maximum shear force for low deformation (first and second steps) was less than
ultimate force. However for low slenderness ratio (h/t<200), the maximum force in
early steps is close to the ultimate force.
- Yield force, before the SPs reach the shear force capacity (ultimate force), there are
a determined shear force, which is nearly constant for every step (Figure 66). SPs
undergo a considerable deformation by slightly increased forces. This force is
similar to a yield force in a simple tension steel test.
Figure 67 and Table 9 show the yielding and ultimate forces (Fy and Fu) obtained from
hysteresis loops and gives values for all specimen.

Figure 67: Yield and ultimate forces for SPs
Table 9 Fy and Fu for specimens SP1-SP6

SP1
SP2
SP3
SP4
SP5
SP6

h/t
ratio

Yield Force
Fy [kN]

Ultimate Force
Fu [kN]

400
200
133
100
80
67

10
20
50
100
135
150
74

45
75
135
200
285
310

Figure 68 shows that ultimate and yielding forces, for example in SP4, are nearly constant
in every step.

Figure 68: Ultimate and yielding forces for SP4 in 7 steps

5.11 Further Observations
Cracks started to develop at 12 mm displacement amplitude (4th run of protocol) and
propagated. They had a negligible effect on the measured force due to redistribution of
capacities in the web.
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Thus intial (elastic or plastic) buckles (Figure 69) changed with increasing deformation
into a tension field.
Figure 69 shows the position of these cracks. Out of plane deformation first occurred already
during the protocol and developed into a distinct pattern, which can be seen in Figure 69,
right.

Figure 69 : The position of cracks and the shape of SP after some cycling.
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6

THE DETAILED FE MODEL

A detailed FE model was developed to simulate the behavior of shear panels (SPs), with a
wide range of h/t ratio. SPs show large out of plane deformations with large strains
accumulationg under cyclic action.
Therefore, a higher-order finite element must be used (Gadala, 1980) to handle geometric
non-linearity. The cyclic non-linearity of mild steel is important for the response of SPs. Its
modeling is discussed in the following chapter.
6.1

Modeling mild steel under cyclic strain

For mild steel, the Von Mises yield surface has proven its accuracy (Von-Mises, 1913)
(Timoshenko & Goodier, 1951). It is independent of hydrostatic stress and given by Eq. 6 1.
1
𝜎𝑒 = √ [(𝜎1 − 𝜎2 )2 + (𝜎2 − 𝜎3 )2 + (𝜎3 − 𝜎1 )2 ]
2

(Eq. 6 - 1)

where σ1, σ2, and σ3 are the principal stresses. The yield surface represents the stress value,
in which yielding occurs. If the equivalent stress reaches the yielding stress, the shape of
material starts to change (deformation) with a small or without increase in stress (plastic
strain).
1
√ [(𝜎1 − 𝜎2 )2 + (𝜎2 − 𝜎3 )2 + (𝜎3 − 𝜎1 )2 ] = 𝑓𝑦
2

(Eq. 6 - 2)

With the yield stress, fy provided by uniaxial testing under monotonically increasing. Figure
70 shows this surface in principle stress space.

Figure 70 : Three-dimensional yield surface of the von Mises yield criterion (Bertarelli, 2016)

Normallity criterion is the basis of all flow rules. Yield surface moves in the direction of
plastic strain (Figure 71).
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Figure 71 : Yield surface moves in the direction of plastic strain (Gang, et al., 2003)

This surface moves in the stress space under cyclic loading (Figure 72), but does not extend.
For slow cyclic loading, it is independent of the loading rate. Therefore a rate independent,
(kinematic hardening) rule must be applied to the Von Mises yield surface in order to
describe the behavior of mild steel under large cyclic strain, accurately.
Several descriptions are available (Krabbenhoft, 2002) (Basan & Marohnic, 2016) .
- Isotropic hardening:
- Kinematic hardening:
- Mixed-mode or combined hardening: In this study, a combined model (50%
kinematic, 50% isotropic) has been employed.
Figure 72 schematically describes the models two hardening methods.

