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ABSTRACT

ABSTRACT

Fire tests remain a precious tool to comprehend the behavior of structures under accidental
fire conditions. The common practice in fire testing is to isolate the tested element in a
furnace in which the mechanical support conditions are maintained constant throughout the
test. However, such tests fail to capture the effect of the structure surrounding the element of
interest when this effect cannot be realistically modeled by a free or fixed support condition.
It has been observed in large-scale tests that the behavior of entire structures under fire is
different compared with the behavior observed in traditional tests on isolated elements. This
indicates the importance of capturing accurately the boundary conditions between the element
and the remainder of the structure when characterizing the behavior of this element in fire.
The literature describes a few attempts at performing fire tests under realistic boundary
conditions. In the latter, the tests were still performed on isolated elements but the boundary
conditions were updated during the test taking into account the characteristics of the
remainder structure. This technique, called hybrid testing, represents an appealing solution to
test structural elements under realistic boundary conditions.

Hybrid testing is a methodology which offers the advantage of testing singular structural
elements (or a group of structural elements) named physical substructure PS while at the same
time considering the characteristics of the remainder substructure named numerical NS, thus
allowing to model realistic boundary conditions. Pioneering work has been done in the
seismic field where this technique is now well described, but the implementation of this
methodology for structural fire testing raises important challenges due to the specificities of
the field. A few hybrid fire tests have been performed in the past on columns and slabs. Their
analysis shows that they all use a similar methodology, which is referred to as the first
generation method in this work.

The objective of the thesis was to develop and implement a hybrid fire testing methodology
on a reinforced concrete beam extracted from a moment resisting frame. Initially, it was
intended to build on the first generation method, but after its detailed analysis in the
development stage it has been observed that the process can be unstable. The value of the
stiffness ratio between the numerical substructure and the physical substructures has been
identified as critical in governing the stability of the test, dictating whether the hybrid test
needs to be applied in displacement control or force control. This is a severe drawback of the
first generation method, as the stiffness ratio is unknown and changing during the test; besides
that, different degrees-of-freedom can require different procedures during the test. Therefore,
it has been shown that the first generation method should not be applied as it can lead to
instability prematurely during the tests.

To overcome the drawbacks of the first generation method, the objective was to develop a
new technique that leads to interface equilibrium and compatibility while at the same time is
unconditionally stable (i.e. independently of the stiffness ratio). Thus a new methodology was
developed and applied to the case of a concrete beam (PS) being part of a concrete moment
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resisting frame (NS). The new method makes use of the PS’s stiffness in addition to the NS’s
stiffness as it was the case in the first generation method. The stiffness matrix of the PS is
unknown during the test therefore the initial tangent stiffness matrix is considered during the
calculations. The latter choice influences the value of the time step to be adopted during the
test. Every time step the boundary conditions are updated and it will be discussed how the
chosen value can influence the results.

A predetermined matrix is used to describe the behavior of the NS during the hybrid fire tests.
This approach does not capture the nonlinearity of the remainder but at the same time the
implementation is relative simple and the negative effect of the time calculation is eliminated.
The procedure to compute the predetermined matrix of the NS is presented in this thesis. One
possible direction in the future development of hybrid fire testing is to model the NS in a
finite element model.

The algorithm of the proposed method is developed and implemented in the nonlinear finite
element software SAFIR in order to perform virtual hybrid fire tests. The same algorithm is
translated in order to be implemented by the company in charge of the control system at the
CERIB furnace facility.

The thesis also presents a traditional fire test that has been performed on the beam, in order to
highlight the differences when testing structural element without and with the real boundary
conditions. For the hybrid test, three degrees-of-freedom are controlled at the interface. The
furnace facility has an important role to perform successful test where the equilibrium and
compatibility are ensured and no instability occurs during the test. The impediments
encountered during the tests will be discussed along with the recommendation for a successful
hybrid fire test.

Keywords: fire, substructures, physical substructure, numerical substructure, boundary
conditions, hybrid fire test, SAFIR, virtual environment
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1. INTRODUCTION

1.1. Motivation of performing hybrid fire tests

The construction field is growing in terms of structural solutions and new material. In order to
prevent catastrophic events, which can occur under accidental actions, the behavior of
different types of structures in extreme conditions should be assessed by civil engineers. The
ability to analyze the behavior of a structure under accidental loads requires first the
knowledge of the material behavior. New materials or new structural elements made of well-
known materials need to be tested in order to validate and calibrate the new models and
methodologies.

Fire tests are required to understand the behavior of structures exposed to fire. Generally the
fire tests are performed on single elements, with no restraint, neglecting the action of the
remainder structure [1], [2]. Entire structures have been tested [3]-[5] but the high cost makes
the practice uncommon. Keeping the advantage of testing only parts of the structure, but at
the same time to consider the global behavior of the structure, hybrid fire testing methodology
IS a promising technique.

Hybrid testing is a methodology inspired from substructuring procedure, and can have
applicability under different loading conditions caused by wind, blast, impact, waves, fire,
traffic and seismic events. Even if the methodology can be used for many cases of loading
conditions, only in seismic field important research has been done in this direction since early
1970s. The implementation of a method developed from the seismic field to the fire field
remains a challenge and only a few hybrid fire tests have been performed. Laboratories such
as BAM (Germany), CERIB (France) and NRC (Canada) have the experimental facilities that
would allow, provided a proper methodology is available, to carry out Hybrid Fire Testing
(HFT).

Here are just few of the reasons supporting the necessity of fire tests in general and hybrid fire
tests in particular. Globally, the thermal expansion of the structural elements exposed to fire
induces important changes in the structural behavior during the fire test. The changes are
dependent on the boundary conditions adopted in the test. Locally, specific phenomenon
occurs for some materials when exposed to fire such as the spalling of the concrete. This
phenomenon is yet impossible to be numerically modeled therefore the fire tests in the
appropriate conditions are required to comprehend the action along with the structural
behavior. Hybrid fire testing is the key to get more realistic results of the tests and to
understand the real behavior of structures exposed to fire, under real boundary conditions.

Despite the large amount of existing information related to hybrid testing in other fields, the
application in the fire tests is not straightforward. This is due to the main characteristic of
hybrid fire testing which requires hybrid tests performed in real time. The effect of the fire on
the materials is immediate and continuous and the thermal expansion implies modification of
the interface boundary conditions in real time. Thus the main challenge of hybrid fire testing
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is to be able to develop a methodology specifically suited for the fire field which can be used
in practice.

Therefore the objective of the thesis is to investigate the theoretical aspect of the methodology
which can provide accurate results and ensure compatibility and equilibrium at the interface
of the tested substructure and the remainder structure in real time. Next, the proper
methodology will be implemented in a fire facility furnace followed by the experimental
testing.

It is desired to develop the methodology to fully take advantage of the variety of the

instrumentation devices, versatile equipment existing in the worldwide laboratories.

1.2. The influence of the boundary conditions on the fire test results

This section illustrates the capability of hybrid fire testing to capture the global behavior of
the analyzed structure when testing individual structural elements.

For exemplification, the behavior of a concrete beam exposed to fire is next analyzed in
different test configurations. The exposed beam is a structural component of a moment
resisting frame, a common structure in practice.

The most common practice when testing structural elements is to ensure free or fixed
boundary conditions. Different support conditions are possible, depending on the furnace
facility. Table 1-1 present the configurations available when testing a beam exposed to fire.

Table 1-1. Possible test configuration for beam structural elements

Configuration 1
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Configuration 6
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Configuration 1 refers to full scale testing when only the roof beam of the span number two is
exposed to fire.

Configuration 2 represents the most common practice in the worldwide testing facilities. The
beam is simply supported and loaded with equivalent forces such that the mid-span bending
moment from the Configuration 1 is reproduced.

Configuration 3 is similar to Configuration 2. The beam is simply supported and in addition
to the previous configuration, the supports bending moments are reproduced during the tests.
The support bending moments are induced by the vertical jacks acting on the cold cantilever
beam. The fire acts in between the supports and all the forces are constant during the entire
test duration.

Configuration 4 presents the beam test when the support rotations are fixed and the thermal
expansion is free.

In the test Configuration 5, the support rotations as the thermal expansion are fixed. The
difference between the Configuration 4 and Configuration 5 is the fixation or not of the
thermal expansion.

In the tests performed in the Configuration 1 to Configuration 5, all the forces are constant
during the test.

The Configuration 6 is characteristic to hybrid fire testing. The support bending moments are
applied by the vertical forces acting on the cantilever cold beam while the horizontal restrain
of the surrounding structure is modeled via the horizontal force. Therefore, the action of the
surrounding on the beam during the test is simulated by the vertical and horizontal forces.
These forces vary during the tests depending on the characteristics of the tested elements and
the characteristics of the rest of the structure. The vertical forces acting in the span of the
beam are constant during the tests.

The beam is numerically modelled in the nonlinear software SAFIR in the specified
configuration, in order to observe the behavior during the fire exposure. The standard fire
exposure is considered, i.e. ISO 834, and the interest is to observe the time failure and failure
mode.
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Figure 1-1. The evolution of mid-span displacement in different testing configurations of
the beam structural element

Figure 1-1 presents the evolution in time of the mid-span displacement, in different
configurations.

Similar results can be observed when testing the beam in Configuration 2 and Configuration
3. The distribution of the bending moment is different in the mentioned configurations and
this is the reason of the small differences. The beam experiences ductile failure around 100
min since the start of the fire.

The beam tested in the Configuration 4 reproduces the behavior of the beam when full scale
tested, until approximately 150 min since the beginning of fire. The failure occurs soon after
200min of fire exposure, with 100 min later than in the case of the simply supported beam.

When the boundary conditions of the beam are fixed, with no possibility of thermal expansion
i.e. Configuration 5, the failure occurs around 130 min.

When performing hybrid fire testing, i.e. Configuration 6, the behavior of the full scale testing
is reproduces with small differences. The difference is due to the hypothesis accepted to
perform the hybrid fire test. More details about how the hybrid fire test was numerically
modelled will be presented in the next chapters.

For this specific case studied, the provided results by means of hybrid fire testing reproduce
the real behavior better than the other possible mentioned configurations.

The time failure along with the mode failure depends on the configuration of the fire tests.

During full scale testing the measured mid-span displacement is smaller compared with the
mid-span displacement measured in the Configuration 2 and 3.

When performing hybrid fire testing, the mid-span displacement reaches the same range of
values than in the case of the full scale testing.
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Not only a variation of failure time depending on the test configuration is observed, but the
failure mode can be different. A ductile failure is characteristic for tests performed in the
Configuration 2 or Configuration 3, while in all the other configurations the failure is brittle.

From all the possible tests configurations presented in this section, the global behavior is
reproduced only by means of hybrid fire testing. The advantage of the hybrid fire testing
compared with the full scale testing derives from the possibility to perform test on individual
structural elements but at the same time to reproduce the global behavior. During the hybrid
fire test, the effect of the surrounding is considered.

This section shows the importance and the capability of hybrid fire testing in order to capture
the global behavior during the fire tests. All the other configurations reveal different behavior
and different failure time compared with the real situations. A better understanding of
structures exposed to fire can be provided only by means of hybrid fire testing.

1.3. Problem definition

Hybrid fire testing methodology must be validated for different structural elements, must be
stable during the entire test, to ensure equilibrium and compatibility at the interface of the
substructures and to reproduce the global behavior of the building.

Only few hybrid fire tests have been performed in the past when physically testing columns
and slabs. The behavior of the surrounding structure is modeled by using a predetermined
matrix (assuming elastic behavior) or nonlinear numerical software (which allows capturing
the nonlinear behavior).

The authors of the former hybrid fire tests used methods tailored to suit their particular needs,
without verifying the applicability for generic application.

Therefore there is a need of developing and implementing a method which is unconditionally
stable, to ensure interface equilibrium and compatibility and to generate accurate results and
to be valid for all types of configurations and members.

1.4. Research objectives and scope

The aim of the research was to investigate, develop and validate hybrid fire testing and to
permit hybrid testing to address to more complex problems to be investigated, independently
on the characteristics of the substructures, being stable during the test. To achieve the
purpose, the research has been conducted following the objectives presented here bellow.
1. Review and evaluation of the existing concepts and frameworks in hybrid fire testing.
2. Review and evaluation of the existing concepts and frameworks in hybrid
methodology developed in seismic field. A comparison between the seismic and fire
fields is done, as well as the identification of the sources which suit the fire field.
3. Development of an unconditionally stable method to be suitable for various
configurations and which provides correct results.
4. The implementation of the new method in CERIB fire testing facility.
5. The experimental validation of the method on a case study.
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1.5. Organization of the thesis

This thesis is organized as follows:

Chapter 1 underlines the motivation to perform hybrid fire testing, defines the problems to be
solved and the objectives of the current thesis.

Chapter 2 provides general information about hybrid fire testing. It starts describing the
procedure and the components of the hybrid fire testing, underlining the advantages and
challenges of the procedure. The particularities of hybrid fire testing are visible when making
the comparison of the hybrid simulation in fire field versus seismic field. Intensive research
has been performed in seismic field and the history of the hybrid simulation method is
presented followed by the state of the art in the fire field.

In Chapter 3, the characteristics of the hybrid fire testing are discussed, such as, the global
versus local system of coordinates, the representation of the numerical substructure, the
importance of the time step during the simulation, and the possible errors during the test.

Chapter 4 describes in details the methodology considered in the previous hybrid fire tests.
The discussion is done using one degree-of-freedom case study. The particularities of the first
generation method are presented for displacement and force control procedure.

Chapter 5 presents the new developments and implementations of hybrid fire testing. A
numerical example (performed on one degree-of-freedom case study) is presented in order to
underline the particularities of the new method.

Chapter 6 presents the analyzed case study when using the new methodology. The analysis is
first performed in the virtual environment (FE software) followed by the real hybrid fire tests.
The proposed method is implemented in CERIB fire facility where the hybrid fire tests are
performed.

Finally, Chapter 7 summarizes and draws conclusions about the new developments proposed
in this thesis, from the numerical and experimental point of view.
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2. HYBRID SIMULATION FUNDAMENTALS

2.1. Introduction

The fire behavior of the structural systems can be assessed by several methods.

The most common method is the individual testing method, meaning that individual elements
are tested without considering the global behavior of the structural system. Such tests are
relatively easy and economical to execute compared with the other fire testing methods, but
the boundary condition and the loading rate do not reproduce the reality. When individual
elements are tested, the thermal expansion is free and no additional forces develop in the
specimen. Therefore, the question is if the fire resistance of the tested specimens is under- or
overestimated for a specific project situation.

Full scale testing is a second form of testing the structural elements. These tests provide
important data on the fire response of the structural system, considering real boundary
conditions and loading rate. So far only few tests have been performed in full scale; the high
cost needed in performing such tests makes the practice uncommon. Important amount of
work needs to be done in building the structural system and installing the needed equipment
to measure the required information.

A third method is hybrid simulation, which has been widely used in seismic field, inspired
from substructuring methodology. The idea of hybrid simulation is to combine the advantages
of individual testing method and full scale testing, meaning that individual element(s) will be
tested while accounting for the surrounding’s contribution. The surrounding can be modelled
via nonlinear numerical software or a predetermined matrix (if elastic behavior of the
surrounding is expected). The part of the structure tested in the furnace will be referred to as
the physical substructure (PS), while the surrounding as the numerical substructure (NS). The
method then consists in ensuring equilibrium and compatibility between these two
substructures over the duration of the test. At each time step, data (displacements or forces)
are measured at the substructure interfaces. Due to the fire exposure of the PS, equilibrium
and compatibility at the interface are not generally satisfied any more at the end of the time
step. To restore the equilibrium and compatibility at the interface, new data are computed
(forces or displacements) and are imposed to the substructures, based on the measured data
from the previous time step. At frequent intervals (time step At), the displacements or the
forces at the interface are measured from the PS and this information is sent to the NS. The
reactions (forces or displacements) of the NS at the interface are calculated and then sent back
to the PS. There may be an additional delay of time Atp requested for the calculation of the
NS reaction and for application of the reaction to the PS. The procedure is either called force
control procedure (FCP) or displacement control procedure (DCP), when reaction forces or
displacements are sent back to the PS.
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The key components in hybrid simulation will be next presented more in detail and the
procedure will be described. Using the hybrid simulation, a variety of advantages is gained
compared with the individual testing method and the full scale method. In addition, several
types of challenges need to be addressed. The advantages and challenges when using hybrid
simulations will be discussed. While in seismic field the method is widely studied, in fire field
only few tests have been performed using hybrid methodology. The direct implementation of
the method used in the seismic field to the fire field is not possible due to the fact that there
are some obvious differences between the fields. The difference between the hybrid testing in
seismic field and hybrid fire testing will be discussed together with the numerical and
experimental errors which can affect the accuracy of the method. In the last chapters, the
history of hybrid simulation and the state of the art in fire field is presented.

2.2. Components and procedure

To perform a hybrid simulation, there are several components which need to be controlled and
interact during the test. The objective of the hybrid simulation is to analyze the behavior of a
structural system by combining the experimental testing and the numerical analysis of the
remainder. The interaction between the two parts should be ensured during the test in order to
achieve equilibrium and compatibility at the interface. To do so, the key components needed
in this process are next described and presented in Figure 2-1.

1. The physical substructure (PS) to be tested in a furnace is the key component of
hybrid fire testing. The PS is the part of the structure which will be experimentally
tested in the furnace. The choice of the PS will be done based on the following
criteria: (i) unknown behavior of a new material or (ii) a new structural system
difficult to be represented numerically.

2. The second key component is represented by the numerical substructure (NS) to be
analyzed aside during the hybrid simulation. The NS can be modelled in a finite
element (FE) model or it can be predetermined in a matrix. There are some differences
in the hybrid simulation process depending on how it will be chosen to represent the
NS.

The FE model is recommended when parts of the NS are exposed to fire. The
drawback of representing the NS by FE software is the time needed for every time-
step calculation during the interaction. In hybrid fire testing the time of the calculation
needs to be short in order to be able to reach equilibrium and compatibility at every
interaction time step. The advantage of the method is the possibility of considering
parts of the NS exposed to fire too.

When the NS remains cold during the hybrid simulation, then the behavior of the NS
can be accounted for by using the predetermined matrix. This means that a matrix will
be defined before the hybrid simulation; therefore the calculation time of the NS is
virtually zero. Predetermined matrix accounts for the stiffness of the NS, the load
pattern and the condensation of DoFs at the interface.

To reduce the time needed for one-step interaction in hybrid simulation the
predetermined matrix is recommended to be used when possible.

10
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Figure 2-1. Components of hybrid fire testing
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3. The transfer system between the NS and PS;
The transfer system means the actuators needed to apply the time step response
(displacements in displacement control procedure and forces in force control
procedure)

4. The data acquisition system in the furnace;
The data-acquisition system refers to the instruments employed during the hybrid
process in order to read the data from experimental process. Examples of such
instruments are (i) the displacements transducers and inclinometers and (ii) load cells.
The displacements transducers and the inclinometers are used to measure the evolution
of displacements and rotations in time, while the loads cells have the properties to read
the reaction forces (or restoring forces) in the actuators.

The procedure of hybrid fire testing is next described.

Hybrid fire testing can be performed in force control procedure (FCP) or displacement control
procedure (DCP). The steps to be followed during the hybrid fire testing HFT as presented in
the literature are described right below.

Step 1: Before starting the hybrid fire testing, the interface forces and displacements need to
be determined for ambient conditions. To do so, analyze the entire structure (with the physical
substructure included in the analysis) at ambient temperature under the loading relevant to the
fire situation (called here “external loads™) and obtain the corresponding effects of actions
called here the reaction forces (bending moments, axial forces, shear forces, torsion moments)
and displacements/rotations at the interface between the physical substructure and the
numerical one.

Step 2: Run another analysis for the numerical substructure, but this time without the physical
substructure, when the numerical substructure is subjected to the external loads and, at the
interface, to the reaction forces (DCP)/displacements (FCP) resulted in Stepl.

Step 3: For the physical substructure in the furnace, apply the initial forces or displacements
at the interface obtained from step 1 and the external loads which are applied to the physical
substructure. The fire test is now ready to start.

Note that when the physical specimen is loaded before starting the fire, it may be possible to
get a different value of interface displacements (FCP)/reaction forces (DCP) than the ones
calculated in the Step 1. In this situation some additional calculations are needed to restore the
interface equilibrium and compatibility at ambient temperature, before the start of the fire.
Section 5.2.3 presents more details about this activity.

Step 4: Turn the furnace on.

Step 5: Read the variation of reaction forces (DCP)/displacements (FCP) of the heated
physical substructure at the interface after one time increment.

12
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Step 6: From the situation obtained after step 3, impose this variation of reaction forces
(DCP)/displacements (FCP) to the numerical substructure and calculate the effects of actions
at the interface, displacements (DCP)/reaction forces (FCP). Note that using the finite element
analysis, part of the NS can be exposed to fire too.

Step 7: Adjust the displacements (DCP)/reaction forces (FCP) forces applied to the interface
of the physical substructure in the furnace. The time needed to perform the calculation of the
NS and to apply the new corrections in the furnace will be referred to as the delay time Atp.

Step 8: Repeat Steps 5 to 7 for each time increment At, for the entire period of the test
including the cooling phase if relevant.

After Step 7 the equilibrium and compatibility at the interface need to be ensured. Due to the
fire exposure, while performing the calculation of the NS, the interface conditions are
changing. Therefore, at the end of the Step 7 there is a risk not to satisfy the compatibility and
equilibrium conditions if the calculation time is too big.

When the structure to be analyzed is divided in the PS and NS, the number of degrees-of-
freedom (DoFs) at the interface is ntDoF. When PS is placed in the furnace the rigid body
modes need to be suppressed, resulting nDoF at the interface. This means that the total
number of DoFs ntDoF at the interface is reduced [6] in the number of DoFs which can be
controlled in the furnace nDoF. By using a predetermined matrix to represent the NS, the
condensation of DoFs is already implemented in the matrix and no additional calculations are
needed. When the finite element analysis is used in the hybrid simulation, then the
condensation of DoFs needs to be done during the test. More details about the condensation of
DoFs will be presented in the chapter 3.3.

2.3. Advantages and challenges

Hybrid simulation technique combines the analytical and the experimental approaches to
investigate the behavior of the structural system.

The most important advantages are summarized here bellow:

e Hybrid simulation consist in subdividing a structure in two substructures (i) the NS
characterized by a well understood behavior reliably modelled in finite element
models and (ii) the PS characterized by the fact that is difficult to be modelled
numerically and is thus obtained from a physical test in a laboratory. The uncertainties
will be reduced if the numerical model of the unreliable parts is replaced with actual
physical components.

e Experimental and numerical models can take advantage of the different capabilities
available in different laboratories using geographically distributed hybrid simulation.

e The global behavior of structures can be reproduced only by means of hybrid fire
testing. This method presents the advantage of providing the real failure time during
the fire exposure and the real failure mode.
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The hybrid simulation method presents advantages compared with the other existing methods,
but several challenges still need to be addressed by conducting further research in this field.
The challenges of using hybrid simulation are presented next:

e During the hybrid simulation, data are measured and imposed on the PS every time
step. The acquisition and transfer system (actuators and transducers) used to control
the interface data (displacements/reaction forces) should be suitable for different types
of configurations.

e Each implementation of hybrid fire testing done so far is dependent on the testing site
and control, and on the data —acquisition system. The software framework is difficult
to be adapted to different structural problems and even to different laboratories.

e The need of a common software framework for developing and performing hybrid
simulation. The object-oriented software framework should be robust, transparent,
easily extensible and environment independent.

e Using hybrid fire testing, there are different sources of errors which can affect the
accuracy of the results: (a) modelling errors (e.g. discretization process); (b)
experimental errors generated by the control and transfer system; (c) experimental
errors introduced by the instrumentation devices; and (d) unappropriated method of
performing hybrid simulations. All these errors can lead to instability during the test.

e Depending on the stiffness of the structures, tests with stiff physical substructure can
be difficult to execute under displacement control. One solution to stiff structure
would be to use a force control procedure. This means that the method should be
suitable for this specific problem and other specific problems which can be identified.

e |If the future geographically distributed hybrid simulation can be used, then the
networks delays and breakdowns should be avoided and the communication speed
needs to be improved as much as possible. A delay in communication can have a
crucial effect on the results, due to the fact that during this time the fire exposure
continues in the furnace.

2.4. Seismic vs. Hybrid Fire Testing

Some differences between the two fields when performing hybrid simulations will be
presented in the Table 2-1 to highlight the impossibility of implementing the methods from
seismic field directly to the fire field.

The first difference between the two fields is the equation that needs to be solved during the
hybrid simulation. For the seismic field a dynamic equation governs the procedure while in
the fire field the static equation needs to be solved. When the PS is exposed to fire the
expansion develops slowly in time. Therefore, there is no need of a dynamic approach.

The static approach is characterized by the fact that the stiffness of the PS is used in the
calculations and this represents a challenge considering that it is not easy to determine the
stiffness of the PS. Due to the fire exposure, this value changes during the duration of the test
and the change can be significant close to the failure. For floating subdomains (which
experience rigid body movements) additional calculations need to be done to find the invert of
the singular stiffness matrix. In seismic field, depending on the type of the considered solver,
the evolution of the stiffness matrix during the test is not always requested.
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One of the main challenges of hybrid fire testing is related to the necessity to conduct the HFT
in real time; except for metallic elements in which a uniform temperature distribution can
develop, the temperature distribution in most elements is highly non-uniform and time
dependent and cannot be scaled down in time (this is particularly significant for concrete or
timber elements). In seismic field, reduced scale tests are possible (similitude theory is needed
in this case).

Real time testing is needed in fire field compared to seismic field, where slow tests, rapid
tests, real time tests and smart shaking table tests are possible. In fire field, except for some
specific elements, i.e. pure metallic unprotected structures, the evolution of the thermal
gradient in the section of the PS continues even if the fire stops. This requests a real time
testing and a fast interaction between the substructures during the hybrid simulation. In
seismic field, the slow tests can be executed on extended time-scales of up to two orders of
magnitude slower than the actual time-scale. To avoid force relaxation and actuator stick-slip
difficulties, rapid tests have been implemented, where the inertial and viscous damping forces
are generated in the physical substructures. Another alternative is to perform the hybrid
simulation in real time or to execute smart shaking table tests. For every case, the algorithms
to solve the dynamic equation are specific.

In fire fields, the structural elements are tested in furnaces, exposed to different fire load. This
means that the structural elements need to be assembled (positioned) in such a way to build a
closed space where the load fire can be reproduced properly. The structural elements can be
totally or partially exposed to fire. The transfer system and data-acquisition system must be
protected from the fire exposure (placed outsides the furnace) whereas in seismic field no
protection is needed since the test is performed at ambient temperature.

Table 2-1 summarizes the differences between the seismic and fire hybrid testing.

Table 2-1. Hybrid simulation in seismic versus fire field

Criteria for comparison Seismic field Fire field
Equation to be solved Dynamic equations Static equations
. Real
fthe P — Real
Size of the PS Scaled (Similitude Theory) e
Slow tests
Rapid tests

Time of performing tests Real time test

Real time tests
Smart shaking table test

The transfer system and data-

L No matter the position Limited position
acquisition system

2.5. Numerical and experimental errors

In hybrid simulation process errors can be introduced into solution at different stages. A first
classification of the errors is the numerical errors versus experimental errors.

A brief list of numerical and experimental errors is described herein.
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e Since the fire exposure is continuous, the time needed to perform the calculation of the
NS when using the finite element model and to apply the new values on the PS is a factor
of error. While the calculation of the NS is undergoing the PS is still exposed to fire. This
means that the interface data (reaction forces (DCP)/displacements (FCP)) from the
calculations time step are different compared with the interface data (reaction forces
(DCP)/displacements (FCP)) from the time when the data are imposed on the PS.
Therefore the interface equilibrium and compatibility are not satisfied. The influence of
the time calculation and the time needed to induce the target values on the PS needs to be
carefully studied.

e The methodology used to perform the hybrid fire testing is another factor of errors. The
applied method needs to be stable, to ensure equilibrium and compatibility and to be able
to reproduce the global behavior. More information about the instability induced by the
wrong methodology will be presented more in detail in the chapter 4.

e Other source of errors can be generated by the transfer system which imposes the
calculated response quantities on the PS. The transfer system needs to be tuned correctly
in order to avoid the poor results.

e Experimental errors are the most common errors when experimental tests are performed.
For example the resolution of the instrumentation, the noise generated in the
instrumentation and the calibration errors can produce inaccurate or incorrect
measurements leading to poor test results.

More research needs to be done in this area to observe the influence of different errors on the
results.

2.6. History of hybrid testing in the seismic field

In this section, a brief history of hybrid methodology within the years will be presented.
Searching for new methods to evaluate the dynamic behavior of structures, especially the
seismic performance of large-scale structures, the hybrid simulation testing technique started
to be developed in the early 1970s, but it was first published in 1975.

There are several methods for evaluating the seismic behavior of a structural system: quasi-
static testing method, shaking table tests and hybrid simulation method.

The quasi-static tests are relatively easy and economical. The methodology consists in
applying a predefined history of loads or displacements on the tested specimen. The
advantage of the method is that the changes in the materials, the boundary conditions and
other factors can be identified imposing the same loading on different series of specimens.
But the load pattern does not model the change of the load distribution that a structure
experiences during a real seismic event.

Shaking table tests are able to simulate the close conditions that would exist during a
particular earthquake. The advantage of this method is that the dynamic response of a
structure can be analyzed considering specific ground motion, the inertial and energy-
dissipation characteristics of the tested structure. Most of the shaking tables are limited in size
and capacity, so there is a need to implement dynamic similitude.
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The hybrid simulation method represents a new way of testing method which is formerly
called the pseudo-dynamic test method or the online computer-controlled test method.

The reader is referred to Schellenberg et al. in [7] for a comprehensive review of hybrid
simulation as well as the history in the development. Herein only a short description will be
presented.

Takanashi in [8]-[9] published the first official publication about hybrid simulation method.
The method was referred to as “online test” and represents an alternative to the shaking table
test. In time the method has been improved in terms of efficiency, accuracy and performance.
The experimental tests are sensitive to different types of errors, therefore it was needed to
study the propagation of random and systematic errors after the initial developments were
conducted by Mahin and William [10] and Shing and Mahin [11]. A summary of error
propagation i.e. implementation techniques, experimental setup as the errors based on
modeling is presented by Thewalt and Mahin in [12] and by Mosqueda et al. in [13].

The first studies about numerical algorithms for the integration of the equation of motion in
hybrid simulation have been conducted by Shing and Mahin [14]. They investigated the
implementation of stable explicit schemes, included Newmark method (based on the
Newmark family of methods [15]). During the experiments it has been observed that the
damage occurred in limited and specific regions of the entire structure. Consequently,
Dermitzakis and Mahin [16] suggested using substructuring technique, meaning that a
structure needs to be divided into experimental and numerical substructures to perform
partitioned hybrid simulations. The explicit integration schemes are conditionally stable, and
to overcome the instability of the process a mixed implicit-explicit algorithm was presented
by Dermitzakis and Mahin [16], based on the previous developments made by Hughes and
Liu [17], [18]. A summary of the all the activities in hybrid simulations, performed in U.S.,
have been published by Mahin and Shing [19]. The paper described the basic approach to the
pseudo-dynamic testing method, and this includes the numerical integration algorithms,
details about the implementation and also the capabilities and the limitation of the technique.
In the Nakashima [20]-[23] papers, the stability and the accuracy of the pseudo-dynamic
testing method has been studied. A comprehensive summary of all the field activities
developed in Japan have been presented by Takanashi and Nakashima [24]. Meanwhile, in
U.S., Thewalt and Mahin [25] presented the research about the first multi-directional hybrid
simulation, developed as force, mixed force and displacement control strategies, and proposed
the “effective force” dynamic testing method. The first implicit unconditionally stable
integration method has been presented in the framework of the same research based on the
alpha method by Hilber et al. [26]. The need of unconditionally implicit integration methods
results from the fact that the explicit integration methods are conditionally stable and
impractical for multi-degrees of freedom and for multi-directional hybrid simulation.
Nakashima [27] proposed a specialized operator-splitting (OS) method for hybrid simulation,
and later on, the same author [28] published the investigation of stability and accuracy of the
later method. Unconditionally stable numerical algorithms to integrate the equation of motion
were required to deal with large multi-degree-of-freedom hybrid models. The inspiration of
the OS method was based on the implicit-explicit predictor-corrector scheme developed by
Hughes [29]. It was found that the OS method possessed improved stability and error
propagations compared to the explicit methods moreover any equilibrium iterations were
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required. The updated summary of the developments about hybrid simulation were presented
by Mahin [30].

The complexity of the structural systems increased as well as the growing number of
partitioned hybrid simulations. The consequence was the development of the implicit
unconditionally stable integration schemes for hybrid simulation. A new integration scheme
based on the implicit Newmark method has been presented by Dorka and Heiland [31], Dorka
[32] and Bayer [33].The method used a substepping approach in an inner loop of the
algorithm (digital implementation of the force feedback). Shing et al. [34] and Shing and
Vannan [35] proposed an integration method based on alpha method by Hilbert and employed
an equilibrium solution algorithm with initial stiffness iteration. The algorithm was
subsequently used in partitioned pseudo-dynamic tests on concentrically braced frames
presented by Shing et al. [36]. Bursi et al. [37] extended the method in the way that the time-
step size could be adapted during the hybrid simulation.

Nakashima et al. [38] present the first implementation of hybrid simulation for real-time
testing. The dynamics actuators and a digital servo-mechanism were used in the
implementation. To improve the computational efficiency, an interlace solution strategy
(staggered integration) was employed.

Schneider and Roeder [39] modified the first time a finite element software package (DRAIN-
2D) for hybrid simulations instead of using a problem-specific implementation. The next step
was to develop the concept of replacing the numerical elements with experimental elements
tested in the laboratory. As it was a challenge to estimate the stiffness matrix of the tested
substructure during the test, Thewalt and Roman [40] developed a technique based on the
measured forces and displacements during the test. Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm represented the base in these developments.

Campbell and Stojadinovic [41] proposed geographically distributed structural subassemblies
where the individual sited are connected through Internet. The new developments and
activities in hybrid simulation made at the European Laboratory for Structural Assessment
(ELSA) have been presented by Magonette and Negro [42].

Houriuchi et al. [43], [44] developed the actuator-delay compensation technique to improve
the real-time execution of hybrid simulation. Magonnette [45] developed a system to execute
continuous hybrid simulations without the real-time requirement in order to avoid the force
relaxation.

Pan et al. [46], [47] developed an architecture where the physical test was conducted in one
place while the numerical analysis was performed in a different location, where the
communication between the substructure has been done via Internet. The reason was to take
advantage of different existing testing sites.

The hybrid simulations can be performed using a force control procedure, displacement
control procedure or a mixed force-displacement control procedure, depending on the
particularities of the problem. Usually in seismic field, a displacement control procedure has
been used. The procedure is not always suitable for all the problems types, especially for stiff
physical substructures. Therefore the force control and mixed force-displacement control
strategies have been developed by Elkhoraibi and Mosalam [48] and Wu et al. [49]. The
switching between the force control and displacement control during the simulation is
possible.
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The real-time testing started to be the main studied area in hybrid simulation and details can
be found in Bonnet et al [50] and Bursi et al. [51].

Saouma and Sivaselvan [52] provide information about the hybrid simulation theory, the
implementations and applications.

As presented in this chapter, the hybrid simulation in seismic field was widely studied and
important improvements were done. Some main differences between the seismic field and fire
field when performing hybrid simulations have been presented. It has been underlined that the
direct implementation of the existed methods is not straightforward but nevertheless the
development done in seismic field are a good source of inspiration for the specific problems
of hybrid simulation in fire field.

2.7. State of the art in the fire field

Schwarz in [53] (1890) applied the strategy “divide and conquer” to a mathematical problem
where a complex domain was divided in two simple parts (a circle and a rectangle) in order to
find a solution for the associated differential equations of the combined domains. The
analytical solutions of both subdomains were known. To find the solutions on the interfaces
an iterative way was used to converge to the solution on the complex domain. Therefore, the
idea of domain decomposition can be seen as the ancestor of substructuring, where the
subdomains are in fact the components of the total structural system.

In civil engineering, the idea of substructuring as a hybrid method has been successfully
applied in earthquake engineering as presented in the previous chapter. The combination of
numerical and experimental techniques is done in real-time. Pioneering work in that field has
been done in Japan[54], USA [55] and Italy [56].

In fire engineering, only few hybrid tests can be found in the literature.

The first reported hybrid fire test was performed by Korzen at BAM [57]-[60] in 1999, where
a column specimen was experimentally tested as part of a simulated building environment.
The mode of action between both parts is exemplified on a one degree-of-freedom (DoF)
basis, i.e. the axial column force is measured and adjusted continuously to the model force,
which is represented through a — not necessarily constant — stiffness, in displacement control.

Figure 2-2 presents the idea of substucturing method implemented by Korzen.

Figure 2-2 b) presents the BAM column’s furnace with six electro-hydraulic control channels
equipped with displacement and force sensors. Depending on the type of the problem the
following mechanical boundary conditions can be controlled during the hybrid testing: i.e.
two bending rotations for the top and the bottom of the specimen, one axial displacement at
the bottom and one horizontal displacement at the top. Therefore, during the hybrid test,
thermal and mechanical actions are applied through this device to the PS. The thermal loads
are known (the mean gas temperature in the furnace is defined as a function of time) before
starting the test whereas the mechanical loads need to be calculated online during the hybrid
fire test. The mechanical loads applied during the process take into consideration the
contribution of the NS, therefore the real boundary conditions are modeled in the furnace.
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During the hybrid fire test, forces at the boundaries of the specimen are measured and used for
the computation of the corresponding displacements. The computed data are sent to the PS in
order to keep the entire building in mechanical equilibrium with its prescribed overall
boundary conditions.

Entire Building

Experimental Substructure: (a) Simulated Substructure:

Specimen Building Environment
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Figure 2-2. Substructuring method applied at BAM, Germany
(excerpt from Korzen [58])
a) Entire building; b) Experimental Substructure: Specimen; c) Simulated
Substructure: Building Environment;

Only the channel of the axial cylinder is controlled in the performed hybrid fire test while the
remaining five channels are kept constant in displacement or rotation control. The considered
loop for only one channel mode is displayed in Figure 2-2 b) — c).

If the hybrid simulation is not considered, then the tested specimen is free to expand when
exposed to fire. In Figure 2-2 ¢) it can be seen that the free thermal displacement ut"¢™ is
diminished by the mechanical displacement u™¢" in hybrid simulation. The controlled axial
displacement during the HFT is composed of the thermal and mechanical components
u = umeeh 4 ytherm A compressive force f™°¢ results on the column under test due to the
stiffness ¢™°4 of the NS (surrounding). The function of the control loop is to change the
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(total) displacement u by moving the position of the electro-hydraulic axial cylinder in such a
way that the model force f™°4 = ¢™°4 y js equal to the measured force in the furnace f.
Figure 2-3 presents the results of the hybrid fire tests presented by Korzen in [58]. The value
of the ¢™°4 is first defined and used in the calculations. It can be observed the increase of the
axial force determined by the increase of the axial displacement.
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Figure 2-3. Results of the hybrid fire test performed by Korzen
(excerpt from Korzen [58])

At Faculty of Sciences and Technology of the University of Coimbra (FCTUC) ([59], [60],
[61]) performed tests on columns with restrained thermal elongation as presented in Figure
2-4. In other words, the NS is built outside the furnace with a direct effect on the thermal
expansion. Several tests, with different characteristics are performed and compared with the
tests performed at BAM.

The experimental results registered in the two furnaces are in good agreement. The
differences stand from the small differences adopted in the configuration of the tests.

The conclusion of the tests indicates that the surrounding affects the time failure of the
columns. Based on the BAM tests, the increase of the stiffness ratio between the NS and PS
reduces the critical time. The FCTUC test results show that the increase of the stiffness ratio
does not affect the critical time (the rotational restrained plays an important role during the
tests cancelling the detrimental effect caused by the axial restrained).
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—

Figure 2-4. Experimental set-up to tests columns at FCTUC
(excerpt from Korzen [59])

During the test performed by Korzen, the interface force is computed every time step. To
apply the computed force on the physical substructure, the displacement control procedure is
considered. Therefore, the interface displacement is controlled in such a way that the target
force is reached.

Another hybrid fire test is performed and reported by Robert [62]-[64] in 2008. The PS
consisted of a concrete slab whereas the NS was a surrounding one floor concrete building.
Three DoFs were controlled, i.e. one axial DoF and two rotational DoFs. A force controlled
procedure was employed. The behavior of the NS was modelled by a constant predetermined
matrix, which had been calculated before the test.

The tested floor system (PS) was composed of 5 cm prestressed concrete floor in combination
with a compression slab reaching 16 cm of total depth. The PS has been extracted from a
building of 5 identical spans (5.6 m long) with the central span exposed to I1SO fire (see
Figure 2-5). The test has been stopped after three hours of testing without reaching the critical
parameters for failure.

Promethee is the testing facility of fire testing center CERIB. In the fire test, the surrounding
structure is replaced by 30 hydraulic jacks whose forces will be time dependent and calculated
taking into account the deflected shape and the predetermined matrix of the NS. Compared to
the previous tests (Korzen), the number of controlled DoFs increased.

The implemented approach in CERIB testing facility will be next presented.

Step 1: Definition of the predetermined matrix.

The predetermined matrix represents the elastic restraint of the cold surrounding (NS)
imposed on the PS and it can be calculated by means of numerical simulations and/or by
simplified approach considering the structural mechanics. After determining the bending
moment / rotation dependency at support and axial forces / displacement dependency at
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support, the stiffness coefficients are then calculated through the established relations. Figure
2-5 presents the configuration of the structure used to establish the predetermined matrix of
the NS.

NN NENEPECNNINEE!
i\ |/

ol o
Eas
M
e —
Frriid
Eguivalent spring for taking inte account the In the case af a cantilever floor, the moment
rigidity gf the bracing wall and the rigidity of at support iz linksd to the cold floor rotation

the cold swrreunding floor

Figure 2-5. The configuration of the considered structure (excerpt from Robert [64])

Step 2: The configuration of the PS is establish

Figure 2-6 presents the configuration of the tested floor, i.e. the position of the data
acquisition system and transfer system. Vertical and horizontal jacks are used to represent the
action of the NS on the PS. The vertical jacks (constant during the test) acting in the span of
the floor system represent the exterior load. The vertical jacks acting on the cold edge of the
floor system simulate the support bending moment depending on the measured rotations and
on the NS’s stiffness. The horizontal restrain is provided by the horizontal jacks and depends
on the horizontal measured displacement and NS’s stiffness. In the same figure, the
corresponding measured displacements during the test are presented.
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Figure 2-6. The set-up of the PS (excerpt from Robert [64])

Step 3: The start of the fire and the implementation of hybrid simulation

After the configuration of the PS is establish, the fire starts in the furnace. In the software of
the furnace, the predetermined matrix is defined. At each time step the displacements and
rotations are measured from the furnace and used in the computation of the target forces based
on the static equation F = Kyu + C where F is the vector of target forces, Ky is the
predetermined matrix of the NS (elastic behavior), u is the displacement vector and C is the
constant vector representing the initial conditions.

The calculated reaction forces of the NS are adjusted in the furnace inducing new
displacements. During the entire process, the PS kept being exposed to fire, therefore to
ensure equilibrium and compatibility the calculation should be restarted, meaning that the new
displacements are measured and used for the computation of new target forces. The procedure
is repeated until the end of the fire test and in this way the global behavior of the building is
accounted for while testing only a part of the building.

Figure 2-7 presents the results of the hybrid fire test focusing on the evolution of the axial
force developed during the hybrid test. The increase of the axial force in the first 90 minutes
is due to the thermal expansion which is resisted by the surrounding. The stiffness of the
exposed PS degrades in time, the mid-span displacement (noted as Z8) increases which leads
to the decrease of the axial force.

No information is presented regarding the evolution of support bending moment i.e. the forces
acting on the cold extremity of the slabs. The interface displacements/rotations are not
presented either.
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The tests is stopped after three hours in the conditions that no critical parameters for failure

were reached.
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Figure 2-7. The presented results of the hybrid fire test (excerpt from Robert [64])
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Finally, Mostafaei [65]-[66] reports in 2013 the hybrid fire test of the first floor central
column part of a 3D concrete frame (see Figure 2-8). The column was tested in the furnace
(PS) while the surrounding was numerically modelled in the non-linear finite element
software SAFIR® [74]. Every time step, the interaction between the PS and NS was ensured
manually by the user. In particular, the axial force in the column was controlled. Unlike the
previous cases, a part of the NS was also exposed to fire.
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Figure 2-8. The configuration of the structural system used by Mostafaei
(excerpt from Mostafaei [66])

The symmetry of the structural system and the symmetry of the fire compartment determine
only the variation in time of the axial DoF for the central column. The HFT loop in
Mostafaei’s example is presented in Figure 2-9.
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in the Furnace

Numerical Simulation of
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Figure 2-9. HFT loop presented by Mostafaei (excerpt from Mostafaei [66])

Compared with the previous test performed by Robert, no predetermined matrix has been
computed. The steps applied in the hybrid fire test performed by Mostafaei are presented here
bellow:

Step 1: Analyze the entire structure (with the physical substructure included in the analysis) at
ambient temperature under the loading relevant to the fire situation (called here “external
loads”) and obtain the corresponding effects of actions (bending moments, axial forces, shear
forces, torsion moments) and displacements at the interface between the physical substructure
and the numerical one.

Step 2: Run another analysis for the numerical substructure, but this time without the physical
substructure, when the numerical substructure is subjected to the external loads and, at the
interface, to the displacements obtained in Step 1.

Step 3: For the physical substructure in the furnace, apply the initial forces equal to the
effects of actions at the interface obtained from step 1 and the external loads which are
applied to the physical substructure. The fire test is now ready to start.

When the physical specimen is loaded before starting the fire, it may be possible to get a
different value of displacements than the ones calculated in the Step 1. In this situation the
measured displacements before the start of the fire will become the reference displacements,
and in Step 2 the analysis will be made with this new value. The adjustment will be done
before starting the fire.

Step 4: Turn the furnace on.

Step 5: Read the variation of displacements of the heated physical substructure at the interface
after one time increment.

Step 6: From the situation obtained after step 2, impose this variation of displacements to the
numerical substructure; read the effects of actions at the interface.

Step 7: Adjust the forces applied to the physical substructure in the furnace with the effects of
actions obtained from the analysis in Step 3.
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Step 8: Repeat Steps 5 to 7 for each time increment, for the entire period of the test including
the cooling phase if relevant.

The interaction between the PS and NS was done every 5 minutes by the user which provided
reasonable accurate results. The PS and the NS are exposed to E119 standard curve for
duration of 4 h. The evolution of the axial displacement along with the evolution of the axial
force registered during the tests is presented in Figure 2-10. The thermal expansion of the PS
leads to the increase of the axial force since the NS restrain the thermal expansion. The axial
displacement and the axial force are plotted for the PS and for the NS. The two curves match
each other therefore the equilibrium and compatibility are satisfied. The author does not
present the solution resulted from the global analysis of the entire structure.
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Figure 2-10. Axial load versus the axial displacement during the hybrid fire tests
presented by Mostafaei (excerpt from Mostafaei [66])

Moreover, a comparison between the hybrid fire tests and a standard test is presented. The
results show that the fire resistance determined by means of HFT is higher compared to the
fire resistance of a standard test. In addition, the behavior of the exposed NS is presented in
the same paper.

In the two examples presented by Robert and Mostafaei, the force control procedure (FCP) is
considered. It means that the information received from the NS are reaction forces, and
therefore these reaction forces are imposed on the PS.

Recently, i.e. 2016, the developments regarding the hybrid fire testing are addressed by other
researchers as next presented.