Figure 72 : Isotropic (a) and kinematic (b) hardening (Krabbenhoft, 2002)

6.1.1 Chaboche Model
Elasto-viscoplastic constitutive equations of the Chaboche model (Chaboche, 1989) have
been developed and modified many times (Ambroziak & Klosowski, 2006).
Computation of the FE structure under cyclic visco-plasticity was discussed by Chaboche
(Chaboche, 1987) on the basis of several actual examples, including notched specimens
under repeated loads consisting of hold periods, a tube under tension, and a cyclic thermal
gradient. Klosowski (Klosowski, et al., 1995) studied a numerical model of elastoviscoplastic dynamic behavior of geometrically non-linear plates and shells assuming small
strains and moderate rotations. A nine-node isoparametric shell element was applied in FE
algorithm. In this new method, an effective procedure was applied using central difference
method of solving equations of motion (finite-difference method) to avoid calculating
stiffness matrix. Chaboche model has been explained in several articals (Chaboche, 1989)
(Ambroziak & Klosowski, 2006).
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6.1.2 Modelling large deformations in plates
Since the middle of the 19th century, there has been ongoing research and development on
plate theories. Kolvik (Kolvik, 2012) has defined plate theories in three main categories:
- “Approximately 1850: Kirchhoffs҆ plate theory, classical plate theory (CPT).
- It is suitable for thin plates with a thickness to width ratio less than 1/10. It neglects
shear effects.
- Approximately 1950: Mindlins’ plate theory, the first-order shear deformation plate
theory (FSDT). It is suitable for thick plates with a thickness to width ratio more than
1/10. It includes shear effects.
- Approximately 1980: Higher-order shear deformation plate theory (HSDT). It can
represent the kinematics better than FSDT and is especially suitable for composite
plates. It includes shear effects.
Reddy's plate theory is known as the most popular simple HSDT used for composite plate
analysis (Reddy, 1997). According to Liu (Liu, 2011), another HSDT was developed by
Ambartsumian, in which he proposed another transverse shear stress function in order to
explain deformation of the layered anisotropic plates. Reddy's and Ambartsumian's theories
have formed a solid benchmark for development of a new simple HSDT. In 2007, Shi (Shi,
2007) presented a new HSDT on the basis of Murthy's and Reddy's theories.
6.1.3 Lagrangian formulation
In the Lagrangian method (Mäkinen & Marjamäki, 2008) (Huerta & Vidal, 2006), the finite
element mesh is attached to the material and moves through space along with the material.
In this case, there is no difficulty in establishing stress or strain histories at a particular
material point and the treatment of free surfaces is natural and straightforward.
The Lagrangian approach also naturally describes the deformation of structural elements;
that is, shells and beams, and transient problems, such as the indentation problem.
This method can also analyze steady-state processes such as extrusion and rolling. A
shortcoming of the Lagrangian method is that the mesh distortion is as severe as the
deformation of the object. Severe mesh degeneration is shown in Figure 73 - b. However,
recent advances (MARC, 2008) in adaptive meshing and rezoning have alleviated the
problems of premature termination of the analysis due to mesh distortions as shown in
Figure 73 - c.
The Lagrangian approach prodides two methods: the total Lagrangian and the updated
Lagrangian method. In the total Lagrangian method, the equilibrium is expressed with the
original un-deformed state as the reference; in the updated Lagrangian method, the current
configuration acts as the reference state.

Figure 73: : Rezoning example (MARC, 2008)
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6.1.4 Updated Lagrangian procedure
The updated Lagrangian approach is useful in (2017):
-

Analysis of shell and beam structures, in which rotations are large so that the nonlinear
terms in the curvature expressions may no longer be neglected.
- Large strain elasticity and plasticity analysis.
In general, this approach can be used to analyze structures where inelastic behavior (for
example plasticity, visco-plasticity or creep) causes large deformations. The (initial)
Lagrangian coordinate frame has little physical significance in these analyses since the
inelastic deformations are, by definition, permanent.
It is instructive to derive the stiffness matrices for the updated Lagrangian formulation
starting from the virtual work principle in (Eq. 6 - 3).
∫ 𝑆𝑖𝑗 𝛿 𝐸𝑖𝑗 𝑑𝑉 = ∫ 𝑏𝑖0 𝛿𝜂𝑖 𝑑𝑉 + ∫ 𝑡𝑖0 𝛿𝜂𝑖 𝑑𝐴
𝑉0