New thermomechanical hybrid simulation method was presented by Whyte et al. in [68]. The
objective of the project is to extend the mechanical hybrid simulation method of OpenFresco
[69] and OpenSees [70] by introducing the temperature DoF and temperature loads. To do so,
new developments of OpenFresco objects are done along with developing test execution
strategy. The implementation is done at the ETH Zurich IBK Structural Testing Laboratory
and the analyzed structure is a long-span girder fixed at both ends and supported at mid-span
by a hanger exposed to fire (see Figure 2-11). The PS is a steel dog bone having the
dimensions of the narrow portion of 75 mm long, 10 mm wide and 3.6 mm thick. A scaled
version of 1SO834 standard fire curve is applied and a force ramp. The presented results are
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specific to explicit and implicit integration schemes. The both simulations show almost
identic solutions and moreover the correct solution is reproduced as well. The simulation
parameters are tuned prior the tests in order to avoid instability and to produce accurate
results. More details about the optimal tuning of the parameters in this specific case are
presented by White et al. in [71]. The paper presents some lessons learned while performing
the test. During the calculation time the fire still affects the PS, therefore the measured force
used for the calculation of new displacement will change by the time when this displacement
is imposed on the PS. The continuous effect of fire induced instability during the process.
Reflections are presented about how the chosen time step, the PS and the furnace can
influence this effect. Nevertheless, the mentioned lessons show how important is the
continuous effect of fire during the hybrid fire tests and underline the specificity compared
with the other hybrid tests applied for different field.
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Figure 2-11. Hybrid model with mechanical and thermal loading scheme. The ZWick
UTM and Konn Furnace (excerpt from Whyte et al. [68])

Tondini et al. in [72] present a static partition solver for hybrid fire testing. The method is
based on the FETI algorithm and is implemented for systems without floating subdomains,
i.e. each subdomain is restrained with no singular matrices, and for floating domains, i.e.
domains which experience rigid body motion. The validation of the method is done in a
numerical environment considering a moment-resisting steel frame (see Figure 2-12). The
robustness of the method is discussed, after the typical sources of errors i.e. noise and delay,
are considered in the analysis. A displacement control procedure is implemented. The
evolution of axial force in the PS along with the evolution of the axial displacements is
presented. The results prove that the developed method ensures the compatibility and
equilibrium at the interface, handles nonlinearities and is robust with respect to the possible
sources of errors.
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Figure 2-12. Case study when FETI method is numerically applied
(excerpt from Tondini et al. [72])

Schulthess et al. in [73] present a case study of coupled thermomechanical hybrid simulation.
The analyzed system consists of a static system of a simply supported beam that is connected
to a truss element at mid-span (see Figure 2-13). The beam remains at ambient temperature
throughout the full simulation while the truss element is additionally exposed to thermal
loads. The truss element represents the steel coupon specimen that is mounted into the
universal testing machine (UTM) inside the electric furnace. The objective is to compare the
results of the pure physical test i.e. the PS and NS tested experimentally, with the one of the
hybrid simulation. The first step was to conduct the hybrid test. Thus the NS is implemented
in ABAQUS [74] and involves the entire structure of the benchmark problem (the beam and
the truss element). The target displacements are sent to the PS while the restoring forces and
measured displacements are registered and transferred to the FE model. Thus the stiffness of
the PS i.e. the truss element, is updated every time step. The testing procedure is presented
along with the analysis of the results in [73].
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Figure 2-13. Benchmark test for combined thermo-mechanical consolidated fire testing
(excerpt from Schulthess et al. [73])

The new developed research related to hybrid fire testing is validated either in numerical
environment (Tondini et al. in [72]) or in an experimental approach (Whyte et al. in [68],
Schulthess et al. in [73]). The mentioned experiments are performed on small scale structural
elements. Nevertheless, the performed research helps understanding the hybrid fire testing and
offers important information for the future developments.

The only hybrid fire tests performed on real size elements remain the tests reported by
Korzen, Robert and Mostafaei.
The following differences are identified between the latter tests:

e The definition of the NS;

e The number of controlled DoFs;
The NS is defined as a constant matrix in the tests performed by Korzen and Robert, while the
test reported by Mostafaei presents the NS modelled in the numerical software SAFIR. In the
examples presented by Korzen and Mostafaei, the PS refers to a column therefore only one
DoF is controlled at the interface, i.e. the axial DoF. The PS in the case of Robert is a concrete
slab where three DoFs are controlled during the test.
The method to perform hybrid fire testing is similar in all the cases meaning that every time
step of the calculations the reaction force of the NS is computed based on the measured
displacements in the furnace. The computed reaction of the NS is next transferred to the PS
with the objective to be generated in the PS.

2.8. Summary

Hybrid simulation is an attractive method to be applied in fire field, where the advantages of
the individual testing method and full scale testing are combined. Only single structural
elements are experimentally tested, but at the same time the global behavior of the building is
considered by interacting during the tests with the modelled aside surrounding (NS).

It has been shown that there are key components in performing hybrid simulations; the
physical specimen that is tested in the furnace; the surrounding modeled aside via finite
element software or a predetermined matrix; a data-acquisition system needed to collect the
needed information from the substructures to update the target response for every time step;
and a transfer system including a controller and actuators to transfer the target response to the
substructures. Depending on how the NS will be modelled, the hybrid simulation method will
present some particularities. At the same time the hybrid fire testing can be performed in
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displacement control procedure (DCP) or force control procedure (FCP) depending on the
furnace facility and the particularities of the problem. It was possible to underline some
advantages when using hybrid fire testing but at the time the challenges that needs to be
addressed. Next a comparison between the hybrid simulation methods in seismic field versus
fire field has been discussed just to highlight the fact that no straightforward application from
seismic field is possible. Moreover, the numerical or experimental errors have been pointed
out with the specification that more research needs to be performed in the field. A short
presentation of the previous hybrid fire tests has been done along with the history of hybrid
simulation in seismic field.
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3. CHARACTERISTICS OF THE HYBRID FIRE TESTING

3.1. Introduction

The main advantage of hybrid fire testing is the capacity to reproduce the global behavior of
the studied structure by testing individual structural elements.

To be able to do so, there are some particularities to be addressed and some of them are
discussed in this chapter. The necessity to provide proper supports conditions during testing
and how to deal with the transformation from global to local degrees of freedom (and vice
versa) will be presented. The possibilities to model the NS during the hybrid fire tests will be
analyzed along with the selection of the time step. In order to provide accurate results during
the hybrid fire testing the errors must be minimized. The source of errors and the influence on
the results are topics presented at the end of this chapter.

3.2. The supports of the PS and NS

The success of hybrid fire tests is influenced by the support conditions provided in the furnace
during the test. The choice of the support conditions could lead to additional calculations in
the hybrid process. Some conditions must be respected when selecting the supports conditions
and more details will be presented in this chapter.

The boundary conditions of the PS during the hybrid test include the supports and the
interface conditions. The NS’s boundary conditions refer to the supports and the interface
conditions. During the hybrid simulation only the interface boundary conditions will be
updated depending on the properties of the PS and NS.

Figure 3-1 presents the supports and the interface conditions for a single span 2D frame. The
left hand column represents the PS while the beam and the right hand column form the NS.
Three degrees-of-freedom are controlled at the interface between the PS and NS i.e. the
horizontal degree-of-freedom D, the vertical degree-of-freedom D,, and the rotational degree-
of-freedom D,. The supports provided for the PS and NS are sufficient to avoid the rigid body
motion during the hybrid fire test.
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Figure 3-1. Supports and boundary conditions in hybrid fire testing

To avoid the rigid body motion during the hybrid fire test, proper number of support
conditions during the tests must be ensured. Depending on the analyzed PS and NS, different
solutions can be adopted during the hybrid fire test.

Some different situations which can be encountered will be next discussed.

Each rigid body situated in one plane has three degrees of freedom — three independent
parameters determining its movement. By using support links, we limit this rigid body
movement possibility. The structure with three links is called a determinate structure. If this
body has less than three links then some movement will be possible. Such a body is called a
mechanism. If we put more than three support links on the body then it is an indeterminate
structure.

As a notation Ny represent the number of support links for the numerical substructure, and
Nps the number of support links for the physical substructure. The number of degrees-of-
freedom controlled at the interface is noted as N,,;.

In practice different cases can be encountered where the number of supports for the PS and
NS will be sufficient to avoid the rigid body motion or not.

Here are some situations which can occur:
e The number of the link supports for the PS and NS is sufficient to avoid mechanism
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e The number of the link supports for the PS and NS is insufficient
Npg < 3
Nys < 3
e The number of link supports is insufficient for the PS but sufficient for the NS
Nps < 3
Nys =3
e The number of link supports is sufficient for the PS but insufficient for the NS
Nps =3
Nys < 3
Next some examples will be presented for a better understanding of how the number of
support will influence the hybrid simulation process.

Example 1

Example 1 illustrate the case when the number of link supports for the PS and NS is sufficient
to avoid the mechanism i.e. Npg > 3 and Nyg = 3.

A moment resisting frame with fixed supports is presented. Following the substructuring
procedure, the PS is represented by a one span frame while the rest of the structure will be
modelled aside and considered the NS.

The supports of the PS and NS are presented and underlined in Figure 3-2. The number of
supports for the PS and NS is equal to six (Nps = Nys = 6).

The number of degree-of-freedom to be controlled at the interface is equal to six (Nj,; = 6).
Thus the controlled degrees-of-freedom are as follows:

e The axial DoFs: D, and D,
e The vertical DoFs: D, and Ds
e The rotational DoFs: D5 and D

Analysed structure Ns and PS
(Ns)
Ds__ Ry Ds__
ﬁth . ‘//// D;
A £ * 7t

.....

Figure 3-2. Analyzed structure versus substructures. Sufficient number of link supports
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Example 2

Example 2 illustrates the case when the number of link supports for the PS and NS is under
the minimum numbered required, i.e. Npg < 3 and Nyg < 3. The number of degrees-of-
freedom controlled at the interface is equal to three i.e. Ny, = 3 (see Figure 3-3).

Analysed structure Ns and PS
D3 //f-::,f:.v D B =
7 i
| D [ Dy
v v
1D, 1D,
PS) NS)
I\k_, /, < - > ._\\‘ B /J
Interaction
B Patoy

Figure 3-3. Analyzed structure versus substructures. Insufficient link supports for the
PS and NS

Example 3

Example 3 illustrates the case when the number of link supports for the PS is under the
minimum numbered required Npg < 3 whereas the NS provides the necessary number of link
supports Nys = 3.

The Example 3 presents a moment resisting frame with hinged supports (see Figure 3-4).

Analysed structure Ns and PS

N
Interaction

-

sufin,

*

T .
®annr

Figure 3-4. Analyzed structure versus substructures. Insufficient number of link
supports for the PS

During the hybrid simulation process the PS is represented by the central column hinged at
the bottom. Three DoFs need to be controlled during the hybrid test N;,,; = 3, the horizontal
DoF noted here as F;, the vertical DoF noted F,, and the rotational DoF referred to as M, .
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The number of link supports of the PS (Npg = 2) does not satisfy the condition to avoid the
mechanism. The number of link supports for the NS is enough to constitute a determined
structure (Nys = 4).

Example 4

Example 4 illustrates the case when the number of link supports for the NS is under the
minimum numbered required Ny < 3 whereas the PS provides the necessary number of link
supports Npg = 3.

In Figure 3-5 a two storey frame with fixed supports is presented. The first floor frame is the
PS meanwhile the upper storey represents the NS. The PS satisfies the requirement of having
the minimum number of link supports, here Npg = 6, while not the same comment can be
done for the NS. No supports are present for the NS (Nys = 0) only the interface boundary
conditions which will be controlled during the hybrid simulation. The number of degrees-of-
freedom controlled at the interface is equal to six i.e. Ny, = 6.

Analysed structure Ns and PS
R
(NS)
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=
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(PS)
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Figure 3-5. Analyzed structure versus substructures. Insufficient link supports
for the NS
The above presented examples offer a better understanding of the different situations which

may occur when performing hybrid fire testing. The PS and NS may have the sufficient
number of link support or not. If the number of link supports is not sufficient then the
substructures experience the rigid body motion.

To avoid the rigid body motion and to provide accurate results during the during the real
hybrid fire test, the requested number of the link supports is recommended to be at least 3 for
a 2D problem. Thus, it is recommended that the PS should be properly supported in the
furnace to avoid the introduction of some measurements errors which may lead to instability
or wrong results.

Depending on the stiffness of the PS, small variation of displacement can induce a big
variation of force for one time step. Every small error in the measurement of displacements
induces important variation of forces which can exceed the limit force early in the hybrid test.
Therefore, a proper data-acquisition system is needed for hybrid fire tests to be able to
measure appropriate displacements and rotations. Moreover, beside the capabilities of the data
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acquisition system, it has been observed that in the case when controlling multiple DoFs,
every actuator has an influence on the response of the other actuators. On top of what was just
mentioned, imagine that some rigid body motion is registered. In this situation the measured
displacement can induce forces which exceed the limit forces and the specimen can be
destroyed.

If no link supports are provided, then every small error which appears during the test can lead
to poor results or even to instability. The importance of providing proper link supports during
the hybrid test has been observed when performing the hybrid fire test described later in this
thesis.

Example 1 shows that the number of support links for the PS and for the NS is sufficient to
build determined structures. So in this situation no mechanism is encountered. The PS can be
tested in the furnace without additional transformations.

Example 2 presents the case when the number of the support links is insufficient for the PS
and NS. In this case for the PS the needed number of sufficient links is provided in the
furnace and controlling the local degrees-of-freedom at the interface.

Example 3 presents the case when the number of the support links for the PS is insufficient to
build a determined structure. The solution to perform hybrid simulation in this examples is
first to provide the necessary link supports in the furnace. Once the sufficient number of link
supports is provided then the number of degrees-of-freedom controlled at the interface will be
modified. Therefore, from a global number of DoFs at the interface (when substructuring is
done) only the local number of DoFs will be controlled in the furnace (due to the fact that
additional link supports have been introduced). This will imply some additional calculations
during the hybrid simulation which are presented in the next chapter.

Example 4 presents the case when the number of link supports of the PS is sufficient, but not
for the NS. This can also present a problem during the hybrid test, especially if the NS is
modeled using a numerical nonlinear software and the needed calculations are made during
the hybrid test. Some instability may occur during the calculations. A methodology which can
treat the floating system should be adopted in hybrid simulation to avoid the instability. By
floating system we understand a system with insufficient link supports.

3.3. The global versus local degrees-of-freedom

The necessary link supports should be provided for the experimental element in order to avoid
rigid body motion. Thus, in some cases the number of degrees-of-freedom to be controlled in
the furnace differs from the number of degrees-of-freedom in the numerical analysis (where
the numerical substructure will be represented).

We refer to the degrees-of-freedom controlled in the furnace as the local degrees-of-freedom,
while the degrees-of-freedom controlled in the numerical analysis as the global ones.

Figure 3-6 presents the global DoFs of the experimental element (beam) versus the local
DoFss. In the global system of coordinates six degrees-of-freedom describe the interface
conditions: D; and D, are the horizontal DoFs, D, and Ds are the vertical DoFs while D5 and
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D¢ are rotational DoFs. By suppressing the minimum number of degrees-of-freedom to create
the determinate structure in the furnace the local degrees-of-freedom are controlled during the
hybrid test. D,; is the local axial DoF, D,; and D5, are the local rotational DoFs.

Global DoFs Local DoFs

TP s 2

Figure 3-6. Experimental element. Global versus local DoFs.

During the hybrid test the global coordinate system of the NS needs to be transformed into the
local system that is best suited for testing. Additionally, it needs to provide inverse
transformation for the measured response quantities, from the local coordinate system back to
the global coordinate system of the NS.

The transformation from the local DoFs to global DoFs (or other way around) takes into
consideration the dimension of the problem 2D or 3D. In the examples presented in this
chapter a 2D dimension has been considered.

Figure 3-7 presents the transformation of global DoFs to the local imposed DoFs in the
furnace, for a bar. A displacement control procedure is assumed in this example meaning that
the interface boundary conditions will be updated during the hybrid test by controlling the
displacements in the furnace.

The update of the interface boundary conditions is done based on the properties of the PS and
NS. Every time step the new displacements to be imposed in the furnace are computed in the
global system of coordinated i.e. D, D,, D5, D,, Ds and D,. The displacements to be imposed
in the furnace (local system of coordinates) are D,;, D,; and D5 .

The transformation is done based on the Eq. (1)

D1L=LL_L
Dy, =a—Ds 1)
D3L:D6_a

Where:
L is the initial length of the PS (before the hybrid test starts);

L; is the length of the PS in deformed configuration (this values will vary due to the thermal
expansion and axial restrain) expressed by the Eq. (2);
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L, =+/(Ds — Dy)? + (L + D, — D)2 (2)

a is the rotation of the structural element from the undeformed to the deformed configuration
is expressed by Eq. (3);

. ( Ds — D, ) 3
a = arctan | ————
L + D4_ - Dl ( )
D,Xl\;/./’
e
v
a v
L S50
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Y i
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Figure 3-7. Example of transformation of displacements from the global system of
coordinates to the local system of coordinates

After new displacements values are imposed in the furnace, reaction forces are registered and
used for the update of the interface boundary conditions in the next time step.

The local reaction forces F,;, F,;, and F;, are registered and then transformed to the global
reaction forces F,, F,, F5, F,, Fs and F, as presented in Figure 3-8.

The transformation is described by the Eq. (4).

The matrix F refers to the reaction forces in the global system of coordinate while the matrix
F; comprise the reaction forces registered in the furnace during the hybrid simulation thus in
the local system of coordinates. The transformation is done based on the transformation
matrix T. The Eq (4) is explicitly written under the form presented by the Eq. (5).
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Figure 3-8. Local reaction forces versus global reaction forces

The local degrees-of-freedom are chosen to suit the furnace facility. In Figure 3-6 the local
DoFs to be controlled are the axial displacement and the support rotations. If other
configurations of the PS are more practical for the furnace facility then it will be adopted.
Another theoretical solution is presented Figure 3-9 where the local DoFs to be controlled are
the axial displacement D;; the vertical displacement D,; and the rotation D5; at one end of
the beam. From the 3 local DoFs presented in Figure 3-7 some transformation can be done to
get the local displacements presented in Figure 3-9 (see Schellenberg et al. in [7]).
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Figure 3-9. Experimental element. Global versus local DoFs.

One solution to make the transformation from global degrees-of-freedom to local degrees-of-
freedom is presented by Mostafaei in [66], i.e. a column which is described by 6 global
degrees-of-freedom at the interface controlling only 2 local degrees-of-freedom. The global
degrees-of-freedom are the two axial DoFs, the two transverse DoFs, and the two rotational
DoFs. The objective of Mostafaei is to control during the test only one axial DoF and one
transverse DoF. The transformations that he used are suitable for a force control procedure.

In conclusion, proper supports needs to be implemented during hybrid fire testing in order to
avoid the rigid body motion. Depending on the analyzed case study, the implementation of the
proper support might lead to some traditional transformations between the local and global
degrees-of-freedom. An example is presented when these transformations are performed in
the case of a structural element characterized by 6 global DoFs and 3 local DoFs.

3.4. The Representation of the Numerical Substructure

While the PS is always exposed to fire, the NS can be heated or considered cold during the
hybrid simulation depending on the considered fire scenario.

There are three possibilities to model the NS and these are:

o Finite element model;
o Predetermined matrix;
o Combination of the FE method and the predetermined matrix method,

Finite element (FE) model

When the NS is exposed to fire then only the FE model can be considered for the
representation. The FE model should be capable of handling the heat transfer and to consider
the large displacements which are characteristic to fire analysis.

The use of FE model in the hybrid simulation offers some advantages and drawbacks as well.

The main advantage of FE representation is the possibility of heating structural elements of
the NS partially or heating all the structural components of the NS.

Hybrid fire testing is possible only in real time. The main reason of real time hybrid testing is
the existence of the thermal gradient even if the burners are turned off in the furnace. The real
time hybrid testing will request a fast calculation process of updating the interface boundary
conditions. Therefore, the FE model should be able to perform every time step analysis in
proper time.
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The time needed to perform the analysis of the numerical substructure using the FE model is
not neglected and it will be noted as Aty. More details about the time scale in hybrid fire
testing will be presented in the section 3.5. Nevertheless the calculation time Aty should not
exceed some limit for proper results. If the time calculation is too big then the equilibrium at
the interface will not be satisfied anymore. Moreover the errors from every time step will
cumulate in time leading to incorrect results. The time calculation depends on the type of
modelled structure.

During the hybrid fire test some specific phenomenon occurs such as, for example, spalling
when concrete structures are exposed to fire. Spalling can occur in a short time and moreover
during the calculation time At,. The update of interface boundary conditions is done based on
the previous existing boundary conditions. If the spalling occurs in the calculation time, then
the solution applied on the PS does not correspond to the state of the boundary conditions
used in the calculations. In this case the equilibrium/compatibility will not be satisfied and
instability can be induced in the process.

When the NS is modelled in the FE software, the transformation from local to global system
of coordinated and other way around (see section 3.3) is done in real time.

In conclusion, the main advantage of using a FE model to represent the NS is the possibility
to consider the NS exposed to fire while the main drawback is the time needed to perform the
calculations which have an effect on the results.

Predetermined matrix

Another solution to represent the NS is to use a predetermined matrix. By predetermined
matrix we refer to the stiffness of the NS in some precise conditions.

The stiffness matrix of the interface DoFs is computed using displacement method. The
displacement method implies to impose an increasing displacement in the direction of one
interface DoF while the remaining interface DoFs are blocked. The nodes which do not
constitute the interface are free to move. The NS is unloaded while performing the
calculations of the stiffness matrix. The terms of the interface stiffness matrix result by
dividing the reaction forces of every interface DoF by the imposed displacement. The
stiffness calculated on the structure without load is an initial stiffness.

The predetermined matrix is determined using the same procedure as for the interface
stiffness matrix. The only difference is that in this situation the NS is loaded with the exterior
forces and the interface conditions. Before performing the hybrid fire test, the building
already exists and is loaded, with some possible cracks. The loading is considered in the
calculation of the predetermined matrix in order to model the real conditions of the structure.
The stiffness calculated on the loaded structure is a tangent stiffness.

An example of how to establish the predetermined matrix will be presented in the section
6.2.2.
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The drawback of using the predetermined matrix is that only the cold surroundings can be
represented. If the NS is exposed to fire (no matter the fire scenario) then the matrix would be
temperature dependent. The temperature dependency cannot be predetermined by using the
matrix.

Even the nonlinear behavior of the cold NS can be captured by the predetermined matrix.
Figure 3-10 presents the force displacement (F — u) curve which describes the nonlinear
behavior of the NS. The curve can be approximated by linear segments for specific intervals
of displacements. Every segment is characterized by a tangent stiffness matrix.

In the interval displacements of (u, , u;] the behavior of the NS is described by the tangent
stiffness ky_;. Next, for the interval displacements of (u, , u,] the tangent stiffness k;_, is

considered while for the interval (u, , us] the tangent stiffness k,_; characterizes the behavior
of the NS. Even the unloading of the NS can be accounted for by using the method of
predetermined matrix as it can be seen in the Figure 3-10 where the tangent stiffness k5_, is

specific for the interface displacements included in the interval (us , u,].
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Figure 3-10. The linearization of the nonlinear behavior

The reaction forces F, of the NS when the predetermined matrix is used can be calculated
using Eq. (6) where Ky is the stiffness of the NS, wu, is the displacement at the interface and
C is the constant at the interface.

F,=Kyu,+C (6)

Depending on the values of the displacements, the stiffness K, of the NS and the constant
values C will adapt during the test as follows:

- If uy < u, < uythen the reaction force F, = ko_1u, + Cy_1
- If uy <wu, < uythen the reaction force F, = ky_,u, + C;_»
- If u, <u, < usthen the reaction force F,, = k,_su,, + C,_3
- If u; < u, < uythen the reaction force F,, = ks_,u,, + C5_4
Two out of three former hybrid tests made use of a matrix to describe the behavior of the NS.
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During the test performed by Korzen [57]-[60] the axial stiffness of the NS is considered in
the calculations and remains constant during the entire test.

Robert in [62]-[64] present the hybrid fire test performed on a concrete slab where three DoFs
have been controlled at the interface increasing the complexity of the problem. In this case the
predetermined matrix describes the elastic behavior of the NS at the interface. Nevertheless
the software which controls the hybrid simulation was developed to be able to account for the
nonlinear behavior of the NS when required.

The hybrid fire test performed by Mostafaei [65]-[66] is the only case when the NS was
represented in the nonlinear FE software SAFIR and parts of the NS are exposed to fire.

If a predetermined matrix is considered to model the NS instead of the FE method, then the
time needed to perform the calculation is virtually equal to zero: Aty = 0.

Representing the NS by using the predetermined matrix can be advantageous (only if the NS
is cold) in the situations when the size of the time step is crucial for a good quality of the
results.

Combination of the FE method and the predetermined matrix method

The combination of both methods to represent the NS, i.e. predetermined matrix or FE model,
can be considered during the hybrid fire test.

This would be justified in the cases where parts of the NS are exposed to fire but large
calculation time of the NS is needed and the interface equilibrium and compatibility are not
satisfied. Therefore, in order to reduce the size of the time step, the time calculation of the NS
needs to be reduced. This can be fulfilled if only the exposed part of the numerical
substructure is modeled via FE software, while the rest of the NS can be represented by a
predetermined matrix.

NS
NS I. I (Predetermined matrix)
-r"'——"ﬂ
FE model » 1,
I erenininnnns 7 -_] I
sy 3k
kLA S I S mwl

Figure 3-11. FE model and the predetermined matrix used to represent the NS

Figure 3-11 presents the main components of the substructuring when the fire compartment is
located in the first span of the main floor. The exposed compartment is composed of the
external column which will be tested in the furnace, thus the PS, while the rest of the fire
compartment must be represented in FE software able to solve the heat transfer.

The subdividing of the NS will lead to a reduction of the time step when needed and
implicitly to more accurate results where equilibrium and compatibility at the interface of the
PS and NS are satisfied.
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3.5. Time scale definition

The boundary conditions of the hybrid fire test need to be updated during the test accounting
for the behavior of the PS (the tested element) and the NS (the surrounding building) in
different moments of the process. In between the updates, i.e. during one time step, the
boundary conditions are constant.

During one time step of hybrid simulation multiple action take place in order to induce new
boundary conditions for the substructures. This actions comprise (i) the read of the current
conditions (reaction forces and displacements at the interface) of the PS and NS; (ii) the
registered data are transferred to the software where the new boundary conditions are
computed (iii) the calculation of the new boundary conditions (iv) the transfer of the new
boundary conditions to the substructures and (v) the new boundary conditions are induced in
the substructure.

Let us note:

At — The time step of the hybrid simulation characterized as a fixed value chosen before the
test by the person in charge of the test.

Atpy — The time to transfer the information to the numerical system. With modern electronic
data logger, we will assume that Atpy = 0;

Aty — The time needed for the numerical system to calculate the requested reactions. With a
finite element model (nonlinear numerical software such as ANSYS, SAFIR), Aty might not
be negligible. If the NS is represented by a predetermined matrix (CERIB method) then
Aty = 0;

Atyp - The time to transfer the information from the numerical to the physical system and it is
a negligible value Atyp = 0 ;

Atp - The time needed by the transfer system to induce the new boundary conditions in the
physical specimen (limited by the power of the hydraulic pump, necessity to avoid dynamic
oscillations), Atp is not negligible.

The time step At should comprise the time needed for every action required to compute the
new boundary conditions (see Eq. (7)).

At > Atpy + Aty + Atyp + Atp (7)

As the time Atpy and Atyp are considered equal to zero the time step At should be chosen
based on Eq. (8).

At > Aty + Atp (8)

If the NS is represented by a predetermined matrix then the time step At is made based on Eq.

9).
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At > Atp (9)

Figure 3-12 presents the division of the time during the hybrid fire test
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Figure 3-12. Time scale for hybrid fire testing

3.6. Influence of the errors in the results

A brief list of the errors has been mentioned in the Section 2.5.

The first objective of the hybrid fire testing is to establish a stable methodology to be used
during the test.

Different factors can lead to incorrect results or they can even lead to instability of the
process. The most important factors that influence the results and to be investigated next are
presented here below:

e The methodology used to compute the new boundary conditions at the interface.

e The time step At when the boundary conditions will be updated.

e Data acquisition system and transfer system.

The methodology

The static equation (see Eg. (10)) needs to be solved every time step to compute the new
boundary conditions.

F=Ku (10)
Where:
F is the force vector at the interface;
K is the stiffness of the assembly (the entire structure);
u is the displacement vector at the interface;

The stiffness of the analyzed structure is composed of the PS’s stiffness Kp and NS’s stiffness
Ky as presented in the Eq. (11).

K=Kp+Ky (11)
The stiffness K used in the calculation process has an influence on the stability.

It will be shown that the stability when using the methodology of the previous hybrid fire test
is not always ensured. The reason of instability comes from the value of the stiffness matrix
used to solve the static equation. Only the stiffness of the NS is considered while the stiffness
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of the PS is neglected (See Eq. (12)). Even if only the stiffness of the NS is considered in the
calculation, the methodology can be successfully applied for specific cases, depending on the
stiffness ratio between the substructures. In the situations when it can be applied, the error
induced by neglecting the stiffness of the PS in the calculation is negligible. This subject will
be discussed more in details in the chapter 4.

To overcome the drawback of the first generation method and to implement a stable
methodology, a new method will be presented. The solution to avoid the instability caused by
the first generation method is to include in the calculation the stiffness of the PS (see Eq.

(13)).
K=K)+Ky (13)

When exposed to fire the stiffness of the PS decreases in time. The decrease can be significant
and will be amply if the fire specific phenomenon occurs, such as spalling for concrete
structural elements. The measurement of the PS’s stiffness during the test is not a common
practice because it is very difficult to get accurate and reliable results based on the
experimental measurements at the controlled degrees of freedom. Only few algorithms for
estimating the tangent stiffness matrix based on the experimental measurements have been
developed so far. One of these algorithms was presented by Bonelli and Bursi in [75]. The
application and the benefits of updating the stiffness matrix during the test have not been
demonstrated yet. A constant value of the stiffness matrix Kp will be used in the calculation,
but this will imply some other decisions. The new method will be discussed in Chapter 5
where the principles and the recommendations will be presented.

The time step At

Section 3.5 presents the condition to select the minimum time step value.

The importance of the time step on the accuracy of the results will be next discussed.
Improper value of the time step can lead to loss of equilibrium and compatibility at the
interface. The solutions measured at the interface of the PS should coincide with the solution
measured on the interface of the NS.

Since in hybrid fire testing the fire exposure is continuous, there will always be a difference
between the solution registered at the interface of the PS and the one of the NS.

Figure 3-13 presents schematically the maximum value of error g,which can be accepted in
order to get accurate results. The difference between the measured solution of the PS and the
calculated solution of the NS should not exceed the value of g,,.

It will be next explained why the equilibrium and compatibility cannot be ensured if an
improper time step is chosen.

One of the most important factors which influence the choice of the time step is the constant
stiffness matrix of the PS used in Eq. (13). The real stiffness of the PS will degrade during the
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test while the estimated stiffness matrix used in the calculation process is constant. The
difference between these values can be significant. The iterative process is implemented in
order to converge to the correct solution, since a constant value of the PS’s stiffness is
considered in the calculations. During the iteration process, the boundary condition of the PS
are changing, i.e. the reaction forces vary and are not constant.

F —— Computed solution NS

————————— Area of measured solution PS

Figure 3-13. The accuracy in hybrid simulation

Hybrid fire test can be performed only in real time. Once the burners are on, the fire cannot be
stopped. For example, if the PS is a concrete structural element, the thermal gradient still
exists and advances in the section even if the burners are turned off. The continuous exposure
makes the iteration process specific to hybrid fire testing and it will be next explained.

Figure 3-14 presents the reaction forces versus the imposed displacements of the PS for
different time steps.
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Figure 3-14. Reaction forces versus displacements of the PS for different time steps
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For the time step ¢,_, the reaction force of the physical substructure Fp,,_; is in equilibrium
with the reaction force of the numerical substructure when the displacement u,,_, is imposed
on the substructure’s interface. The next update of the boundary conditions will be done at the
time t) = t,_, + At.

Between the time t,,_; and t}, the same displacements u,,_, are imposed at the interface. The
PS is heated inducing the increase of the PS’s reaction force. In this moment, the reaction
force of the PS is not in equilibrium with the reaction force of the NS. New displacements are
computed to be imposed at the interface of the substructures in order to restore the
equilibrium. The calculation of the new displacements to be imposed is done at the time t..
The new displacements u}, are updated in the furnace at the time t% + At, and the value is
computed based on the reaction force F,iln of the PS. By the time when the new displacements
have been applied (considering the time delay Atp) the reaction force of the PS changed due
to the fire exposure F},_,,_Atp * F,i,n. If the delay time Atp is negligible then it can be
considered that F,i,n,AtP = F} ,, moreover the reaction force of the physical substructure is
equal with the reaction force of the numerical substructure Ff,ap = Fj , and the
equilibrium is satisfied.

The next update of the boundary conditions is done at the time t;t* = t} + At following the
same procedure.

Figure 3-15 presents the iteration process specific to hybrid fire tests when the initial tangent
matrix of the PS is considered in the calculations.
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Figure 3-15. Hybrid fire testing iteration process.
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For the time step t,,_; the imposed displacements at the interface is u,_; inducing a reaction
force Fp 4 in the furnace. The reaction force of the physical substructure is in equilibrium
with the reaction force of the numerical substructure.

The new displacement to be imposed on the interface ul, is computed based on the measured
reaction forces (Fi, and F}; ,) and the stiffness of the PS and NS. The initial tangent stiffness
of the PS will lead to a displacement value which is not equal to the correct value ul, #
ul, cor- Once the displacement is imposed in the furnace, the reaction forces of the PS, i.e
F,i'n,AtP, differs from the reaction force of the PS, i.e. F}an, used in the computation of the u},.

The next computed displacement at the time step t;t* is u%** and once again differs from the
correct solution u4'L,.. The iterative process continues in order to converge to the correct

solution. During the iterative process the correct solution modifies every iteration step due to
the fire exposure.

The fire effect dictates a continuous iterative process in order to keep track of the correct
solution.

The deviation from the correct solution is time dependent. If the chosen time step is too large,
the boundary condition imposed every time step will diverge from the correct solution as it
can be seen in the Figure 3-15.

The results of the hybrid fire tests when the time step is reduced compared with that of the
Figure 3-15 is presented in Figure 3-16. By reducing the time step, the error between the
computed solution and the correct one will significantly reduce. Therefore, in order to
produce valuable results during the hybrid fire testing the time step used in the update of the
boundary conditions needs to be reduced as much as possible. The contrivance is to perform
continuous iterations in order to keep track of the correct solution.

Due to the fact that there is a time needed to adapt the new boundary conditions on the PS,
during which the reaction force changes, the equilibrium will be approached but never
reached. The difference between the NS’s reaction force and PS’s reaction force should be in
the range of maximum value of error (—¢&,; &,) as presented in Figure 3-13.
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Figure 3-16. Influence of the time step on the results in the iteration process.

Data acquisition system and transfer system

Experimental errors generated by the transfer system are the most common errors affecting
the results of hybrid simulation. The transfer system can be poorly tuned and not being able to
impose the calculated response quantities leading to errors such as undershoots, overshoot or
lag. The interaction of the transfer system with the supporting system of the PS can lead to
additional systematic errors. In order to avoid the rigid body modes, the supporting system of
the PS should be rigid and able to block certain specified degrees-of-freedom. The systematic
errors modify the energy dissipation of the hybrid system and can lead to instability.

The data-acquisition systems along with the instrumentation devices represent a source of
error. The resolution of the instrumentation, the noise generated in the instrumentation during
the test and the calibration errors can produce very inaccurate or incorrect measurements
leading to poor test results.

The effect of the mentioned sources of errors needs to be studied more in details in the case of
hybrid fire testing.
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3.7. Criterion for stability and accuracy

Prior the hybrid fire testing, the user is in the position to select some parameters to perform
the hybrid tests in order to ensure the stability of the process and moreover to provide
accurate results.

First, the proper method should be chosen if there are different methodologies available. In
the section 4 and 5, two different methodologies for hybrid fire testing will be explained, i.e.
first generation method and the second generation method. There is the possibility of inducing
instability early in the test in some particular cases, which will be discussed in the next
chapters.

Once the method is established, the next parameters are requested to be settled such as the
value of the time step or the value of the PS’s stiffness used in the calculation of the new
boundary conditions.

Wrong selection of the values can lead to poor results such as loss of equilibrium and
deviation from the correct solution.

In some specific cases, the inappropriate selection of the parameters can lead even to
instability. All these situations will be analyzed in the next chapter.

The user can accept and define the value of acceptable errors in the process, depending on the
objective of the project, the possibility of the experimental facility and the type of the
analyzed structure.

First, there is the possibility to accept an error between the resulted solution of the PS and the
one of the NS (no equilibrium and compatibility ensured). Thus the accuracy of the results is
compromised but at the same time the user has the possibility to learn and understand the
process especially in the implementation stage of the process.

Another possibility is to accept a defined error between the solutions resulted from the hybrid
process compared with the solution resulted from the analysis of the structural system as an
entity (the correct solution). The error can be defined as a percentage of the correct solutions
depending on the main objectives.

3.8. Summary

The purpose of this chapter was to describe the characteristics of the hybrid fire testing.

A discussion based on the number of the link supports and the interface boundary conditions
was done. If the number of the link supports is not sufficient in order to avoid the rigid body
motion, the necessary number of the link supports will be provided during the hybrid test in
the furnace. This decision implies the transformation of the global DoFs to the local DoFs
(and vice versa) during the hybrid process. Some examples of transformation are presented
with the mention that every furnace facility might request different transformations depending
on the specificity of the facility.

Three cases were presented to be used in order to model the NS, i.e. FE model, the
predetermined matrix, and the combination between the FEM and the predetermined matrix.
The representation of the NS will have an impact on the selection of the time step.

The importance of selecting the appropriate value of the time step has been discussed. The
continuous exposure of the PS implies a continuous iteration process, in order to follow the
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correct solution. The iteration process of hybrid fire testing is discussed in details and the

sources of errors are mentioned.
In the next chapter the methodology used in the former tests will be analyzed in details.
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4. THE FIRST GENERATION METHOD

4.1. Introduction

Hybrid simulation method is a successfully applied technique and widely explored in different
fields, for example seismic field.

In fire field mostly individual elements are tested in the furnace without considering the real
boundary conditions.

In the specialized literature a number of state-of-the-art reviews on structural fire engineering
testing, analysis and design can be found. For example Bisby at al. [76] present an overview
of the fire resistance of concrete structures while Garlock et al. [77] present an overview of
the fire behavior of steel structures.

Some laboratories, such as BAM (Germany), NRC (Canada) and CERIB (France) have the
capability to carry out Hybrid Fire Testing (HFT) tailored for their purpose. The physical
specimen (PS) tested at BAM and NRC was a column with one degree-of-freedom (DoF) at
the interface. CERIB tested a slab by using hybrid testing technique, where the number of
DoFs increased from one to three compared with the BAM and NRC tests. We will refer to
the previous hybrid tests as the first generation test.

In this chapter the methodology of the first generation tests will be analyzed. We will show
that, when computing the adjusted forces or displacements at the interface between the NS
and the PS, only the characteristics of the NS are considered, disregarding the characteristics
of the PS. A simple linear elastic system will be considered in the analysis just to simplify the
understanding of the methodology. Description of the first generation method is followed by
underlining the advantages and the drawbacks. Finally, recommendations are stated for users
who want to implement the first generation method in their HFT.

4.2. Characteristics of the first generation method

4.2.1. Definition of the case study and nomenclature

The method considered in the former hybrid fire tests has been modelled analytically for a
simple linear system with a single DoF located at the interface, which is the axial
displacement at node 2 (see Figure 4-1). The temperature in the PS increases with time which
induces thermal expansion but, for the sake of simplicity, the stiffness of the PS remains
constant. The stiffness of the NS also remains constant during the entire duration of the test.
The system is composed of two bars, the PS and the NS of length Lp and Ln, respectively The
heated PS is defined by the axial stiffness Kp and thermal coefficient of the material «
whereas the cold NS is characterized by the axial stiffness Kn. In HFT the structure is
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decomposed and the PS is placed in a furnace, while the NS is modelled via numerical
software or characterized by a predetermined matrix.

PS (Kp, Lpr, @) NS (Kn, Ln)

AN AN

Figure 4-1. Linear elastic system.

N ®

The characteristics of the linear elastic system are summarized in Table 4-1.

Table 4-1. The characteristics of the linear elastic system

Characteristics PS NS
Stiffness Kp Ky
Length Lp Ly
Thermal coefficient of material a -

For a better understanding of the information presented in this chapter, the notations to be
used in this paragraph are next described.

Atp is the needed time for the calculations and for the transfer system to induce the new
boundary conditions in the furnace. The time step At should be selected as At > Atp,
therefore the transfer system of the furnace facility and the calculation of the new boundary
conditions influence the choice of the time step.

n is the number of time steps from the beginning of the hybrid test.
t, is the time step n, i.e. t,, = n At.

u,(t,) is the interface displacement of substructure x (P for the PS and N for NS) at time ¢,
(i.e. displacement of node 2 for the linear system), taken as positive when moving to the right.

E.(t,,) is the interface force of substructure x (P for the PS and N for NS) at time ¢,,.
T(t,,) is the temperature of the PS at time ¢t,,.

For future discussion, the ratio between the stiffness of the NS and PS will be referred to as

the stiffness ratio R = K—"’.
Kp

4.2.2. The force control procedure

The first generation method using the force control procedure is applied step by step for the
case study defined in the section 4.2.1:

a. First, the analysis of the entire system is performed in order to determine the forces
and the displacements at the interface between the PS and NS before the fire starts.
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b. The PS is placed in the furnace (in a real HFT) and loaded with the interface
conditions (determined from step a.) and the external loads, while the NS is modeled aside.
Herein the external loads, the interface forces and displacements are equal to zero.

C. The furnace is switched on so heating of the PS starts. In force control procedure, the
PS is free to expand (i.e. it is the applied force at the interface which is controlled and it
remains constant during a time step). The displacement is measured after a time step At. In
this example, it yields to the value expressed by Eq. (14).

up(ty) = alp T(t;) (14)

d. The measured displacement (14) is imposed on the NS. This generates a reaction force
that, in this case, can be computed analytically using Eqg. (15).

Fy(ty) = Ky a LpT(t,) (15)

e. The new reaction force is imposed on the PS (Eqg. (16)). A time delay Atp is used to
capture the time needed to compute the reaction of the NS and to adjust the force in the jacks,
as for a real HFT.

Fp(ty +Atp) = —Ky a LpT(t) (16)

f. The new force induces a new displacement of the PS. Meanwhile, heating of the PS
has continued and also induces variation in displacement. The updated displacement of the PS
at the interface up(t,) is measured (given here by Eq. (17)) and imposed on the NS. This
generates a new reaction force Fy (t,) given by Eq. (18).

Fp(ty + Atp)

up(ty) = alpT(ty) + X
P

Ky
aLp <T(tz) - K_pT (t1)> (17)
Ky
Fy(t;) = Ky aLp (T(tz) - K—PT(t1)> (18)

Steps e and f are repeated in order to maintain equilibrium and compatibility at the interface
throughout the whole test.

Expanding Eqg. (17) and (18), for n time steps, the displacement can be expressed by Eq. (19),
while the reaction force generated by the NS, by Eq. (20).

n—1

up(t) = alp ) [(=R) T(tn-1)] (19)

i=0
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n-1
Fu(ta) = Ky aLp ) [(=R)' T(tn0)] (20)
i=0

Figure 4-2 presents one step of the hybrid fire testing when using the first generation
method. To accomplish one step hybrid fire testing first the displacement u, is measured
in the furnace and then imposed on the NS inducing a reaction Fy which will be
transferred to the PS ensuring the equilibrium and compatibility at the interface.

PS (Kp, Lp. @) NS (Kn, Ln)
Physical substructure Numerical substructure
PS NS
— AN AN
1. Read up(t,) 2. Impose uy (t,) = up(ty)
AN e AN
4. Impose Fp(t, + Atp) = —Fy(t,,) 3. Compute Fy (t,)

Figure 4-2. One step of force control procedure. First generation method.

4.2.3. The displacement control procedure

The same developments can be made for the displacement control procedure.

The steps a and b are the same as in the case of force control procedure. The next steps are
modified as follows:

C. Heating of the PS starts. In displacement control procedure, no thermal expansion of
the PS is allowed (i.e. it is the displacement at the interface which is controlled and it remains
fixed during a time step). The reaction force is measured. In this example, it yields to the
value expressed by Eq.(21).

Fp(ty) = —KpaLp T(t1) (21)

d. The measured reaction force (21) is imposed on the NS. This generates a displacement
that is computed using Eq. (22).
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y (t) = %aLP () (22)

e. The new displacement is imposed on the PS (EQ.(23)). A time delay Atp is used to
capture the time needed to compute the reaction of the NS and to adjust the displacements in
the actuators, as for a real HFT.

K
up(t; + Atp) = K—PQLP T(ty) (23)
N

f. The new displacement induces a new reaction force of the PS. Meanwhile, heating of
the PS has continued and also induces variation in force. The updated reaction force of the PS
at the interface Fp(t,) is measured (given here by Eq.(24)) and imposed on the NS. This
generates a new displacement uy (t,) given by Eq. (25).

Kp

Fp(t;) = —Kpalp <T(t2) - K_NT(t1)> (24)
1 Ky

uy(tz) = EaLP (T(tz) - K—NT(t1)> (25)

Steps e and f are repeated in order to maintain equilibrium and compatibility at the interface.
In this case, the measured reaction force can be determined using EQ.(26), while the
displacements can be calculated using Eq. (27).

Fo(ty) = —Kp a Lp zl [(— %) T(tn_l-)] (26)
i=0
1 [ 1
U (t) = zalp ). [(—ﬁ) T(tn_i)] @)
i=0

Next, Figure 4-3 presents one step of the displacement control procedure when using the first
generation method. To accomplish one step hybrid fire testing first the reaction force Fp is
measured in the furnace and then imposed on the NS inducing a displacement u, which will
be transferred to the PS ensuring the equilibrium and compatibility at the interface.
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Physical substructure
PS

T

1. Read Fp(t,)

AN

4. Impose up(t, + Atp) = uy(t,)
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A

Numerical substructure

NS

AN

2. Impose Fy(t,) = —Fp(t,)

AN —

3. Compute uy (t,)

Figure 4-3. One step of displacement control procedure. First generation method.

To conclude the first generation method, Table 4-2 presents the measured data in the furnace
and the calculated reaction of the NS when the first generation method is considered.

Table 4-2. Measured and calculated data for one DoF case study

First generation method

Force control procedure

Displacement control

(FCP) procedure (DCP)
Measured data of the PS up(t,) Eq. (19) | Fp(t,) Eq. (26)
Calculated reaction of the NS | Fy(t,,) Eq. (20) | uy(t,) Eq. (27)

4.3. Discussion

4.3.1. Analysis of the first generation method

In the previous section the first generation method has been illustrated by considering a
simple linear system. For the force control procedure and for the displacements control
procedure the steps applied during the hybrid tests have been described. The measured data in
the furnace and the calculated reaction of the NS have been expressed for any time step t,,.

As shown by Equations ((19), (20), (26), (27)), the results are influenced by the properties of
the substructures which compose the system such as the length of the bars, the stiffness of the
bars, the thermal coefficient of the material, and the temperature of the heated substructure for

different time steps. The stiffness ratio R =Ili—
P

N

particular role, as will be discussed hereafter.
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The stability of the first generation method depends on the stiffness ratio R between the two
substructures that are subject to HFT. Indeed, for the process to be stable, the value of the
parenthesis which involves the stiffness ratio in Equations ((19), (20), (26), (27)) should be

smaller than 1, i.e. R <1 for the force control procedure and %< 1 or R>1 for the

displacement control procedure. If not, the value tends toward infinity when the number of
iteration i increases, irrespectively of the size of the time steps, and the process becomes
unstable.

It might seem straightforward to choose which of the two procedures (DCP versus FCP) has
to be applied, based on the calculation of the stiffness ratio once the two substructures have
been defined. However, in practice, this choice may be complex or even virtually impossible,
for the following reasons:

a) The stiffness ratio will vary during the test

When exposed to fire, structural components are affected and their stiffness decreases.

The physical substructure, tested in a furnace, is by definition exposed to fire and therefore
will have its stiffness reduced over the time of the HFT. On the other hand, the numerical
substructure, modelled aside, may or may not be heated.

During the fire exposure the degradation of stiffness is significant and it may be amplified
when some specific phenomenon occurs while heating the structural elements e.g. spalling of
the concrete.

If the NS is kept cold, stiffness degradation is not as significant as in the case of fire exposure,
but it may still happen due to large displacements and material nonlinearities.

Let us analyze the two procedures more in detail.

Force control procedure

The force control procedure is stable if the stiffness ratio is smaller than one during the entire
test: R < 1. This involves the numerical substructure being more flexible than the physical
substructure (i.e. the PS being stiffer than the NS).