𝑉0

(Eq. 6 - 3)

𝐴0

Direct linearization of the left-hand side of (Eq. 6 – 3) yields:
∫ 𝑆𝑖𝑗 (𝑑(𝛿𝐸𝑖𝑗 )) 𝑑𝑉 = ∫ ∇ 𝜂𝑖𝑘 𝜎𝑖𝑘 ∇∆𝑢𝑖𝑗 𝑑𝑣
𝑉0

(Eq. 6 - 4)

𝑉𝑛+1

where Δu and η are actual incremental and virtual displacements respectively, and is Cauchy
stress tensor.
∫ 𝑑𝑆𝑖𝑗 𝛿𝐸𝑖𝑗 𝑑𝑉 = ∫ ∇𝑠 𝜂𝑖𝑗 𝐿𝑖𝑗𝑘𝑙 ∇𝑠 (∆𝑢𝑘𝑙 )𝑑𝑣
𝑉0

(Eq. 6 - 5)

𝑉𝑛+1
𝑠

∇ denotes the symmetric part of ∇, which represents the gradient operator in the current
configuration.
Also, in (Eq. 6 – 4) and (Eq. 6 - 5), three identities are used:
𝜎𝑖𝑗 =

1
𝐹 𝑆 𝐹
𝑗 𝑖𝑚 𝑚𝑛 𝑗𝑛

(Eq. 6 - 6)

𝛿𝐸𝑖𝑗 = 𝐹𝑚𝑖 ∇𝑠 𝜂𝑚𝑛 𝐹𝑛𝑗

(Eq. 6 - 7)

and
𝐿𝑖𝑗𝑘𝑙 =

1
𝐹 𝐹 𝐹 𝐹 𝐷
𝑗 𝑖𝑚 𝑗𝑛 𝑘𝑝 𝑙𝑞 𝑚𝑛𝑝𝑞

(Eq. 6 - 8)

in which 𝐷𝑚𝑛𝑝𝑞 represents the material moduli tensor in the reference configuration which
is converted to the current configuration, 𝐿𝑖𝑗𝑘𝑙 (Kolvik, 2012).
“(Eq. 6–8) shows that the updated Lagrangian formulation is a 4th-order differential
equation. “ (Kolvik, 2012) (Gadala, 1980)
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6.2

Description of FE-model

6.2.1 MARC
Marc is an FE software (MARC, 2008) and it has capabilities to simulate most kinds of
nonlinearities, namely geometric, material and boundary condition nonlinearity, including
contact. It has the ability to predict damage, failure and crack propagation.
There is needed to model certain non-linearities:
- Material: large strain kinematic hardening.
- Geometric: high order deformations.
Now, will be described the selected elements and the properties (selected parameters).
6.2.2 Test setup dimensions
The geometry of the test setup was used in the numerical model. Materials were simulated
as linear for the test setup and non-linear for webs and flanges of SPs, respectively (see
Figure 74, Figure 75, Table 10 and Table 11).

Figure 74 : Detail of elements (Table 10)

Table 10: Test setup components and their FE models
Name

section

1

Web

Plate

400x400x(1-6)

S235

Shell

2

Flange

Plate

1600x160x(3,6)

S235

Shell

550x200x20
L=700
700x200x20
1100x200x20
160x110x110
3 axles

S355

Shell

Non-linear material
Non-linear
(Chaboche model)
Non-linear
(Chaboche model)
linear

S355

Shell

linear

S355
S355

Shell
Solid
On joints

linear
linear

3
4
5
6
7
8

Dimension [mm] Material

Stiffeners
Plate
U-Section &
U 220 &
Stiffness PL.
Plate
Middle plate
Plate
Joints con. Full material
Supports
Points
Loadings
Line
position