If at ambient conditions the stiffness ratio satisfies the condition for stability, R < 1, when
exposed to fire the stiffness ratio will generally start increasing as a result of the PS being
exposed to fire (assuming the NS is kept cold). As a reminder, the denominator of the
stiffness ratio is the stiffness of the PS. The stiffness ratio can increase until the critical value
of 1 is reached and this corresponds to the moment when the instability occurs.

If the stiffness ratio does not exceed the value of 1 for the entire test duration, then the force
control procedure can be safely used.

When the NS is exposed to fire then the evolution of the stiffness ratio becomes even harder
to be predicted.

Displacement control procedure
The displacement control procedure is stable if the stiffness ratio is larger than one R > 1,
meaning that the NS is stiffer than the PS.
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As mentioned, when the NS is cold, then the stiffness ratio increases due to the degradation of
the PS’s stiffness. Therefore the displacement control procedure is stable once the stability
condition is fulfilled at ambient conditions (R > 1).

When the NS is considered exposed to fire then the evolution of the stiffness ratio is difficult
to be predicted.

The above discussion proves that the stability of the first generation method is governed by
the evolution of the stiffness ratio during the hybrid test.

b) The different degrees-of-freedom involved may require different procedures

In applications when the PS is extracted from the analyzed structure, multiple DoFs will need
to be controlled during the test. For some DoFs one procedure would be adequate while for
the other DoFs the opposite procedure is. One solution to control multiple DoFs is to make
use of both procedures (displacement and force control) during the same hybrid test. For now,
the use of combined procedures during one test has not been tried in fire field. More research
is needed to prove the feasibility of the combined procedures in terms of the quality of the
results. From the experimental point of view, to control the displacements along with the
forces might be complicated or even impossible for some facilities.

To avoid the instability which might occur prematurely in the hybrid fire tests, a new method
needs to be developed independent on the stiffness ratio between the substructures.

4.3.2. Use of the first generation method in the previous hybrid fire tests

In the previous hybrid tests [57]-[66] the force control procedure has been applied. A
posteriori analysis of the configuration of these tests shows that, in all cases, the NS was more
flexible than the PS during the hybrid test. Therefore, the FCP was adequate and its
application did not result in any stability issue during the tests.

The test by Korzen [57]-[61] has been performed on concrete column, whereas the NS was
represented by a constant matrix.

Mostafaei in [65]-[66] presents the hybrid fire test performed on a column while the NS (3D
concrete moment resisting frame) was modeled in SAFIR.

The axial stiffness of a column is very large with respect to the axial stiffness of the NS
(moment resisting frames). Therefore, the stiffness ratio was much lower than 1. During
Korzen’s hybrid fire test, the stiffness ratio increased but never reached the critical value of
stability. In the case of the hybrid test performed by Mostafaei, the NS was subjected to fire
inducing a decrease of stiffness. In this case the increase of the stiffness ratio is slower
compared with the situation when the NS is kept cold.

Robert in [62]-[64] presents a hybrid test where the physical substructure is represented by a
reinforced concrete slab. The stiffness of the numerical substructure is predefined before the
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test using a predetermined matrix. Three DoFs were controlled at the interface, one axial DoF
and 2 rotational DoFs. It was considered during the test that the stiffness of the numerical
substructure is elastic, and the axial DoF is uncoupled with the rotational DOFs.

The stiffness ratio was equal to 0.167 for the axial DoF while for the rotational DoFs, the ratio
was equal to 0.756. During the test the stiffness of the NS was constant (elastic behavior)
compared with the stiffness of the PS, which was decreasing due to the fire exposure. For the
axial DoF the stiffness ratio is significantly smaller than 1, but it is not the case for the
rotational DoFs where the stiffness ratio approaches the value of one. No instability occurred
during the test, suggesting that the stiffness ratio did not exceed the value of 1. It has to be
mentioned that in the hybrid fire test performed by Robert, some safety measurements have
been adopted such as to avoid the possible instability.

4.4. Numerical example

4.4.1. The correct solution of the interface

The correct interface solution of the case study (one degree of freedom linear elastic system)
can be expressed analytically using Eq. (28) for the time step t,,. The displacement of node 2
is calculated analyzing the entire structural system without substructuring.

Fé(ty) + Fi(ty)

u(ty) = Ky T Ky 8)
Fé(t,) =0 (29)
Fi(t,) = EpApaT(ty) (30)

Where:

u(t,) is the interface displacement of the structural system analyzed without substructuring
for the time step t,,;

F¢ is the external force eventually applied at the node that constitutes the interface. In this
example no external force is considered.

F' is the internal force that would develop in a completely restrained substructure. This force
depends on the time t,,;

Ep is the Young modulus for the PS;

Ap is the sectional area of the PS;
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T (t,) is the temperature for the time step t,,;

During the hybrid test, the measured displacements (force control procedure) or the imposed
displacements (displacement control procedure) should be equal to the correct displacement
of the system.

In this exercise the degradation due to the fire exposure of the PS’s characteristics such as
stiffness (implicit Young modulus) is not considered.

4.4.2. Instability of the first generation method

In this section a numerical example will be presented to illustrate the dependency of the first
generation method on the stiffness ratio R.
The linear truss system is considered with the following input data:

- Coefficient of thermal expansion of the material of the PS: a = 12 e~

- Young modulus for the PS and NS: Ep, = Ey = 210000 mljnz

- Sectional area of the PS and NS: A, = Ay = 20000 mm?

1
K

- The physical substructure is heated at a constant rate of 0.5 K/s;
The length variation of each substructure induces different relative stiffness of the

substructures. For simplicity, the stiffness of the PS is kept constant during the exercise. In a
real hybrid test the stiffness of the PS will decrease due to the fire exposure.

The objective of the exercise is to plot the reaction forces and displacements at the interface
for the NS and PS versus the correct solution. The plots will be done for two different
stiffness ratios R < 1 and R > 1 using the force control procedure and displacement control
procedure. The length of the PS is equal to 1.50 m while the length of the NS is equal to 3.00
m when R < 1. For the stiffness ratio R > 1 the length of the PS is 3.00 m while the length of
the NS is 1.50 m

Force control procedure

Figure 4-4 presents the evolution of interface forces and displacements in time for a stiffness
ratio R < 1. The chosen time step is At = 50 sec with a delay time of the actuator equal to
Atp = 10 sec. For every graph three solutions are illustrated, the correct one and the solutions
at the interface of the PS and NS.
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Figure 4-4. The boundary conditions when using a force control procedure (R < 1)

The objective of hybrid fire testing is to maintain equilibrium and compatibility at the
interface of the substructure while capturing the behavior of the structure as an assembly.

The interface equilibrium and compatibility translate from the graphical point of view by
matching the solution of the PS with the solution of the NS. More than that, the interface
solutions should match the correct solution. The correct solution results by analyzing the
structural system as an assembly without considering the substructuring (which can be done
analytically in this simple case).

During one time step At, in force control procedure, the force remains constant while the
displacement varies due to the fire exposure. The force is constant once the actuator
succeeded to apply with the delay time At, the new computed value of the interface force.

In this particular example before starting the hybrid simulation the interface displacements
and forces are equal to zero (unloaded system). During the first time step At the interface
force is equal to zero while the displacement is increasing until 0.45 mm due to the thermal
expansion. When the time t; = At is reached the interface displacement up(t;) = 0.45 (mm)
of the PS is registered and used in the calculation of the interface force to be applied on the
substructures. The interface force resulted from the NS analysis Fy(t;) = 0.63E*® (N) is
applied on the PS. Due to the delay time the force in the furnace is reached after 10 sec since
the calculation has been performed Fp(t; + At) = —Fy(t;) = —0.63E*°. In all this time the
PS continues to be heated, thus expanding. The new force acting on the PS leads to a decrease
in displacements. Again the force is kept constant and the displacement is free until the next
update of the interface forces.

Please note that in the graph the forces of the PS are represented in the absolute value to
facilitate the understanding.

The interface solution of the PS and NS oscillates around the correct solution.

In the case of the stiffness ratio R < 1 the force control procedure is stable and showing
results oscillating around the correct solution.
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Figure 4-5 presents the evolution of the interface force and displacement for a case of stiffness
ratio R > 1 when the force control procedure is considered. The same steps are followed as in
the previous example, but it can be observed right from the start of the test how the solution
diverges from the correct solution leading to the instability in the process.
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Figure 4-5. The boundary conditions when using a force control procedure (R > 1)

To be able to understand the cause of instability the force control procedure presented in the
chapter 4.2.2 will be interpreted making use of the graphs presented in Figure 4-4 and Figure
4-5,

The principle of hybrid simulation states that for a time step t,,_, the same values of forces
and displacements should be registered at the interface of the substructures, as presented in
the Eq. (31).

up(th-1) = uy(ty—1)

Fp(tn—1) = Fy(tph-1)

(31)

Until the next time step, the PS is continued to be heated inducing a change in the interface
displacements. Thus the interface displacements of the PS at the time step ¢, is different
compared with the displacement from the previous time step t,,_,. At the same time the NS is
kept cold with the same interface conditions as in the previous time step.

up(ty) # up(ty—_1)
(32)
uy(ty) = uy(tp—1)

Equation (32) expresses the loss of compatibility at the interface of the substructure meaning
that the interface displacement of the PS differs from the interface displacement of the NS as
presented in the Eq. (33).

up(ty) # uy(ty) (33)
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The objective is to restore the compatibility at the interface. To do so based on the measured
interface displacements new values of forces are computed and applied at the interface just to
restore the equilibrium. For the static case is equivalent by writing the Eq.(34), where AF (t,,)
is the incremental force and Au(t,) is the incremental displacement at the time step t,,. Note
that the form of the Eq.(34) in the case of force control procedure will be explained in section
5.5.
-1

AF(ty) = (i + i) Au(ty)

K~ Ky (34)

F(tn) = F(tn—l) + AF(tn)

The new force F(t,) is applied on the PS and NS which leads to equal displacements on the
substructures (equilibrium and compatibility ensured). Note that the computed force F(t,)
will be applied with a delay time, therefore the compatibility is ensured at the time t,, + Atp.

up(ty + Atp) = uy(t, + Atp) (35)

To reach interface equilibrium and compatibility the key is to update the interface forces
every time step using in the calculations the total stiffness of the assembly Kp + Ky .

In the case of the first generation method, application of the formulas expressed in section
4.2.2 leads to a different value of stiffness considered in the update of the boundary conditions
at every time step, as shown hereafter.

The increment of the force is determined based on the Eq. (36) where the expression of F(t,,)
and F(t,,_,) are the one presented by the Eqg. (20).

AF(ty) = Fy(tn) — Fy(ta-1)
n—-1 ' n-—2 ' (36)
= Ky alp ) [(=R) T(tn] =Ky aLp ) [(=R) Tt )]
i=0 i=0

The increment of the displacement is determined based on the Eq. (37) where the expression

of up(t,) it the one presented by the Eqg. (19) and uy(t,) = % where Fy(t,_1) is
N
presented by the Eq. (20).
Au(tn) = uN(tn) - uN(tn—l)
n—1 n-2
. . (37)
= aLp )[R T(tad] = aLp ) [(=R) Tty-)]

i=0 =0

Based on the equation (36) and (37) it can be written that the incremental force is equal the
incremental displacement multiplied the stiffness of the NS (see Eq. (38)) which is not
conform with the Eq. (34).
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AF (t,) = Ky Au(ty) (38)

In conclusion, the first generation method accounts only for the stiffness of the NS in the
update of the boundary conditions at every time step. This is the reason why the first
generation method is conditionally stable on the stiffness ratio between the substructures.

Displacement control procedure

Figure 4-6 presents the interface force and displacement for a case where the stiffness ratio is
smaller than one while making use of displacement control method. The achieved solution by
using the hybrid process diverges from the correct solution right after the beginning of the
simulation.
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Figure 4-6. The boundary conditions when using a displacement control procedure
(R<1)
Figure 4-7 presents the interface solution of the truss system when the stiffness ratio is bigger

than one. The process is stable, and the solution oscillates around the correct solution.
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Figure 4-7. The boundary conditions when using a displacement control procedure
(R>1)
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The displacement control implies every time step an update of the interface displacements.
Thus it can be observed in the same figure that the displacement is constant in between the
updates. As a consequence, the interface force will vary between the two time steps. The time
step and the delay time step are considered with the same values as in the force control
procedure example, respectively At = 50 s and At, = 10 s. In this particular example when
a constant value of displacement is kept at the interface the reaction force increases due to the
fire exposure. Once the interface displacement is updated the force reduces.

In displacement control procedure the displacements are fixed at the interface of the
substructures during one time step. Meanwhile the PS is continued to be heated leading to a
change in the reaction force.

Thus, based on the principle of the hybrid simulation the interface compatibility and
equilibrium must be satisfied every time step (see Eq. (31) for the time step t,,_,).

Since the reaction force of the heated substructure is not anymore in equilibrium with the
reaction force of the cold substructure (see Eq.(39)), the equilibrium needs to be restored.

Fp(tn) # Fy(tn) (39)

Based on the measured interface reaction forces, new values of displacements are computed
and applied at the interface just to restore the equilibrium. For the static case is equivalent by
writing the Eq.(40).

Au(ty) = (Kp + Ky) ' AF (t,)
(40)
u(tn) = u(tn—l) + Au(tn)

Note that the computed displacement w(t,,) will be applied at the time t,, + Atp, on the PS
leading to equal reaction forces on the substructures as presented in Eq. (41) (equilibrium and
compatibility ensured).

Fp(ty + Atp) = Fy(t, + Atp) (41)

The stiffness of the assembly Kp» + Ky is required to be used in the hybrid process to ensure
equilibrium and compatibility and moreover to ensure stability of the process.

For the force control procedure it has been mentioned that only the stiffness of the NS is
considered in the hybrid process.

The value of stiffness considered in the update of the boundary conditions every time step for
displacement control procedure is next identified.

The value of AF(t,) and Au(t,) are next expressed. The increment of the force is determined
based on the Eq.(42), where the expression of F(t,,) and F(t,_,) are the one presented by the
Eq.(26).
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AF(t,) = Fy(ty) — Fy(th-1)

=Kpalp Til I(_ %)l T(tn—i)l —Kpa Lpi I(_ %)l T(tn—i)l

The increment of the displacement is determined based on the Eq. (43) where the expression
of uy(t,) and uy(t,—,) isthe one presented by the Eq. (27).

(42)

Au(tn) = Uy (tn) - uN(tn—l)

= Ili—;a Lp Z l(— %)l T(tn—i)] - %a Lp :lZ_: [(‘ %)l T(tn—i)l

Based on the equation (42) and (43) it can be written that the incremental displacement is
equal the incremental force multiplied the inverse of the NS’s stiffness (see Eq.(44)) which is
not conform to the Eq. (40).

(43)

Au(t,) = Ky~ P AF(t,) (44)

The first generation method could be unstable due to the fact that only the stiffness of the NS
is considered in the hybrid process.

4.4.3. Graphic representation

In this section, a graphic representation of how the hybrid methodology works when applying
the first generation method is provided to illustrate the instability that might occur. Therefore
for every time step two cases will be illustrated (R > 1 versus R < 1).

The PS and NS are represented by segments with different slopes, thus different stiffnesses.

Force control procedure

At the ambient temperature there is no external load acting on the structure. The only load
considered in example is the fire load. Thus, no initial force is applied to the physical
substructure before heating at the time t, (see Figure 4-8).

The NS and the PS will intersect in the origin, where the interface displacement and forces are
equal to zero as presented in the Eq. (45).

up(ty) = uy(ty) =0

Fp(to) = Fy(tp) =0

(45)
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Figure 4-8 Graphic representation of the PS and NS for the time t,

The physical substructure is starting to be heated. In force control procedure the heated
substructures are free to expand. In this situation the displacement is registered in the furnace
and sent to the NS in order to compute the force to be updated next at the interface. The
measured displacement of the physical substructure is expressed by the Eq. (46) for the time

t; .

up(ty) = alp T(ty)

(46)

The heated PS is represented with the red color and is translated from the center of the
system. The intersection of the segment with the horizontal axis represents the measured

displacement of the PS during this step.
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AF
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Figure 4-9 Graphic representation of the first read of displacement (FCP)
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The next step is to run the analysis of the numerical substructure subjected to the
displacement measured in the furnace and obtain the corresponding force presented by Eq.
47).

Fy(ty) = Ky a LpT(t1) (47)

The measured displacement in the furnace is used to compute the reaction of the numerical
substructure at the time t;. The green color from the Figure 4-10 illustrates this step. Note that
the correct displacement and the correct interface force is the one obtained at the intersection
of the two segments, the NS segment with the PS segment. So it can be clearly seen that in the
situation when the stiffness ratio is bigger than one the estimated reaction of the NS Fy (t,) is
much too big compared with the correct value.

/’F/
B / PS§

L /

,///
o+ > >
yd NS Fy(t) / NS
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7 Fy(t)
///‘/
a)R>1 bJR <1

Figure 4-10 Graphic representation when computing the reaction of the NS for the
time t{(FCP)

The next step is to adjust the computed force in the furnace accordingly. Figure 4-11 presents
the adaptation of the new force in the furnace at the time t; +Atp. The force will be applied
with a delay of Atp, which depends on the reaction time of the actuators in the furnace. So
this is why, in the furnace we have a different displacement by the time when we applied the
new load than the one which was used for the calculation of the force. This is represented in
the graphs by the shift of the grey segment (which represented the PS at the time t;) in the red
segment (which represents the PS at the time t,+Atp). So applying a new force on the PS (the
one calculated in the previous step) leads to a new displacement of the PS.
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Figure 4-11 Graphic representation of the new force and displacement induced in the PS
for the time t,+Atp

It can be seen clearly from the first steps that in the case when the stiffness ratio is bigger than
one, instability will occur. Due to the fact that stiffness of the numerical substructure is bigger
compared with the physical one, the force to be applied every time step on the PS results with
big values thus it cannot be supported by the PS, leading to instability. In the case when the
PS is stiffer than the NS (R < 1) the force control procedure is stable and showing good
results, i.e. results close to the correct solution.

Displacement control procedure

As in the case of force control procedure, the elastic truss system is unloaded before the start
of the hybrid test. The forces and the displacements of the PS and NS are equal to zero and
the two segments are intersecting each other in the origin of the coordinate system (see Figure
4-8).

The PS starts to be heated. If in force control procedure the PS is free to expand, in
displacement control procedure no free expansion is allowed. Since the displacement of the
heated PS is blocked, a reaction force Fp(t;) builds up as presented in Figure 4-12. From the
graphical point of view the heated PS is represented by the translation of the segment
representing the PS. The intersection of the segment with the vertical axis of the system is the
reaction force which will be measured on the PS. The intersection of the segment with the
horizontal axis of the system represents the thermal displacement of PS which corresponds to
the measured reaction force.

No formulas will be presented for the measured and computed values at every time step. The
values are according to the ones presented in the section 4.2.3. More details are specified for
the case of force control procedure to facilitate the understanding.
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Figure 4-12 Graphic representation of the first read t; (DCP)

The measured reaction force of the PS will serve next to compute a new value of
displacements to be imposed on the boundaries of the substructures. The measured reaction
force is sent to the NS and in the calculation of the displacements only the stiffness of the NS
is considered. The action of this step is presented in Figure 4-13.

AT AT
/ B8 ps
.f"f Uy (tl) (tl)////
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Figure 4-13 Graphic representation when computing the displacement of the NS for the
time ¢,

The calculated displacements from the previous step are imposed in the furnace on the PS

with a delay time t; + Atp. During the delay time Atp the PS continues to be heated. From the

graphic point of view the position of the segment representing the PS is translated compared

with the position during the time t;. The new position is represented with the red color while
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the position from the time step t; is represented by grey color. The Figure 4-14 presents the
new reaction force resulted when the displacement u, (t,) is imposed on the substructures.

Fo(t, + Atp) & F
AF
. »
Fp(t, + Afpa/ NS
a)R<1 b)R > 1

Figure 4-14 Graphic representation of the new force and displacement induced in the PS
for the time t;+Atp

The instability occurs right at the beginning of the hybrid test when the PS is stiffer than the
NS i.e. R < 1. For the stiff structural elements small variation of displacements induces big
variation of forces. Therefore, the reaction force of the stiff PS is significant and will induce
large displacements in the NS. The large displacement imposed on the stiff PS will induce too
large reaction forces to be next imposed on the NS. Since the NS is more flexible than the PS
will not support the load and the hybrid simulation ends right at the start of the test.

If the first generation method is used for the proper stiffness ratio, the solution provided by
the hybrid fire testing will follow the correct solution (the intersection of the 2 segments, NS
and PS).

4.4.4. Error estimation for the first generation method

Next, the objective is to analyze the accuracy of the results considering the following
dependency:

e The time step At and the delay time Atp;
e The stiffness ratio R;

Independently on the stiffness ratio, the value of the time step and the delay time has an
influence on the results. One characteristics of the hybrid fire testing is the impossibility of
turning off the fire during the test. Thus the fire exposure determines the change of the PS
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boundary conditions during the time of the calculations, the time of transfer data from the PS
to NS and vice versa, and the delay time of the actuators to induce the target values. As it has
been mentioned already, the transfer time of the information is negligible. The calculation
time is negligible if the NS is represented by a predetermined matrix. If the NS is represented
via the FE model then the calculation time is important. The delay time of the actuators is
important in the accuracy of the results.

Next, the linear elastic truss system is considered to observe the influence of the stiffness ratio
on the results as well as the influence of the time step At and the delay time Atp.

Time step At and the delay time Atp

The influence of the time step and the delay time on the results will be discussed in this
section for the displacement control procedure and for the force control procedure. The
characteristics of the linear elastic truss system i.e. Young modulus, sectional area, the
thermal coefficient of the material, the temperature evolution and the stiffness of the
substrucutres, are the one presented in the section 4.4.2. As a recall, the physical substructure
is heated at a constant rate of 0.5 K/s, the temperature evolution is considered as a function of

the time step T(t) = % In this example, the stiffness of the PS is kept constant during the
exercise.

e Force control procedure

The example presented in Figure 4-1 will be next analyzed. The stiffness of the PS and NS is
constants during the hybrid simulation in this particular example.

To be able to apply the force control procedure the stiffness ratio needs to be smaller than the
critic value of one, thus in this example R = 0.50 while the delay time caused by the actuators
is considered Atp = 1s.

The evolution of interface forces and displacements is presented for different values of the
time step, i.e. 1 min (see Figure 4-15 a)), 5 min (see Figure 4-15 b)), 10 min (see Figure 4-15
c)) and 15 min (see Figure 4-15 d)). A deviation equal to 2%, 5% and 10% of the correct
value is printed in the same graphs.

The principle of the force control procedure assumes a constant force during one time step
meanwhile the interface displacements varies due to the fire exposure.

Every time step the variation of the displacement is registered and used in the computation of
a new force to be imposed on the PS, thus the registered displacement is imposed at the
interface DoFs of the NS. The next step is to compute the reaction force of the NS and to be
imposed at the interface of the PS. The new force is imposed at the interface of the PS at time
At + Atp. Thus the interface force of the PS equals the interface force of the NS
(equilibrium). More than that, the new force acting on the PS induces a new displacement on
the PS which is different compared with the displacements at the interface of the NS
(compatibility not ensured).
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In conclusion, the first generation method does not ensure the interface equilibrium and
compatibility every time step. If the difference between the NS’s interface solution and PS’s
is defined as acceptable by the user then the methodology can be applied. More than that,
besides ensuring the interface equilibrium and compatibility, the two solutions should
reproduce the real behavior of the structure when analyzed as an entire assembly (here
specified the correct solution).

The admissible error is defined by the user depending on the type of structure analyzed and
the furnace facility characteristics.

In this example the admissible error is randomly defined as a percentage (2%, 5% and 10%)
of the correct value.

It is clear from the Figure 4-15 that a reduced time step provides results which oscillate
around the correct solution and the deviation decreases once with the reduction of the time
step. In these cases the interface solution is in the range of the admissible defined values for
this example. Once the time step increases, the interface solution deviates from the correct
solution and also from the admissible defined values.