L= 200 mm

element

On joints

- Linear material is S355JR steel with the following material properties
Table 11 : Mechanical property of S355JR
Yield strength Tensile strength
355 Mpa

510 Mpa

Young’s modulus Poisson’s ratio Shear modulus

Density
7850 kg/m3

206 Gpa

- Non-linear material is a Chaboche Model (section 6.1.1).
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0.3

81 Gpa

Figure 75 : Details of the FE model

6.2.3 Initial deformation
The shape and the amount of the deformation influences the response of the SPs. This
deformation is random. In general, it can be viewed as a real combination of buckling modes
(Figure 76). Assuming mode 10 as the dominant initial deformation yielded the best results
when comparing.
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Mode 8

Mode 1

Mode 10

Mode 9

Mode 11

Mode 12

Figure 76 : Buckling modes for SP5 scaled to 20 mm
As initial deformations of web, mode 10 (with max. 20mm) was used in first step.

6.2.4 Simulating SPs in MARC
- displacement excitation
- The updated Lagrangian approach was the non-linear geometry method for
analyzing the SPs. A mixed hadening (50% Isotropic, 50% kinematic hardening)
was used to simulate the hardening effect of steel.
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6.2.5 Comparing numerical and experimental response of SPs
Figure 77 shows the hystesis of the numerical model compared to all experiments

Figure 77: Comparing numerical and experimental response of SPs.
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continured figure 77
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continured figure 77

Figure 77 shows that the responses of specimens and numerical model are close together
confirming the use of this numerical model.
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6.2.6 Out of plane deformation
Out of plane deformations have been not measured during the tests. As they are shown in
Figure 78, the response of SPs (the out of plan deformation), after every step, is comparable
numerical model with specimen.

Figure 78 : Comparing the shape of out of plane deformations specimen (left)
and numerical model (right).
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countinued Figure 78
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Observation for the developed model
- Effects of intial web imperfections:
The webs of the specimens were deformed by the fabrication process, like welding, bending,
and drilling. Observations showed that they had initial out-of-plane deformation of up to 20
mm. This initial deformation and the pre-stresses from welding and cold-forming (which
were reduced by normalization) decreased the intial stiffness of specimens. This initial
deformations are approximated in the numerical model by introducing a scaled buckling
mode shape.
- Flange effects:
Flanges had little effect an the behavior of the SPs, although some plastic bending could be
seen in the numerical model.
- Effects of cracks:
Cracks started to form in the web after the application of 3 or 4 loading patterns. They grew
up to 140 mm. Although quite pronounced, these cracks had a negligible effect on the
formation of the tension field, which defines the behavior in the post-yield range. The
numerical model doesn’t include any crack elements, but covers the tension field action
well. Therefore, it (and also the specimen) produced stable responses even when such cracks
developed.
- Validation of numerical model:
The FE model (generated by MARC software) overestimated (about 10 %) the intial yield
level of the specimens, while the evolution of the hystereses and the final yield and ultimate
force were reasonably well predicted (within 5%). Buckling modes and post-buckling
behavior were predicted very well with the geometric imperfections and residual stresses
that were considered. A negligible difference can be seen in the unloading part of the
hysteresis loops.
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7

PROPOSAL FOR A LINK ELEMENT FOR SPS

Macro-mechanical models account for the behavior of a complex structural element by
establishing a direct constitutive law between the shear forces and shear deformations. For
SPs, a 1D shear hystersis law suffices is proposed here. It is rheological representation is in
Figure 79, right.
7.1

Rheological model

Figure 79: A rheological model proposed to simulate SPs as a link (SDOF) element.

A combination of two relationships between shear force and shear deformation is proposed.
- Elastic-plastic behaviour
The first part describes the elastic-plastic behaviour of SPs. This part is defined with BoucWen model (Bouc, 1967) (Wen, 1976).
Here the force is expressed as follows:
𝐹 (𝑡) = 𝛼𝐾𝑖 𝑥(𝑡) + (1 − 𝛼)𝐾𝑖 (𝑡)
𝑧̇ = 𝑥̇ [𝐴 − (𝛽 + 𝛾 𝑠𝑔𝑛(𝑥̇ 𝑧 ))|𝑧|𝑛 ]

(Eq. 7 - 1)
𝛼 = 𝐾𝑝 ⁄𝐾𝑖

(Eq. 7 - 2)

x (t)
Displacement
z (t)
Variable defining hysteresis component

Plastic stiffness (hardening slope)/elastic stiffness
Other parameters including A, , and n define the shape of hysteresis.
The parameter A defines the amplitude of the hysteresis loop and also slope of the hysteresis
loop at z=0 (the stiffness characteristics). The parameter n indicates smoothness of the
transition from linear to non-linear region. The parameters and describe the shape of the
hysteresis curve.
The proposed Bouc-Wen parameters are given in Table 12 (Manuel T. Braz-Cesar, 2013).
Table 12 : Proposed Bouc-Wen parameters

0.01
*

A
1.2


0.3


0.2

ki *
K

n
0.6

ki defines yield stress in the hysteresis loop, and it is diferent for every SPs (K=fy/4).
K (SP1)
2500

K (SP2)
5000

K (SP3)
13000

K (SP4)
25000
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K (SP5)
31000

K (SP6)
37000

- Tension field action
This part is an elastic model based on a sine curve to the power of 5 (Eq.7-3). The function
period depends on the maximum displacement at last steps.
𝐹 = (𝑓𝑢 − 𝑓𝑦 ). (sin (𝑑𝑖𝑠.× 𝜋 ×
fu
fy
dis.
Dis.max

𝐷𝑖𝑠.𝑚𝑎𝑥 5
))
2

(Eq. 7 - 3)

Ultimate force
Yield force
Displacement
Maximum dis.

Yield force and ultimate force can be identified from hysteresis loops preferably produced
with a displacement input according to the protocol used here (Figure 67 and Table 9)
Figure 80 show the response of SP5 experimental and rheological.

𝐷𝑖𝑠.𝑚𝑎𝑥 5
))
2
𝐹 = (285 − 135). (sin 𝜃)5

𝐹 = (𝑓𝑢 − 𝑓𝑦 ). (sin (𝑑𝑖𝑠.× 𝜋 ×

Non-linear elastic model to simulate the
tension field action of SPs

𝐹𝑟 (𝑡) = 𝐹𝐸 (𝑡) + 𝐹𝐻 (𝑡)
= 𝛼𝐾𝑖 𝑥(𝑡) + (1 − 𝛼)𝐾𝑖 (𝑡)
𝑧̇ = 𝑥̇ [𝐴 − (𝛽 + 𝛾 𝑠𝑔𝑛(𝑥̇ 𝑧 ))|𝑧|𝑛 ]
𝛼 = 𝐾𝑝 ⁄𝐾𝑖
Bouc Wen model with the following
parameters, fy=135 kN, to simulate the
elastic-plastic part of SPs

0.01

A
1.2


0.3

ki
n

0.2 31000 0.6

Figure 80 : Hysteresis loop of response of SP 5, experimental and rheological
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7.2

Comparison of experimental and rheological

Figure 81 and Figure 82 compares the responses of SP1 and SP6 with the rheological mode.

Figure 81 : Comparing the response of SP1 obtained from the reological model with the
experiment
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Figure 82 : Comparing the response of SP6 obtained from the reological model (Bouc-Wen model
+ Sinusoidal elastic model) and experiment
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Figure 83 shows a very good accuracy of the response of rheological model in all steps.

Figure 83 : Comparing the response of SP4 obtained from the rheological model (Bouc-Wen
model + Sinusoidal elastic model) and experiment in 7 steps.