A too much reduced time step chosen for the update of the interface conditions might cause
problems on the experimental site. In a short time, the variation of the interface displacements
and forces can exceed the minimum values which can be registered by the data acquisition
system and transfer system. The values to be registered in the furnace should be bigger than
the resolution of the transducers and inclinometers.
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Figure 4-15. The evolution in time of interface force and displacement when the time
step At varies
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It has been shown in the previous case that the use of a reduced time step leads to results
which oscillate around the correct solution. The value of At = 60 s proved to offer results
with an accuracy of less than 5%. Thus the same value of the time step is next considered to
study the influence of the delay time on the accuracy of the results.

Figure 4-16 presents the evolution of interface forces and displacements in time in the case of
the delay time variation. The imposed values of force at the interface of the PS will induce a
variation of displacement. The force is imposed at the time At + Atp, and once with the
increase of this value, the resulted displacement will deviate from the correct solution.
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Figure 4-16. The evolution in time of the interface forces and displacement when the
delay time Atp varies

The conclusion of this exercise is that the value of the time step along with the delay time
influences the accuracy of the results. The values of At and At, depend on the type of the
analyzed structure and the furnace facility.

For the structures where the variation of the interface forces and displacements is slow during
the test it might be sufficient a bigger time step and delay time compared with the structures
where the variation of the interface forces and displacements is fast during the test.

The furnace facility influences the value of the delay time. The delay time represents the time
needed for the actuator to impose new values on the interface.

The furnace facility influences the value of the delay time. The delay time represents the time
needed for the actuator to impose new values on the interface.
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Note that the resolution and the precision of the data acquisition system and transfer system
have an influence on how to choose the values for the time step and delay time. If the time
step is small and the variation of the interface forces and displacements is also small then the
values cannot be physically measured in the furnace.

Once the above presented conditions are full field the user should perform a study in order to
be able to choose the correct value of the time step and delay time and thus to produce
accurate results during the hybrid process.

. Displacement control procedure

The same exercise as for the force control procedure is done for the displacement control
procedure.

The objective is to observe the results when the stiffness ratio is kept constant along with the
delay time of the actuators. The time step instead will vary inducing different results at the
interface of the PS and NS.

In this numerical exercise, the correct behavior is known and it will be used to make the
comparison with the solution generated by the hybrid methodology.

The value of the stiffness ratio considered in this example is R = 2 while the delay time
caused by the actuator is considered Atp = 1s.

The evolution of interface forces and displacements is presented for different values of the
time step At, i.e. 1 min (see Figure 4-17 a)), 5 min (see Figure 4-17 b)), 10 min (see Figure
4-17 ¢)) and 15 min (see Figure 4-17 d)). The various values of the time step are chosen
randomly for this example to observe the influence on the results. More than that, for every
graph a deviation from the correct solution is printed. The deviation is also selected randomly
as a percentage of the correct value such as 2%, 5% and 10%.
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Figure 4-17. Evolution of the boundary conditions when R > 1 and At varies in DCP

When the time step is equal to 1 min then the resulted solution at the interface of the PS and
NS does not exceed the correct value more than 5% of the correct solution.
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Once with the increase of the time step, the solution provided by the hybrid process deviates
more and more from the correct solution. Nevertheless, the hybrid solution oscillates around
the correct solution.

Generally, the value of the time step depends on the delay time of the actuators, on the time
calculation of the new solution to be applied and the time transfer of the information between
the substructures. More details about the components of the time step are discussed in the
section 3.5.

Another component to influence the choice of the time step is the structural element to be
tested. Some structural elements undergo large deformation early in the test. Thus the change
of the interface condition is more pronounced in a short time. For example, the steel exposed
structure experience larger displacements in a shorter time compared with the concrete
structural elements exposed to fire. In this situation the needed time step might results with
more reduced values than in the case of a concrete structure. The user defines the value of the
time step based on the characteristics of the furnace facility as well as the type of the analyzed
structural system but at the same time aiming accurate results.

The hybrid process is not only characterized by the stability criterion but also from the
accuracy point of view. The results are considered accurate if the interface solution of the PS
does not exceed a certain percentage of the interface solution of the NS as presented in the
section 3.6. The solution provided by the hybrid fire testing needs to reproduce the correct
solution too. Depending on the objective of the project, the deviation will be defined by the
user.

In practice, in some cases the correct behavior of the analyzed structure is not predictable.
These cases refer to the situation when the behavior of the PS is unknown and therefore
impossible to be modeled in the FE model.

Next, stiffness ratio is kept constant R = 2 along with the time step At = 60s and the
influence of the actuators delay time Atp, will be analyzed. Figure 4-17 a) shows accurate
results in the hybrid process if the time step is chosen equal to 60s.

Figure 4-18 presents the force-displacement evolution at the interface of the substructures
along with the correct solution when the actuators delay time varies. It can be observed that
the PS solution can diverge from the NS solution once the delay time of the actuator
increases.
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Figure 4-18. The evolution in time of the interface forces/displacements when the time
step Atp varies

Every time step At the interface data (forces and displacements) of the substructures are used
to compute the new solution to be updated at the interface. To reach the interface equilibrium
and compatibility requires applying the new solution on the interface while the forces and
displacements have the same value as the ones used for the calculation of the new solution.
There is a delay time to impose the new solution on the interface due to the time response of
the actuators. In all this time the PS continues to be heated and the interface forces and
displacements change. The difference between the time when the calculation of the new
solution is done until the same solution is applied on the substructures varies from case to
case.

Importance is given to the total needed time to apply the new solution such as the equilibrium
and compatibility are reached and the correct solution is reproduced. Just for reminder, the
correct solution represents the solution at the interface when the studied structure is analyzed
as a single entity (with no substructuring).

In Figure 4-17 it can be observed that with the increase of the time step, the equilibrium and
compatibility are not satisfied. The user can choose to define a permissible error value to be
reached during the hybrid tests with the condition that the quality of the results is not
perturbed. Some specific situation might require an important time to update the solution in
the furnace. In this cases if the defined error value is not exceeded then the hybrid process can
be still applied.

The variation of the stiffness ratio

e Force control procedure

The objective of the exercise in this section is to see if the decrease of the stiffness ratio
induces changes in the accuracy of the results. Thus the stiffness ratio varies from values of 1
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until 0.02. The time step of At = 60 s and the delay time of the actuators of At, = 10 s is
considered sufficient for this exercise.

Figure 4-19 shows that the reduction of the stiffness ratio value still produce accurate results
(in the defined range).
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e Displacement control procedure

The first generation method produces damage (instability) during the tests when the NS and
PS have the same stiffness, i.e. stiffness ratio equal to one. The stiffness ration can be either
smaller than one during the entire hybrid tests or on the contrary the stiffness ratio should
always be bigger than one in order to apply the first generation method (and to avoid the
instability of the process).

The influence of the stiffness ration on the accuracy of the results is next studied. Figure 4-20
presents the evolution of interface forces versus displacements when the time step and the
delay time of the actuators are constant and the stiffness ratio varies. The time step is At =
60 s and the delay time of the actuators is Atp, = 10 s. The stiffness ratio varies from values
of R = 1 until R = 50.

In the same figure it can be observed that the increase of the stiffness ratio does not affect
considerably the error on the PS’s interface. Moreover in this specific case the error decreases
while the fire advances.
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5. PROPOSED METHOD FOR HFT: THE SECOND GENERATION
METHOD

5.1. Introduction

In the previous chapter the stability conditions of the first generation method have been
discussed. The latter method can be applied under specific conditions in order to be
successful.

Depending on the stiffness ratio between the numerical substructure NS and the physical
substructure PS, referred to as the stiffness ratio and noted as R, two procedures can be
adopted when performing hybrid testing. One of the procedures is to control displacements at
the interface while the other is to control forces. The choice of the procedure depends on the
value of the stiffness ratio. When the stiffness of the NS is bigger than the stiffness of the PS
during the test, i.e. R > 1, the displacements need to be controlled in order to ensure the
stability while for the case when the stiffness of the PS is bigger than the one of the NS, i.e.
R < 1, the force control procedure is required.

At ambient conditions the stiffness ratio can be estimated but is not the case when the
structure is exposed to fire. The heat will lead to a decrease of stiffness of the exposed
substructure thus the stiffness ratio will be changing during the hybrid test. The estimation of
change in the stiffness ratio is not easy to be done therefore the chosen procedure at ambient
conditions can become inappropriate once the fire exposure advances inducing instability in
the process.

Inspired from seismic field one solution to avoid the instability can be the switch from one
procedure to another during the hybrid test by the time when the stiffness ratio is approaching
the critical value of one. In order to be able to change the procedure, the time when the value
of stiffness ratio changes from a value smaller/bigger than one to a value bigger/smaller than
one needs to be known. But as discussed previously the prediction in change of the stiffness
ratio is almost impossible to be done. First because the stiffness ratio measured during the test
can be incorrect due to the experimental errors encountered during the tests. Some attempts
have been done to establish the stiffness of the PS during the test [79] but more research is
needed to prove the advantage of doing so. Secondly some specific phenomenon can occur
when the PS is exposed to fire. For example concrete elements can experience spalling,
phenomenon which occurs suddenly inducing an important change in the stiffness. The
prevision of this phenomenon cannot be done either the time of switching the procedure.
Therefore, even the use of different procedures during one hybrid test is challenging due to
the same reasons of being almost impossible to predict the change in the stiffness ratio due to
the fire exposure and the entire specific phenomenon which are induced by the fire. The
switch needs to be stable and fast beside the disadvantage of not knowing the time when it
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should occur. Moreover, the testing laboratory should dispose on accurate force and
displacements control at the same time. Research needs to be done in this field just to see if
the change in the stiffness ratio can be estimated during the hybrid test and if the switch of
procedure can be applied. In the case of multiple degrees-of-freedom, the stiffness ratio for
each DoF can be bigger than one or smaller than one. Having different stiffness ratio for
different DoFs would imply the use of different procedures during the same hybrid fire test.
No hybrid fire tests have been performed when using different procedures in the same test. In
seismic field, Elkhoraibi and Mosalam [80] implemented switch control hybrid simulation,
switching between displacement and force control depending on the secant stiffness and the
restoring force.

The displacement or force control procedures have their own advantages and challenges.
Conventional hybrid simulation in seismic field is conducted in displacement control
procedure. The main advantage of displacement control procedure is that the numerical
models are developed to solve for displacements during the hybrid test. Some challenges can
be underlined in this situation such as the difficulty of testing stiff specimens, or when
performing fast tests and even when multiple DoFs are tested (depending on the loading
direction). Dynamic effects in the physical model can be induced in case of fast tests. In the
case of stiff specimens every small variation in displacements causes big variation in forces.
Small errors during the experimental process when reading the imposed displacements can
induce forces which are inappropriate leading to incorrect results or even to failure. One
solution can be the use of accurate transducers with high resolution being able to estimate
correctly the imposed displacement as presented by Whyte in [78]. The other solution is to
use a force control procedure to avoid the errors coming from the small displacements to be
imposed when stiff structures are tested. Challenges in the force control method are the fact
that most numerical models are implemented in displacement control, along with some
experimental errors.

Hence to overcome the instability of the first generation method it is necessary to utilize
mixed force/displacement control, or switching during simulation between force and
displacement control.

The mixed force/displacement control is recommended for multiple DoFs with different
stiffness ratios (smaller or bigger than one) while the switch of the procedure could be done in
the situation when the stiffness ratio for one DoF would exceed the frontier value of one.
However, very little research has been conducted in these challenging areas so far. The
disadvantage of doing so is the fact that these procedures induce complexity in the
experimental process and if are not correspondently used the results can lead to incorrect
values and instability.

To avoid these complex combinations between the force control procedure and displacement
control procedure a new method should be developed independently on the stiffness ratio
between the substructures. Thus the instability is avoided and this eliminates the necessity of
knowing the time when the switch of the procedures should be done (depending on the
stiffness ratio evolution during the test). In this way the methodology can be applied either in
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displacement control procedure or force control procedure and there is no need for mixed
force/displacement procedure.

Therefore, this chapter describes a new methodology which has been developed for hybrid
fire testing, as an original contribution of this thesis. This methodology is called “second
generation method” in this work as an acknowledgment of the fact that it follows the
pioneering works of previous researchers using straightforward force/displacement control
procedures for HFT, yet is built on a different formulation of the problem that leads to
(virtually, i.e. under perfect testing conditions) unconditional stability as will be presented in
the following parts. The chapter describes first the theoretical background of the
methodology, with links to the finite element tearing and interconnecting (FETI) method.
Then, the principle and equations of the methodology are given. Finally, some examples are
presented.

5.2. Theoretical background of the second generation method

5.2.1. FETI method. Description. Characteristics

The new method needs to be stable independently on the stiffness ratio between the NS and
PS, to ensure the equilibrium and compatibility at the interface and moreover to provide
accurate results, i.e. results which correspond to what would be obtained if the structure was
tested as a complete structure.

If the methodology is stable independently on the stiffness ratio then:

e The degradation of the stiffness ratio does not need to be accounted during the
test;

e Only one procedure can be used during the entire test (displacement control
procedure or force control procedure) avoiding the complex solution of applying
the mixed force/displacement procedure or switching the procedures during the
test when the case;

e Multiple DoFs can be controlled independently on the stiffness ratio;

Farhat and Roux in [79] have described the method called “Finite element tearing and
interconnecting method (FETI)” which has been developed for spatial domain needed to be
partitioned into a set of totally disconnected subdomains, each assigned to an individual
processor. Lagrange multipliers are introduced in order to inforce compatibility at the
interface nodes. Only the solution for the static problems is treated in the paper which is a
departure from the classical method of substructures. The solution includes the case of
floating subdomains (substructure which experiences rigid body movements). Valk in [82]
presents an extension of the method presented by Farhat and Roux for dynamic cases.

Next, a general description of the method in static case will be made based on the information
presented in [79].
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The algebraic system presented in equation (48) is considered to ensure the equilibrium and
compatibility between the substructures.

Kpup = Ep + BFA
Kyuy = Ey — Bz(//1 (48)
Bpup = Byuy
Where:

K;is the stiffness matrix of the substructure, u; is the displacement vector while E; is the
prescribed force vector associated with the substructure. The subscript j becomes P when
referring to the PS and N for the NS. The vector of Lagrange multipliers A represents the
interaction forces between the two substructures at the interface. B; represents the
connectivity matrix. The connectivity matrix is a Boolean matrix (only terms of one and zero)
with the role of connecting the DoFs of one substructure with the corresponding DoFs of the
other substructure.

Each substructure j, is described by the interior nodal unknowns and the interface nodal
unknowns. The number of the interior nodal unknowns will be referred to as n;° and the
number of interface nodal unknowns as nj'. The total number of interface nodal unknowns is
noted by ni. In the particular case of two substructures note that n = n;' = n2'. The form of the
two connectivity matrices Bp, and By depends on the how the numbering of the interior and
interface DoFs is considered. If the interior degrees of freedom are numbered first and then
the interface ones, the connectivity matrix is described by Eq. (49) where 0; is an nj'x nj° null
matrix and J; is the n'x nj' identity matrix. The vector of Lagrange multipliers 4 is ny long.

Bi=(; L) j=1,2 (49)

The displacement of the substructures can be deduced by using the first two equation of the
system described by (48) only if both K, and K are non-singular. The two displacements will
be replaced in the third equation (the compatibility equation) and grouped depending on the
Lagrange vector. Eg. (50) presents the discussed steps.

up - Kp_l(EP + BZ;/l)
Uy = KN_l(EN - Bz(r/l) (50)
(ByKy"'Bf + BpKp 'BE)A = ByKy ™ 'Ey — BpKp™ 'Ep

Finally the solution is obtained by solving first the third equation of the system for the
Lagrange multipliers A, then substituting these in the first and second equation back solving
for up and uy.

The described methodology was widely used in the numerical simulations just to gain some
time in the calculation and to be able to model complex structure.
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In the case of hybrid simulation process the approach of FETI method will be next presented.
The first and second equation can be expressed in the form presented by Eq. (51).

KpuP - (EP + BZ;A) = 0
(51)
KNuN - (EN - BI’I\;).) == 0

The left term of the equations can be replaced by rj(uj) and we will refer to it as the residual

vector (see Eq. (52)). The residual vector needs to be always equal to zero to satisfy the
equilibrium condition between the substructures.

p(up) =0 52)
rv(uy) =0

Let us express the residual equation in terms of n + 1 time step displacement u,,,, only, as it
is presented in Eq. (53).
r(un+1) =0 (53)

Thus to find the interface solution a set of the non-linear equation are required to be solved.
Most of the methods for solving a set of non-linear equations make use of linearization
techniques.

If uk,, represents an approximate value of u,,, resulting from iteration k then the residual
equation can be replaced with enough accuracy by the linear expression given by Eq. (54).The
replacement is done in the neighborhood of the value uk, ;.

o (i —une) (54)

Un+1

ar
ruth) = r(uk) + |5

For equilibrium the residual force for the iteration k+1 should be equivalent with zero as
presented in Eq. (55).

r(uktl) =0 (59)

Further on, Eqg. (54) can be rewritten under the form presented in Eq. (56) accounting for the
fact that the residual force for the iteration k+1 is equal to zero as presented in Eq. (55).

or
-5 Gt =) = (ki) (56)
Un+1
Where:
or _[a Ku—(E +BT/1)] =K
oy, .k = au( u P pA)) - = (57)
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The final form of the Eq. (56) is presented in the Eq. (58) where Z—Z represent in this case the

variation of the internal forces with respect to displacements and thus represents the tangent
stiffness matrix K.

(uﬁi% - u1I§+1) =—K! r(u’,§+1) (58)

For the iteration k+1 the solution results by solving the non-linear system in an iterative
manner by means of the Newton-Raphson method.

An iterative process needs to be implemented due to the fact that the stiffness of the PS is
unknown in the solving process.

The Eq. (59) presents the residual of the physical and numerical substructures for every
iteration, depending on the Lagrange multipliers. The Eq. (59) has been written based on the
equation (51) and (52). The terms Kpuf ., and Kyuk .., represent the interior forces of the
PS and NS, EF,, and EY,, represent the exterior loads applied on the PS and NS, while the
last term of the residual force is given by the interface forces AX*1 affected by the transpose
of the connectivity matrix BX and BY. In this stage of the problem the restoring forces of the
substructure and the exterior loads are known. The only unknowns are the interface forces,
this being the next step of solving one step hybrid simulation problem. In hybrid fire testing
the EF,, and EX, ,include the effect of fire on the substructure. Therefore during the test in
the furnace the registered reaction force is the couple (I(Pu’,i,n+1 — Ep n+1). For the numerical
substructure the reaction force used in the calculation is (Kyuf n+1 — Enn+1)-

k — K T yk+1
T(”P,n+1) = KpUupn+1 = Epn+1 — BpAnia

(59)

k _ k T ak+1
T(“N,n+1) = Knyuyns1 — Enns1 + ByAnia

Based on the Eqg. (58) the displacements for iteration k+1 can be written in the form of the Eq.
(60). This values are expressed in terms of displacements computed at k iteration u’,§,n+1 and
UK 41, the stiffness’s of the substructures K7 and Ky plus the value of residuals presented in
Eq. (59). Please note that the stiffness values of the substructure is affected by the superscript
“* suggesting that the considered stiffness in the calculation it might be different than the
real one. It has been discussed that the estimation of the PS’s stiffness is difficult to be done
during the test so the initial tangent stiffness will be considered in the calculations. The
stiffness of the NS can be predetermined before the test if the NS is cold while for the
exposed NS the stiffness can be computed every time step. Therefore the stiffness of the NS
usually is known but in the presented formulation the superscript “* will be still conserved.
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K _ .k -1k
uP,_IT-l%I-l = Upns1 — Kp r(uP,n+1)
(60)

ullflj;11+1 = ullfl,n+1 - Klt/_lr(uzlfl,nﬂ)
To fulfil the compatibility condition the same displacement are imposed at the interface for
each iteration as presented in Eq. (61) with the connectivity matrix to match the displacement
of the PS with the displacements of the NS. The displacements in the Eq. (61) have the
values presented by the Eq. (60).

BPulzg,J;llﬂ = BNu1l\(1,J;11+1 (61)
The Eqg. (61) is grouped in two parts (i) one part with the terms including the Lagrange
multiplier and (i) the rest of the terms. Then the Lagrange multiplier AX*1 results with the
expression described by the Eq. (62).

x—1 k x—1 x+—1 k x«—1
BpKp "Kpupni+1 — BpKp "Epni1 — ByKy "Kyuyni1 + ByKy "Ennis

/1k+1 —
ByK;: "By 4 BpKy T BpT

n+1 —

(62)

Once the Lagrange multiplier is known, the residual forces presented by the Eq. (59) are
computed. In the final stage of one iteration the displacements presented by Eq. (60) are
solved.

The computed displacements are imposed on the PS and NS. The compatibility is ensured as
the interface displacements of the PS are equal to the interface displacements of the NS. The
imposed displacements will generate reaction forces (or restoring forces). The interface forces
of the PS need to be in equilibrium with the restoring forces of the NS. Just because in the
calculation process the initial tangent stiffness of the PS Kp is considered (without
considering the degradation due to the fire exposure) the resulting reaction force in the
furnace will be different than the reaction force of the NS. Thus the equilibrium will not be
satisfied.

To reach the equilibrium iterations are needed in order to converge to the correct solution with
equilibrium and compatibility ensured at the interface of the substructures.

There is specificity though in the field of fire engineering. When the iteration process is
undergoing, the interface forces are required to be constant. The difficulty in hybrid fire
testing comes from the fact that the interface forces are always changing due to the fire
exposure. This means that the equilibrium at the interface is never reached. By the time when
new displacements are computed all the information of the previous step (including reaction
forces) are considered. When the computed displacements are applied on the substructures,
the reaction forces of heated substructures (the PS is always exposed to fire whereas the NS is
exposed to fire or not) does not correspond anymore with the one used in the calculation. So
the computed displacements are not correct anymore just because do not force equilibrium at
the interface.
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Therefore, it had been challenging to find a solution on how to ensure the compatibility and
equilibrium at the interface by still using in the calculation the initial tangent stiffness of the
PS.

Note that the FETI method is applied in displacement control.

Next the steps of the presented solution will be described along with the reasons which leaded
to the new hybrid fire method.

5.2.2. Flowchart of the FETI method

To fully understand how the method is applied in hybrid fire testing the information presented
in the previous subchapter will be organized in a flowchart.

Before the flowchart every step will be explained in details.

Steps of hybrid fire testing with FETI method

1. The first step is to divide the analyzed structure in the PS and NS. By dividing we mean to
choose the part of the analyzed structure which presents interest to be tested in the furnace
(PS) while the remainder of the structure (NS) will be modeled aside via FE model or a
predetermined matrix.

2. The PS is placed in the furnace, loaded with the external loads (usually maintained
constant during the fire test) and interface loads (variable depending on the fire exposure).

3. The NS is modelled aside. One solution is to use a FE model to represent the NS or by
using the predetermined matrix. If the FE model is considered, then before starting the
hybrid test the NS will be loaded with the corresponding exterior forces and the interface
forces. If the predetermined stiffness matrix is chosen to be used instead, will account for
the effect of the loading on the NS.

4. The fire starts in the furnace and will induce changes into the boundary conditions of the
PS. The equilibrium and compatibility are not anymore satisfied at the interface, thus the
boundary conditions are required an update. The time step when the update will be done
during the hybrid test is noted with t¥ = tX_, + At where n is the number of the step and k
is the number of the iteration within one step.

5. From the previous time step tX_, to the current time step tX the same displacements have
been conserved on the interface. During one time step the reaction forces of the heated
substructures will change due to the fire exposure. The reaction forces of the PS are
registered in the furnace (Fp, = Kpu’,;",n_1 — Epy). The reactions of the NS (Fy, =
I(Pu’;,n_1 — Ep ) are computed using the predetermined matrix if the case, or are solved in
the FE model in the other case. The reaction forces of the PS and NS correspond to the
time step tX.

6. The stiffness of the numerical substructure is known (if the NS is cold), but the stiffness of
the PS is unknown. Thus the initial tangent stiffness is considered in the hybrid process and
noted K. The stiffness of the NS considered in the calculation is noted with Kjy.
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The Lagrange multiplier AX*1 is computed using the reaction (restoring) forces of the
substructures and the stiffness of the substructures.

Once the Lagrange multiplier is known, the new displacements uf,, and uf ,which will
be applied on the substructures can be computed. The resulted displacement of the PS and
the NS are always equal.

The time calculation of one step is neglected therefore the new displacements are applied
on the substructure at the time tX. The time when the displacement is induced in the
furnace is tX + Atp. Due to the fact that the initial tangent stiffness of the PS is considered
in the calculations the reaction forces resulted in the substructure will not be in
equilibrium. The equilibrium can be restored only if the iterative process is implemented.
During the iterative process Kk is incremented k = k + 1. The time delay is the second
factor after the initial tangent stiffness matrix of the PS which will lead to loos of
equilibrium as discussed in the section 3.6.

Once the equilibrium is restored, the iteration step is set to zero k = 0 while the step
number is incremented n = n + 1 and we repeat the steps 5-9.

Flowchart of hybrid fire testing with FETI method

The flowchart is presented in the Figure 5-1 with the mention that ENR refers to the energy
norm rate while ¢ is the acceptable error. Information about the energy norm rate and the
acceptable error will be given later on in the thesis.
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Figure 5-1. FETI method
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5.2.3. Equilibrium and compatibility at ambient temperature

The section 5.2.2 presents the steps of the hybrid fire testing when using FETI method.
The flowchart presents the method once the fire started.

Before starting the hybrid fire test, the equilibrium and compatibility at ambient temperature
must be ensured.

Different reasons lead to the necessity of restoring the equilibrium at ambient temperature and
the reasons will be next discussed.

Before starting the test, the PS is loaded in the furnace with the exterior loads and the
interface conditions. When the loads are totally applied the interface reaction forces should be
in equilibrium with the interface reaction forces of the NS. The compatibility is ensured by
the fact that a displacement control procedure is considered (the same displacements are
imposed at the interface).

Generally the equilibrium will not be ensured, the reaction forces of the PS will not equal the
reaction forces of the NS.

Here are some possible reasons to explain why the equilibrium is not reached:

e The material behavior;
e Experimental site: supports, data acquisition system and transfer system;

The behavior of some materials is defined in the numerical model based on some hypothesis.
This is why some difference occurs between the results measured during the experiments and
the results from the numerical analysis. In this case, the equilibrium needs to be restored at
ambient temperature before starting the hybrid fire test.

The experimental site can induce some differences in the PS’s results compared with the
results in the NS. For example, the provided support condition can be inappropriate and can
induce some differences. Other sources of errors are the characteristic of data acquisition
system and transfer system (e.g. inappropriate resolution of data acquisition system, poor
tuning of the actuators etc.). The measurements in the furnace should be accurate in order to
provide accurate results.

The conclusion of the above discussion is that the interface equilibrium will not be ensured
right after the loads are applied on the substructure for different reasons. Before starting the
hybrid fire test additional actions are required to endorse equilibrium.

A solution to restore the equilibrium at ambient conditions is to correct the interface
displacements based on the out of balance forces. Thus the reaction forces of the
substructures, the initial tangent stiffness of the PS along with the stiffness of the NS are used
to compute new interface displacements.
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The restoring of the interface equilibrium along with the new methodology will be presented
in the section 5.3.

5.3. Development of the second generation method

The new hybrid methodology aims the following objectives:

e To be stable independently on the stiffness ratio between the substructures;

e To be simple and easy to apply;

e To ensure accurate results by forcing the interface equilibrium and compatibility
every time step.

The method has been inspired from the finite element tearing and interconnecting method
(FETI) and it controls the displacements during the HFT, based on the out of balance forces
between the substructures. By analyzing the FETI method, it has been observed that the
stiffness of the PS and NS is considered in the calculation of the boundary conditions.
Therefore, in the second generation method besides the use of the NS’s stiffness in the
calculations, the stiffness of the PS will be also considered. In this way, the new method is
unconditionally stable, independently on the stiffness ratio between the substructures.

5.3.1. Theoretical formulation

The key idea behind the second generation method is the fact that the stiffness of both the PS
and the NS needs to be considered when relating the forces with the displacements at the
interface. This contrasts with the first generation method, employed in all previous hybrid fire
tests documented in the literature, in which only the NS’s stiffness was considered.

This modification is far from trivial. In fact, it will allow the hybrid process to be stable
independently of the ratio between the NS stiffness and the PS stiffness. In other words, it
becomes possible for a fire laboratory which works in displacement control to perform a
hybrid fire test for example on a concrete column axially restrained (R<1) as well as on a
beam with rotational restraint (R>1), without the need to change their control system. More
important, HFT in which several degrees of freedom are controlled can be conducted with a
unique methodology.

In theory, the second generation method can be used in displacement control or in force
control. The formulation to combine the PS’s stiffness and the NS’s stiffness differs for the
two control strategies.

The displacement control configuration resembles a parallel circuit since the displacement at
the interface is imposed to be the same for the PS and the NS. Therefore, the total stiffness of
the two subsystems is equal to the sum of their individual stiffnesses, see Eq. (63).

K =Kp + Ky (63)

Force control configuration, on the other hand, resembles a series circuit. The force at the
interface is imposed to be the same for the PS and the NS. Therefore, the total stiffness of the
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two subsystems is equal to the reciprocal of the sum of the reciprocals of their individual
stiffnesses, see EQ. (64). Note that, in this case, the total stiffness is always smaller than the
value of the smallest stiffness.

1 1

K=(z+ E)_l (64)

5.3.2. The steps of the new methodology

A step by step description of the method is given here below.

a. The interface forces and displacements are determined before the start of the test by
performing the analysis of the entire structure.
b. The PS is placed in the furnace and loaded with the exterior loads and interface

displacements, while the NS is modeled aside. If a FE model is used to model the NS, the
exterior forces and the interface displacements calculated at step a are applied on the NS. If a
predetermined matrix is used to represent the behavior of the NS, then the matrix includes the
effect of the loads on the NS.

C. The interface equilibrium for the ambient temperature will be restored if the case.

d. Heating of the PS starts. The interface displacements of the PS are blocked for the
duration of a time step (displacement control procedure) and the reaction forces are measured.
e. Meanwhile, the displacements are blocked at the interface of the NS and the reaction
forces of the NS are computed. If the NS is heated, the reaction forces vary during one time
step. If the NS is kept cold, then the reaction forces is constant during one time step.

f. The measured reaction forces of the PS are compared with the computed reaction
forces of the NS. Generally, the equilibrium is not ensured due to the fire effect.
g. To restore the equilibrium, the incremental displacement vector Au will be calculated

and applied at the interface. The calculation is based on the measured reaction forces of the
PS and NS (the vector of out of balance forces AF). In the calculation process, the stiffness
of the PS and the NS are accounted for, according to Eq. (65). This is the main difference with
the first generation method (in which only the stiffness of the NS was considered) and the
most important contribution that allows ensuring stability of the method.

Au(t,) = (Kp + Ky)~'AF(t,,) (65)

h. The new calculated displacements are imposed on the PS and NS. There is some time
needed to compute the reaction of the NS and to adjust the new displacements in the furnace.
I. The new imposed displacements will generate new reaction forces in the PS and NS.
So the steps e-g are repeated until the end of the fire test.

To be able to make a comparison between the first generation method and the new method,

the Eq. (66) illustrates the equation used to correct the interface displacements every time step
for the first generation method (for displacement control procedure).

Au(t,) = (Ki)'AF(t,) (66)
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By comparing the Eq. (65) with the Eq. (66) notice that the new method make use of the PS’s
stiffness for the correction of every time step displacements. As the stiffness of the PS is
generally unknown during the HFT, several iterations would normally be needed at each time
step to converge to the correct solution. As discussed previously, in a fire test, the evolution of
temperature in the PS cannot be put to hold during the period requested to perform the
iterations at every time step. During the time needed to perform the calculation in the
computer and for the testing equipment to apply the corrections of displacements, the
temperatures are still increasing, which modifies the stiffness of the PS, the restraint forces,
etc. Hence, the convergence process tends to achieve an equilibrium that is constantly
changing. As a result, it is not relevant to distinguish between iterations and time steps.
Instead, the test can be performed by applying continuously Eq.(65), with a cycling frequency
that is as high as possible, which requires computing techniques and testing equipment that
has a short response time (hence the advantage of representing the NS by a predetermined
matrix). Note that the compatibility is continuously respected, as the same displacements are
imposed on the PS and NS at the interface. The purpose of the methodology is thus to
constantly adapt these displacements to satisfy equilibrium between the substructures
throughout the entire test duration.

The new methodology has been implemented in CERIB facility (Promethee furnace) and the
developed algorithm will be presented in the next section.

5.3.3. Implemented algorithm in CERIB fire facility

The proposed method is implemented in Promethee furnace in displacement control. In the
first step of development, the NS can be only represented by the predetermined matrix.
The implemented algorithm is next described.

General description of the method

The Promethee furnace was conceived to perform complex fire tests. Hybrid fire testing is
possible since the first generation method was implemented, more specific the force control
procedure. The idea is now to implement the new method in displacement control.

Note that the description to follow is suitable when the NS is represented by a predetermined
matrix. When the NS is represented in a FE model then the reduction from the total number of
DoFs at the interface to the number of DoFs to be controlled in the furnace (and other way
around) is implemented in the algorithm.

Input of the data to be introduced by the user for each test

1. nDOF, integer, € [1, nDOFmax], unit [-] — number of controlled degrees of freedom at
the interface between the PS and NS used in the furnace;
nDOFmax the maximum number of DoFs that can be controlled by Promethee.

Note: nDOF is not necessarily the total number of DoFs at the interface between the PS and
NS when the whole building is considered. This total number of DoFs will be noted here
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ntDOF. It is important for the user to know how to derive nDOF from ntDOF but, once the
user has calculated nDOF, only nDOF is entered as a data in the algorithm. The algorithm
does not use ntDOF.

2. Ky, reals, dimension [nDOF x nDOF], € [-», o], unit [N, m] — the predetermined
matrix representing the behavior of the numerical substructure;

KN,ll KN,l,nDOF
KN =
KN,TLDOF,l KN,nDOF,nDOF

In the present stage of development of the algorithm, this matrix will remain constant during
the whole test. It is foreseen to develop the capabilities of the algorithm in a way that the
terms of the matrix K, change during the course of the test as a function of amplitude of the
displacements at the interface.

3. Kp, reals, dimension [nNDOF x nDOF], € [-o, =], unit [N, m] — the stiffness of the
physical structure PS;

KP,ll KP,I,nDOF
KP =
KP,TLDOF,l KP,nDOF,nDOF

It is known that, in fact, real values of Kp in the PS will not be exactly equal to the ones that
have been calculated by the user, because of uncertainties on material properties and on
constitutive models. Furthermore, the stiffness matrix of the PS will change during the course
of the test, because of material degradation due to heating, but these variations are not easily
measured. At this stage, the algorithm is based on the constant, initially calculated value of
Kp.

4. Fy initiar, Teals, dimension {nDOF}, € [-oo0, o], unit [N, m] — Forces (or moments) at the

interface at ambient temperature defined for the numerical substructure;

Fy initia(1)

FN,initial = [
Fy initiat(nDOF)

These forces have been obtained from the analysis of the whole building (with the PS

included in the analysis).

5. Ujniria, Yeals, dimension {nDOF}, € [-o, o], unit [m, rad] — Displacements (or
rotations) at the interface at ambient temperature.

Uinitiat (1)

Uinitial =

Uinitiqt(NDOF)

6. Tp, reals, dimension [NDOF x nDOF], € [-o, o], unit [m] —Transformation matrix for
forces.
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Tp, is a diagonal matrix which contains the value of the arm of every restoring force
measured in the furnace and it will be used to calculate the moments. For a restoring
force that must generate a moment the value of the lever arm will be introduced in the
matrix in the right position. If a restoring force will not generate a moment, then the value
of the lever arm will be equal to 1.

arm; .. 0
TP ES “

0 v ArMypor

7. Ty, integers, dimension [NDOF x nDOF], € [-1 ; 1], unit [-] —Transformation matrix for
displacements.
+1 .. O

TU =
0o .. +1

Ty, is a diagonal matrix which will be used to transform the displacements from the global
system of coordinates GSC in the local system of coordinates LSC.

8. nP, integer, € [0, nPmax], unit [-] - Number of hydraulic jacks used to apply the constant
loads on the PS.
nPmax: maximum number of hydraulic jacks that can be used in a HFT with Promethee.

9. P, reals, dimension {nP}, € [-, o], unit [N, m] - limits to be defined by CERIB
depending on the equipment of Promethee.

P(1)
-

P(nP)

These forces are the one that are applied on the PS when it is present in the whole building.

They are normally applied in the span of the specimen and will remain constant during the

test.

10. At, real, € [0, maxval], unit [s] - the duration during which the algorithm is on pause,
before next reading of the forces at the interface. It can be bigger or equal to 0, and
smaller than the maximum value defined. It depends on the facility of the furnace.

11. eps , real, e [minval, 1), unit [-] — the tolerance for the convergence
This value will drive the stop of the iteration process at a given step. It should be smaller
than 1.0 e.g. 2x10°3. The appropriate value for minval will be found by users build up on

their experience in HFT.

12. epsjqck, real, € [minval, maxvalue), unit [m, rad] — the tolerance for the jacks
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The minimum value of displacement which can be applied by the system and it is
different for every furnace facility and, maybe, from every DoF.

Data to read from the testing equipment

1. Rp, reals, dimension {nDOF}, € [-o0, o0], unit [N] — reaction forces at the interface.
Rp(1)

RP = s
Rp(nDOF)

2. up, reals, dimension {nDOF}, € [-0, o], unit [m, rad] — displacements at the interface.

up(1)
up =

up(nDOF)

Information to send to the testing equipment

1. Uinitia, reals, dimension {nDOF}, € [-0, o], unit [m, rad] — Displacements (or
rotations) at the interface at ambient temperature.
Uinitial (1)

Uinitial =

Uinitiat(NDOF)

2. P, reals, dimension {nP}, € [-o0, o], unit [N, m] — constant forces.

P(1)
P(nP)

3. u, reals, dimension {nDOF}, € [-0, o], unit [m, rad] — displacements at the interface
calculated by the algorithm.
u(1)

u=
u(nDOF)

START of the test

Step 1: apply initial values of the loads P and displacements at ambient temperature u; ;,;¢iq;
The user gives to the algorithm the instruction to start step 1.
Wy initial = Ty, * Winitial

The algorithm applies u; ;n;1;q; @and P on the PS. Either these values are applied in a
continuous manner taking a certain duration (to be introduced as a data) or they are applied in
a series of successive steps, the amplitude of each step to be introduced as a data.
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Step 2. Apply corrections at ambient temperature.

The user gives to the algorithm the instruction to start step 2.

Because of the uncertainties on the material properties and on the constitutive models of the
PS, the restoring forces existing at the interface of the PS are not exactly equal to the ones that
had been calculated in the analysis of the entire structure. Equilibrium has to be restored.

Energy norm rate ENR is used to check the convergence. Before iterations, this value must be
bigger than the tolerance and, during the procedure, it will be recalculated every iteration and
compared with the tolerance to check if convergence has been obtained.

ENR = 10 eps
i=0

Uy = Upnitial
2.1.Read from the furnace the reaction forces of the PS, R} ,,.

Rp 50(1)

R;) 20 = .
' RL .. (nDOF
p20(MDOF)

2.2.Calculate the forces and moments of the PS, F} ,.

Fp50(1)

Fpoo=Tp*Rpp=| .
Fp 20(nDOF)

2.3.Calculate the restoring forces (or moments) in the NS, Fj ,ocorresponding to ub,.

i _ i
Fiy 20 = Kn(Uh9 — Winiriar) + Fu initial

2.4.Check the convergence
If (i>1)
Calculate the energy norm rate ENR for the PS and NS (humerator and

denominator are obtained by scalar products of two vectors:
Numerator = SUM,; || a; hil|).

ST .
| Auby (Fpog + Frnp)
ENRp = | 0
Auzy (Fpoo + Fpoo)
. T . P
_ |Auby (Fiy 20 + Fiv2o)
ENRy = T 5
Auzy (Fy o0 + Fy20)

ENR = max(ENRp, ENRy)
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If ENR < eps then
Inform the user by writing on the screen “Convergence fulfilled, ready to
start the fire”

Go to step 3.1
endif

endif

2.5.Increase the iteration step.
i=i+1
2.6. Calculate the increment of displacements Aub,,.
Auby = —(K," + Ky) ™ % (Fpso + Fiyho)
2.7.Correct the interface displacement u,, (compatibility respected at the interface) for
GSC.
uj, = usg' + Auj,

2.8.Calculate the displacements to be applied by the jacks.

i _ i

u;,0 = Ty, xuy,

2.9. Promethee imposes the new value of the displacements u}'_zo on the PS with a margin
of errors of tepsjq.. The resolution of the data acquisition system permits reading only
certain values of displacements.

u}',20 € [“},zo_epsjacki u},zo"‘epsjack]
2.10. Continue with step 2.1

Before the start of the fire, Figure 5-2 presents the flowchart of the procedure to restore the
equilibrium at ambient temperature
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Figure 5-2. The procedure to restore equilibrium at ambient temperature
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Step 3. Running the fire test.

The user gives to the algorithm the instruction to start step 3 right after the equilibrium at
ambient temperature is restored.

Initialization of the parameters needed for the iteration process

n=20
u, = uj
to=0

Test =0

Where:
n is the time step indices for a new read and calculation;
to is the time when the fire starts.

Read time “t” from the internal clock of the system
Tinitia1 =t

Promethee ignites the burners and, from now on, will take care that the prescribed time-
temperature curve is followed in the furnace.

Calculation procedure after the beginning of the fire

3.1.The time step is incremented by 1 and time is incremented.

n=n+1
th = th_q + At

Do while (Tiesr < t3,)
Read time t from the internal clock of the system

Ttest = t — Thnitial
End do

3.2.Read from the furnace the restoring forces of the PS

RP,n(l)
Rp, =

Rp'n(nDOF)

3.3.Calculate the forces and moments of the PS, Fp,,.
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FP,n(l)

FP,nzTP*RP,nZ [ e
Fp n(nDOF)

3.4.Calculate the restoring forces and moments of the NS, Fy ,, .
Fyn=Ky(n_1 — Winitia) + Fynitia
3.5. Calculate the increment of displacements Au,,.
M, = —(Kp+ Ky) Y (Fpp + Fyn)

3.6. Calculate the new value of the displacements in the global system of coordinates
GSC

u, =u,_; +Au,
3.7.Calculate the displacements to be applied by the jacks in the LSC.
u, =T, *u,

3.8.Promethee imposes the new value of the displacements u; ,, on the PS with a marj

of errors of +epsjqi, depending on the characterics of the data acquisition system

and transfer system.

Uy, € [u],n_epsjack; u],n+epsjack]

3.9.Gotostep 3.1

The flowchart for the hybrid fire testing making use of the proposed method is presented in
Figure 5-3.
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Figure 5-3. New method of hybrid fire testing.
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5.3.4. Local versus global system of coordinates in the new methodology

During the hybrid fire testing the measurement of the data (forces/displacements) in the
furnace is done via the data acquisition system. The measured data is done in the local system
of coordinates LSC. The LSC depends on the site where the hybrid test will be performed.

The new methodology will compute the new boundary conditions to be applied in the global
system of coordinates (GSC).

Hence the transformation from the local system of coordinates to the global one is needed
when the measured data in the furnace are sent to the software which computes the new
boundary conditions. Once the calculations are done and sent back to the transfer system the
values from the global system of coordinates will be transformed back to the local system of
coordinates.

The local system of coordinates depends on how the data acquisition system is defined to
measure the needed information in the furnace and on the other side on how the transfer
system is defined to apply the new boundary conditions.

Every fire facility is unique in term of the furnace configuration. Therefore, the
transformation from local-global and global- local system of coordinates will be adopted
independently on the fire facility.

For a better understanding an example based on the available sign conventions in Promethee
fire facility is presented in APPENDIX B.

5.4. Numerical example. Simple elastic truss

The behavior of the simple elastic truss analyzed in section 4 will be next observed in the
conditions of using the new methodology.

The evolution of the interface displacements and forces is first presented assuming that there
is no degradation of the PS’s stiffness due to the fire exposure. The chosen time step is At =
60s while the delay time is set to At = 10s. The new method is implemented in displacement
control procedure.

Figure 5-4 present the interface displacements and forces obtained with the new method when
the stiffness ratio is smaller than the critical value of one.
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Figure 5-4. Interface conditions when the stiffness ratio R < 1

When displacement control procedure is considered then the interface displacements are fixed
in between the two readings. Since the PS is exposed to fire the blocked interface
displacements between the readings induces changes of the reaction (restoring) forces. The
reading of restoring forces of the PS are registered every 60 s and used to compute new
displacements to be imposed at the interface of the PS and NS. The NS is cold (in this
particular example) thus the reaction force (the interface force) is constant in between the two
readings or during one time step. The interface equilibrium is lost, thus the out of balance
forces serve to compute a new value of displacement to be imposed in order to restore the
equilibrium. The new displacement is imposed on the PS with a delay time of 10 s. The new
displacement induces new reaction forces in the PS as well as in the NS. The objective is to
ensure compatibility (the same displacements at the interface of the PS and NS) and
equilibrium (the same value of reaction forces at the interface of the PS and NS). To be
mentioned that the behavior resulted when applying the hybrid process should replicate the
“correct” behavior of the structure, i.e. the behavior resulted when the structure is analyzed as
entity. The “correct” behavior (or we can call it the real behavior) is represented in the graph
with black curve. The interface solution of the PS is represented in the graphs with red while
the solution of the NS with green.

We can conclude that the interface solution of the substructure converges to the correct
solution. The same displacements are imposed on the PS and NS, thus compatibility is
ensured, and almost the same forces result at the interface of the substructures every time
At + Atp.

It has just been underlined that almost the same forces result at the interface of the
substructures. The difference between the interface forces is induces by the value of the delay
time Atp. While the new displacement is imposed in the furnace, during the delay time Atp,
the PS continues to be heated. The heat induces changes of the reaction force during this
period. Thus the reaction force existing at the interface at the time At + Atp (when the new
displacement is induced at the interface of the PS) is different compared with the interface
force at the time At (when the displacements are computed to be updated at the interface). To
reduce the difference between the substructures reaction forces is necessary to reduce the
delay time step. The delay time step can be just reduced and not eliminated.
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Figure 5-5 presents the interface displacement and forces when the stiffness ratio is bigger
than one.
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Figure 5-5. Interface conditions when the stiffness ratio R > 1

The same principle explained for the case when R<1 is valid for the case when R>1.

The main conclusion after visualizing the figures just mentioned is that no instability occurs
during the hybrid process when using the new method, no matter the value of the stiffness
ratio.

The new method considers the stiffness value of the PS and NS in the calculation process,
whereas the first generation method considers the sole stiffness of the NS. The stiffness of the
heated substructure cannot be predicted during the hybrid process (or is not safe to be
predicted), thus the initial tangent stiffness of the heated substructure is considered. By using
a constant value of the PS’s stiffness influences the interface compatibility and equilibrium.

In the previous example the stiffness of the PS (heated substructure) is considered no to
degrade due to fire exposure, thus the effect of considering the initial tangent stiffness of the
PS in the hybrid process cannot be observed.

The same example is next considered when the stiffness matrix of the PS will degrade in time,
depending on the registered temperature. A linear degradation is chosen and a zero Young
modulus occurs when the temperature of 1000°C is reached.

The time step and the delay time is chosen as in the previous case thus At = 60 s and At =
10 s. The value of the PS’s stiffness used in the calculations is considered as the initial
tangent stiffness during the entire process.

Figure 5-6 presents the evolution of interface forces and displacements for the case when the
stiffness ratio is smaller than one, more specific R = 0.50.
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Figure 5-6. Interface conditions when the stiffness ratio R < 1 and
the stiffness of the PS degrades

Figure 5-7 presents the evolution of interface forces and displacements for the case when the
stiffness ratio is bigger than one, more specific R = 2.
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Figure 5-7. Interface conditions when the stiffness ratio R > 1 and
the stiffness of the PS degrades

An imposed error is printed in the graphs representing 2%, 5% and 10% error of the correct
value. The admissible error is defined by the user depending on the objectives of the project.

It can be observed that close to the final stage of the process, the solution resulted by using
hybrid methodology can slightly diverge from the correct solution. Moreover, the interface

117



PROPOSED METHOD FOR HFT: THE SECOND GENERATION METHOD

forces are not in equilibrium. The just mentioned facts occur especially if the stiffness ratio is
smaller than one. The reason will be next explained.

The chapter 3.6 presents the importance of choosing the correct value of the time step in order
to be able to reach compatibility, equilibrium and moreover to converge to the correct
solution.