The proposed rheological model is satisfactory when compared to the experiments. It is
simple enough to be used in standard programs for structural analysis.
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8

SUMMARY AND CONCLUSION

Annually, one or more earthquakes occur leading to the death of many people and
destroying buildings, structures and infrastructure over the world. The resistance against
earthquake in conventional structures depends on providing the building with strength,
stiffness, and inelastic deformation capacity, great enough to tolerate a given level of
earthquake–generated motion. A conventional structure may be safe; however, many
details, like quality of concrete, welding, reinforcing details and etc., should be carefully
considered.
Controlling the response of a structure is an effective method to prevent damage during an
earthquake and obtain a structure that is more robust and economical. In the concept of
structural control, structural systems are used that are controllable (e.g., Hyde, BI, Tendon
or Pagoda systems) (Dorka, 2004). This means that response variables (e.g. forces and
displacement) are controlled using suitable devices in specific locations.
The HYsteretic DEvice (HYDE) System concept is such a structural control system. It is a
passive seismic control concept using a rigid-body mechanism. The maximum story shear
is controlled in a dedicated story (the seismic link) by using elasto-plastic devices (Shear
Panel or SP) or friction devices. Because of their simplicity, SPs are cheap and effective
devices for a Hyde System
SPs have already been studied extensively. These studies can be divided into two major
categories: studies on steel shear walls and steel shear panels. The difference in these studies
is related to the effect of a frame around shear plates and also the dimension of specimens.
Many parameters have been investigated (e.g., the effect of materials and dimension of
plates, the angle formed in the tension field, thickness, the ratio of width to height,
connecting the beam to column, holes in the shear plate etc), but until today, there is no
comprehensive numerical model for SPs that is sufficiently validated. Also, a simplified
validated rheological model should be available for the analysis of whole structures, but is
mostly missing.
It is the purpose of this work to fill this gap especially for the application of SPs in Hyde
systems.
An advanced FE model is proposed here. It uses the Chaboche model for the material (mild
steel) considering non-linear kinematic hardening. To account for non-linear geometric
effects, it uses a combination of buckling mode shapes (for initialization and further analysis
of out-of-plane deformations) within the advanced Lagrangian method. Comparing the
results of the numerical model with experiments showed good accuracy.
This FE model allows the design of a SP for a certain yield force by selecting appropriate
dimensions. The h/t ratio has the biggest influence on the shape of the hysteresis loop and
its evolution.
A simplified SDOF rheological model was also developed to be used as an element in the
anlysis of structural systems. It combines a Bouc-Wen model with a sinusoidal non-linear
elastic model.
All SPs studied showed very good ductility and energy dissipation characteristics. They
exhibited stable hysteresis loops for large deformations even after many cycles of loading.
The initial stiffness and ultimate strength of SPs increased by increasing the thickness of the
web. The increase in the stiffness and strength was not exactly proportional to the increase
in the thickness.
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It was found that, local failure mechanisms like cracks in welds and highly out-of-plane
deformed webs had little effect on the overall behaviour of the SPs. This can be explained
by tension field action, which was the dominant phenomenon once buckling occurred. Even
for small h/t ratios plastic buckling occurred after only a few cycles. Tension field action
thus is dominant in providing maximum force capacity and increased the displacement
capacity when compared to a pure plastic one.
The dissipated energy increases as the h/t ratio of the web decreases due to more plastic
deformation. Thus SPs with smaller width-to-thickness ratios are able to dissipate more
energy than those with larger ones. But as previous studies showed, it is not the dissipation
that counts in a HYDE system, but the control of the force limit. Too much dissipation even
reduces controllability. Therefore, SPs with large h/t ratios are also excellent control devices
for a HYDE system, even providing more displacement capacity than the ones with low h/t
ratios.
Further research beyond the scope of this thesis may be particularly of interest to investigate
the following:
- SPs with several openings to increase the deformation capacity. One effective
opening maybe webs in X form, that already mimic the tension field.
- In this research, numerical models were verified for SPs using only shear force.
However, SPs should be studied under combination loading such as shear and
normal force, biaxial loading etc.
- In this investigation maximum deformations were limited by the test setup and not
the specimen. Therefore ultimate deformation capacity should be investigated
futher.
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