In fire cases, the effect of fire induces a variation of the boundary conditions even in the
process of the calculations of the new solution and even when the new displacements are
imposed at the interface. Using a constant value of the stiffness matrix in the calculation,
whereas in reality the stiffness varies due to the fire exposure, request an iterative process in
order to converge to the correct solution. The condition of performing iterations is to keep the
interface forces constant during this procedure. But as mentioned the interface forces are
never constant since the fire is turned on during the test. Thus, it has been observed that is
important to choose a time step as small as possible in order to produce results which are
accurate. It is recommended to choose the value of the time step equal with the value of the
delay time At = Atp. It means that depending on the testing facility, once the new
displacement is imposed on the PS and NS, the restoring forces are registered and used for the
calculation of new displacements. This process is repeated during the entire hybrid process as
if continues iterations are performed.

The accuracy of the results as well as the possibility of instability will be next observed, while
different parameters are studied to see the impact on the results. The mentioned parameters
are:

e The time step;
e The stiffness of the PS used in the calculation process;
e The stiffness ratio between the substructures;

5.4.1. The influence of the time step on the results

Next the interface forces and displacements are presented when At = Atp, and the initial
tangent stiffness is considered Kp = Kp. The Kp is the stiffness of the PS used in the
calculation process, when the new displacement is computed using the out of balance forces.
The Kp is the initial tangent stiffness of the PS. The objective is to observe the variation of the
results when the time step varies.

Figure 5-8 presents the variation of the interface forces and displacements for a system
characterized at the beginning of the test by a stiffness ratio smaller than one, i.e. R < 1. This
is equivalent by writing that K, < Kp, condition which is available just for a certain period of
the hybrid fire tests. The stiffness of the PS is degrading during the test (due to the fire
exposure) while the stiffness of the NS is constant in this particular case. Thus the value of the
stiffness ratio can become bigger than one during the hybrid test.
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Figure 5-8. Interface conditions when R < 1 and the time step varies

Figure 5-9 presents the variation of the interface forces and displacements for a system
characterized at the beginning of the test by a stiffness ratio bigger than one, i.e. R > 1. In
this case the value of the stiffness ratio will be always bigger than one with the condition that
the stiffness of the NS is constant while the stiffness of the PS is decreasing in time. Thus it
can be written that Ky > Kp during the entire test.
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Figure 5-9. Interface conditions when R > 1 and the time step varies
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In this specific example the time step is chosen to vary with the following values: 1 s, 60 s,
300 s and 600 s. We assume that the time needed for the actuators to impose the new
boundary conditions in the furnace is equal with the time step, i.e. At = Atp. The initial
tangent stiffness matrix of the PS is considered in the calculations of every time step
displacements. Every graph presents the interface solution of the PS and NS, along with the
correct solution. Moreover, 2%, 5% and 10% percentage error of the correct solution is
printed.

Several ideas can be underlined if observing the just mentioned figures.

First it is obvious that the increase of the time step does not ensure equilibrium and
compatibility at the interface. Since the new displacement to be imposed is computed, until
the update of displacement in the furnace, the heat induces some changes of the boundary
conditions. Thus, when the new displacement is imposed in the furnace the resulted reaction
force of the PS is not the one expected and therefore is not equal with the reaction force of the
NS (no equilibrium satisfied). In addition to the effect of the time step, by considering the
initial tangent stiffness matrix in the calculation process will increase the error in the results.

The main objective of the hybrid process is to ensure equilibrium and compatibility at the
interface and to reproduce the behavior of the structure as an assembly (correct solution).
Depending on the objectives of the project, the user can define an acceptable error in the
results.

It can be accepted that the interface solution deviates from the correct solution with a
percentage of the correct solution, as presented in these figures.

Another error which can be defined refers to the difference between the PS solution and the
one of the NS. In the figures above an arrow shows the difference between the reaction force
of the PS and NS for one time step. It can be accepted a difference which is defined by the
user depending on the main objectives of the project.

The second observation which can be made towards the figures is that the same time step
induces a bigger or a smaller error in the solution depending on the stiffness ratio of the
substructures. Thus we can conclude that the time step to be chosen is dependent first on the
fire facility (the reaction time of the facility every time step) but it also depends on the type of
the structure to be analyzed.

If the time step is chosen to be equal to 1 s then we can observe that the results are accurate in
the sense that the correct solution is reproduced while the equilibrium and the compatibility
are satisfied. The remark is available for the situation when R < 1 as well as for R > 1.

If a time step of 10 s is selected instead, the error is more significant for the case when R < 1
than for the case when R > 1. For the time step equal to 300 s and 600 s the same conclusion
is valid.
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5.4.2. Influence of the tangent stiffness matrix of the PS on the results

The same exercise is next repeated but in this case the time step is kept constant while the
initial tangent stiffness matrix will vary. Since the time step equal to 1 s showed good results
for the case of a stiffness ratio smaller than one as well as for the stiffness ratio bigger than
one, the same value will be kept while the initial tangent stiffness varies.

Figure 5-10 presents the evolution in time of the boundary conditions when the time step is
set to be constant but the tangent stiffness of the PS used in the calculations varies. To be
mentioned that the stiffness ratio between the substructures is smaller than one. The stiffness
value considered in this exercise multiplies value of 1.50, 5, 10, 0.20, and 0.10 with the initial
tangent stiffness of the PS.
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Figure 5-10. The boundary conditions when R < 1 and the stiffness of the PS varies
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The stiffness of the PS is requested to be known if using the new methodology. The
degradation of the PS due to the fire exposure is difficult to be predicted during the test, this
being the main reason why a constant value of the stiffness will be considered in the hybrid
process. But it is still important to estimate the stiffness of the PS at ambient temperature and
to use it in the calculations. If the value of the PS’s stiffness used in the calculations
overestimates the correct value, then this can lead to the loss of equilibrium and deviation
from the correct value. In the examples presented this phenomenon is obvious when the
stiffness of the PS is 50 times overestimated. But even like that the errors are not significant.
What is important to be noticed is that instability during the tests can still occur if the stiffness
of the PS is underestimated. The phenomenon can be observed in the same figure when the
stiffness is underestimated 5 or 10 times. Please note that the value of forces and
displacements printed in the same graph are not physically possible, the representation is used
just to make the reader visualize the risk of instability in certain cases.

Figure 5-11 presents the evolution in time of the boundary conditions in the same conditions
as mentioned, when the stiffness ratio between the substructures is bigger than one. The
stiffness value considered in this exercise multiplies value of 1.50, 5, 10, 0.20, and 0.10 with
the initial tangent stiffness of the PS.

In this situation, no matter the value of the PS’s stiffness, good results are obtained
(compatibility and equilibrium satisfied as well as the reproduction of the correct solution).
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Figure 5-11. The boundary conditions when R > 1 and the initial tangent stiffness of the
PS varies

As it was observed, there is a risk of instability if the PS’s stiffness chosen to be used in the
calculation is not appropriate. This problem occurs especially in the situations when the PS is
stiffer than the NS, i.e. R < 1. Thus, if the value of stiffness is underestimated then is almost
equivalent with using the first generation method, where in the update of the interface
solutions account just for the stiffness of the NS. And since a displacement control procedure
is considered when applying the new methodology this leads to instability.

If the stiffness of the PS is smaller compared to the stiffness of the NS, then the results are not
so much affected if the PS’s stiffness is overestimated or underestimated since the NS’s
stiffness is the most significant. Thus the problem it almost reduces to the first generation
method where the stiffness of the NS is the most important. In the first generation method a
displacement control procedure is requested in the case of a stiffness ratio bigger than one. In
this case then, the correct procedure is applied and this is why the value of the PS’s stiffness
in the calculations does not have a big effect on the results since the stiffness of the NS is
driving the direction of the values to be imposed.

In real hybrid fire tests the difficulty comes from the fact that mainly multiple DoFs are
requested to be controlled. For some DoFs the stiffness ratio is smaller than one while for the
other the stiffness ratio is bigger than one for ambient temperatures. Thus is important the
selected value of the PS’s stiffness to be considered in the calculations. The chosen value
should not underestimate the initial tangent stiffness since this can induce instability in the
process. On the contrary, if the PS’s stiffness value is too much overestimated then the loss of
equilibrium and deviation from the correct solution can occur. It is recommended for the user
to perform a preliminary study in order to choose the appropriate value. It is recommended to
overestimate the PS’s stiffness by a reasonable amount, thus the instability is avoided and the
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equilibrium is still satisfied. In practice a factor of 1.50 is recommended to overestimate the
measured value of the stiffness matrix at the ambient conditions.

5.4.3. Influence of the stiffness ratio on the results

The new methodology is applied for the same example when the stiffness ratio of the
substructures at ambient conditions varies. The other coefficients are set constant during the
test, such as the time step is set to 1 s while the initial tangent stiffness matrix is considered in
the calculations. The results are presented in the Figure 5-12. It can be observed that the
method is stable during the test no matter the stiffness ratio between the substructures if the
time step and the stiffness of the PS are set correctly at the beginning of the test. Not only the
stability is ensured but also the accuracy of the results is satisfactory.
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Figure 5-12. The boundary conditions when the stiffness ratio varies

Important to be observed in this exercise is the fact that the equilibrium might be affected for
the case when the stiffness of the PS is significantly bigger than the one of NS. This is the
case when the stiffness ratio between the substructures is set to be equal to 0.02, i.e. the
stiffness of the PS is 50 times bigger than the stiffness of the NS. Thus the stiffness of the NS
is insignificant in the computations process. Thus, right from the first step of the hybrid
process, the reaction force of the PS is significantly different of the reaction force of the NS.
To restore the equilibrium would request in this situation an important number of iteration.
Since in fire tests the heat continues to affect the PS, thus the reaction force of the PS, the
equilibrium will request even a bigger number of iterations. To produce better results is
enough to reduce the time step. In this example the time step is set to be equal to 1s, so a
smaller time step is possible but again the fire facility dictates if this is possible or not. On the
other hand, in practice is unlikely to find structural system where the PS is 50 stiffer than the
NS. If this specific situation is yet encountered, then it would be more economical to study the
PS exposed to fire without updating the boundary conditions during the tests (traditional
tests).

5.4.4. Conclusions

The presented exercise offers the possibility to understand better the new methodology and
the parameters which affect the accuracy of the results and in some case even the stability of
the process.

The selected time step depends on the furnace facility as well as on the stiffness ratio between
the substructures. The reduction of the time step will lead to more accurate results.
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The stiffness of the PS to be used in the calculation is important to be properly defined
especially in the cases where the stiffness of the PS is more important (bigger) compared with
the stiffness of the NS. In this situation an underestimation of the PS’s stiffness can lead to
instability, while the overestimation can lead to loss of equilibrium and deviation from the
correct solution. If the stiffness of the NS is more important than the stiffness of the PS, then
it is not so important the values of the PS’s stiffness to be used.

The stiffness ratio between the substructures is important especially when the time step and
the PS’s stiffness to be used in the calculation are Selected. If the NS’s stiffness tends to
infinity compared with the stiffness of the PS, then it might be possible to perform traditional
tests on the PS with fixed boundary conditions. If the stiffness of the PS is much more
significant compared with the stiffness of the NS (the stiffness of the PS tends to infinity),
then the PS is tested in a traditional way with free boundary conditions.

The hybrid simulation represents interest when the stiffnesses of the substructures are in the
same range of values, i.e. R = 1. By writing that the stiffness ratio is approximately equal to
one (R = 1) refer to the similar values of stiffnesses. By similar values we refer to all the
cases when the traditional test with fixed or free conditions is not a proper solution.

All these details are analyzed prior the hybrid fire tests to be performed in order to select
properly the parameters to be used.

5.5. Particularities of the new method in force versus displacement

control

When performing standard fire tests, the most common tradition is to apply forces or
displacements on the physical substructures which remain constant through the tests. The
forces or the displacements transmitted to the tested specimen can likewise vary during the
fire test, but most of the cases the function of variation is defined before the test.

When performing hybrid fire testing, the forces or displacements to be applied on the PS vary
depending on the actual behavior of the PS during the fire test and depending on the
characteristics of the NS.

Every fire facility is unique and developed for different purposes characterized by the
possibility to work in displacement control or in force control. Nevertheless, some facilities
dispose of force control and of displacement control method.

A displacement control strategy is the most common applied worldwide. In this case, the
static equation is solved every time step for a target displacement that the PS must move to.

A force control procedure implies solving the static equation for a target force to be applied
on the PS. The force control strategy is recommended for stiff physical specimen where the
specimen can be moved using reasonable size force increments.

The actuator’s Proportional, Integral, Derivative (PID) control parameters can be tuned for
displacement control without requiring a specimen. For a force control procedure, a specimen
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is necessary for tuning in order to receive force feedback. The force control tuning is also
stiffness dependent, therefore using force control for a specimen with changing stiffnesses
may not produce smooth results, because the actuator can only be tuned for one stiffness
value.

Independent on the type of the procedure to be applied in the fire facility, the new
methodology can be applied when solving for displacements (displacement control procedure)
as well when solving for forces (force control procedure).

The particularities of the procedures lay in how the stiffness of the PS and NS is accounted
for. The novelty of the new method compared with the first generation method is that the
stiffness of the PS is not neglected anymore in the calculations. In other words, the stiffness of
the PS and the stiffness of the NS are considered when solving for new solutions every time
step.

It is next explained how the stiffnessess of the substructure are considered in displacement
control procedure versus force control procedure.

Displacement control procedure.

The discussion will be done considering the system presented in the Figure 5-13 which is
described in details in the Chapter 4.

PS (Kp, Lp. @) NS (Kn, Ln)

AN AN

Figure 5-13. The simple elastic system

N »

In displacement control procedure, the same displacement is imposed to be developed by the
PS as well as for the NS.

Therefore, the displacement of the PS, i.e. up, and the displacement developed in the NS, i.e.
uy, 1s equal to the target displacement u applied in the node 2 (see Eq. (67)).

U=1up=uy (67)

The total force F induces by the imposed displacement u equals the sum of the forces
developed in each substructure (see Eq.(70)).

F=Fp+Fy (68)

The forces induced in the PS and NS by the target displacement u are expressed in the Eq.
(69).

FP == KP * U (69)

FN:KN*u

132



PROPOSED METHOD FOR HFT: THE SECOND GENERATION METHOD

Therefore, the target displacement u imposed in the node 2 of the system presented in Figure
5-13induces a force expressed by the Eq.(70).

F=(Kp+Ky)*u (70)

Force control procedure.

In force control procedure, the forces developed at the interface of the substructures are equal
as presented in the Eq. (71).

F = FP = FN (71)

The force F generates the displacement u, at the interface of the PS and the displacement uy
at the interface of the NS (see Eq. (72)).

! F
= — %
Up X
72
- (72)
= — %
Uy KN

The total displacement u induces by the imposed force F equals the sum of the displacements
developed in each substructure (see Eq.(73)).

u=1up+uy (73)

In this specific case, the target force F imposed in the node 2 of the system presented in
Figure 5-13 is expressed by the Eq.(74).

o ( 1 1 )_1 4
=|— e *
Ko " Ky) Y

In conclusion, the solution of hybrid fire testing to be solved every time step t,, is presented
next for the displacement control procedure as for the force control procedure.

In the case of displacement control procedure, the incremental displacement computed every
time step t,, is solved based on the Eq. (75) .

Au(tn) = (KP + KN)_lAF(tn) (75)
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In the case of force control procedure, the incremental force computed every time step ¢, is
solved based on the Eq. (76).

-1

1 1
AF(t,) = (K_p + K—N) Aut,) (76)

Example simple elastic truss

This section presents the evolution of the interface displacement and force for the elastic
system presented in the chapter 5.4 when the new methodology is considered in the
calculations. Figure 5-14 presents the mentioned results in the case of the displacement
control procedure while the Figure 5-15 presents the results for the case of the force control
procedure.

The stiffness ratio between the substructures is R = 0.50 while the time step considered in the
calculations is equal to At = 50 s. The Young modulus decreases once with the fire exposure,
nevertheless, the initial tangent stiffness is considered in the calculation of the new solution.
All the characteristics of the system i.e. Young modulus, area, temperature evolution etc., are
presented in detail in the Chapter 4 and 5.4.

The objective of this example is just to show that the new method is applicable in
displacement control procedure as well as in the force control procedure.

No instability occurs when the new method is applied in force control or displacement control
procedure.

The interface solution presented in the Figure 5-14 shows that the interface equilibrium is not
satisfied and the solution deviates from the correct solution towards the end of the hybrid
simulation. This is due to the improper time step selected to perform the iterations. The
influence of the time step on the results is analyzed in the section 5.4.
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Figure 5-14. Interface conditions for elastic system. Displacement control procedure.

The solution presented in the Figure 5-15 shows that the compatibility is not ensured. As
mentioned in the case of displacement control procedure, the time step is not properly

134



PROPOSED METHOD FOR HFT: THE SECOND GENERATION METHOD

selected. The influence on the results of the time step as well as the influence of the PS’s
stiffness used in the calculations is not analyzed in this section. More analysis needs to be
done in order to observe the characteristics of the force control procedure.
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Figure 5-15.Interface conditions for elastic system. Force control procedure.

The objective of the graphs presented above is to underline that the new method is stable in
force control procedure and displacement control procedure, with the mention that the force
control procedure was not analyzed in detail in this thesis. A proper selection of the time step,
as well as the proper stiffness of the PS need to be selected in order to ensure equilibrium,
compatibility and moreover, to reproduce the correct solution.

In conclusion, the new method can be applied in force and displacement control procedure.
The new solution to be imposed on the interface of the substructures is computed based on the
Eq. (75) in the case of displacement control procedure, and based on the Eg. (76) in the case
of the force control procedure.
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6. HYBRID SIMULATION CASE STUDY

6.1. Introduction and motivation

The objective of this chapter is to analyze the behavior of a certain structure exposed to a
certain fire scenario by means of hybrid fire simulation.

The former tests presented in the literature are performed on columns and slabs making use of
the first generation method. One DoF is controlled during the tests, when the PS is
represented by columns (Korzen and Mostafaei), while three DoFs are controlled when the
slab is tested by means of hybrid fire test (Robert).

The objective of this thesis was to perform hybrid fire test on a structural element which has
not been tested previously and to control multiple DoFs during the test. Thus, the selected
structure for the case study is a moment resisting frame in the conditions when the roof floor
beam is exposed to fire while the rest of the structure is not. The analyzed structure, i.e. the
moment resisting concrete frame, is selected due to the common use in practice. The selected
configuration allows testing a structural element which has not been tested before, i.e. a
concrete beam, and the number of DoFs to be controlled at the interface is bigger than one.

The applicability of the first generation method as well as the new method is first analyzed in
a numerical environment.

Next, the new methodology is implemented in the Promethee furnace facility in order to test
the beam in a hybrid environment. The objective of the hybrid fire tests is, first, to test the
methodology and, second, to observe the effect of the experimental site on the results (the
equipment available in the furnace facility influences the results during the hybrid fire testing
and one of the objectives was to identify the capability of the available equipment).

The support conditions during a fire test influence the behavior of the tested specimen, e.g.
the failure time and mode. The traditional fire tests (common fire tests) are performed with
simplified boundary conditions e.g. simply supported structural elements, fixed supports of
the structural elements etc. The hybrid fire testing is a methodology which permits modelling
the real boundary conditions during the entire tests by updating the supports conditions.
Therefore, one of the case study interests is to show how behavior varies depending on the
adopted boundary conditions during testing.

The standard fire curve 1SO-834 is considered in the analysis.
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6.2. Case study

6.2.1. Description

Analyzed structure

The analyzed building is an office building with 4 longitudinal bays of 5.6 m each and 2
transversal bays of 4 m, while the height of one storey is equal to 3 m. Figure 6-1 presents the
plan view of the analyzed structure while the Figure 6-2 shows the elevation plan of the
structure in the longitudinal direction.
The building frame is composed of reinforced concrete beams and columns, supporting
concrete floor slabs which are 150 mm thick. The exterior and interior walls are made of

masonry.
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Figure 6-1. Plan view of the building
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Figure 6-2. Elevation of the structure. Section S-S
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The fire compartment is considered to be placed in the second bay, at level 3. For simplicity
in the analysis we consider only the beam above the fire compartment exposed to fire while
the rest of the structural elements inside the compartment are considered as unexposed.
Further on, only the central longitudinal frame, i.e. axis 2, is analyzed and considered in the
calculations.

e Structural members
Columns

The cross section of the column is equal to 0.16 m? and is presented in Figure 6-3. The
materials considered in the analysis are C30/37 concrete and cold worked steel, grade 500
class B. The nominal cover of the longitudinal reinforcement is equal to 35 mm (axis distance
equal to 43 mm).

N
k%s&‘rlﬁ

40

Figure 6-3. The cross section of the column
Beams

Different reinforcement areas will be used at the ends of the beams, at intermediate supports
and in the span as presented in Figure 6-4. The cross section of the beam is equal to 0.25x0.40
m2. The considered materials are concrete with the compressive strength of 48 MPa and cold
worked steel, grade 500 class B. For the exposed beam (the specimen) additional shear
stirrups have been included to avoid a possible shear failure during the hybrid test as can be
seen in Figure 6-4 for the mid-span section and intermediate support. The effect of shear force
on the exposed beam is assessed based on the simplified calculation presented in Annex D of
EN 1992-1-2 [87] followed by the numerical analysis in the FE model VVecTor2 [86].

End of the beams Mid-span Intermediate support

4016 3010 30925

40
40
40

3016 3016

25

Figure 6-4. The sectional configuration of the beam

Table 6-1 presents the longitudinal reinforcement and the nominal cover of the reinforcement.
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Table 6-1. Longitudinal reinforcement and the nominal cover of the beam

Type Position Number and Nominal cover

beam reinforcement diameter (Xdim x Ydim)
Perimeter bottom 3¢ 16 40mm x 30mm
top 4 ¢ 16 40mm x 46mm

Mid-span bottom 3¢ 16 40mm x 30mm
top 3¢ 10 40mm X 71mm

Intermediate bottom 3¢ 16 40mm x 30mm
top 3¢ 25 40mm x 46mm

e Loads

The characteristic values of the existing loads in the building are presented in Table 6-2.

Table 6-2. Existing loads

Load name Value of load Unit

Dead load Self-weight of the structural elements 25 kN/m3

Dead load of interior slabs 1.50 kN/m?

Dead load of the roof 4.50 kN/m?

Dead load of the exterior wall 5.17 kN/m?

Dead load of the interior wall 3.50 kN/m?

Dead load attic 3.40 kN/m?
Live load Category A (areas for domestic and residential 2.00 KN/m?

activities)

Roof (no circulation) 0.75 kN/m?

Snow 0.56 kN/m?

Wind ( Belgium

Annex)

The load combination for the ultimate limit state (ULS) considered to design the structural
members is presented in Eq. (77), where G, ; is the permanent action j, Qy , is the dominant

variable load, Qy ; is the variable load i and y; ;, Yp, Yo,1. Yo.ir ¥, are the safety coefficients
defined in EN 1990 (no prestressed force is considered in this example).

Z Y6, G+ "vVo1Qk1" +" Z Y0,i Yo, Qx,i (77)

=1 i>1

The mechanical action in fire situation was determined in accordance with EN 1990 by using
the load combination presented by Eq. (78).

D Gy + a1 07 Po)Qua” + " ) i Qs (79)

j=1 i>1

According to the Belgian National Annex, the wind load is multiplied by the
coefficient; ; = 0,2 while the live load for domestic areas and residential activities is
affected by the coefficient ¢, , = 0,3.
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So the load combination considered in the fire analysis can be written as “Dead load +
0.2 Wind + 0.3 Live Load”.

The geometric imperfections are applied as horizontal forces in the nodes, based on the
section 5.2. of EN 1992-1-1 [88].

6.2.2. The definition of the predetermined matrix

The NS can be represented in a FE model during the test or can be described by a
predetermined matrix.

If the FE model is chosen then, for every time step of hybrid test, the FE model is running to
get the interface data to be used in the update of the boundary conditions. The running time of
the analysis can be an important factor that influences the quality of the results in terms of
equilibrium and compatibility at the interface. Moreover, if the NS is represented in the FE
model then the reduction from the global DoFs to local DoFs (and vice versa) needs to be
implemented.

If the predetermined matrix is used instead then there is no need of running the FE analysis
every time step. Therefore, the time to compute the reactions of the NS is reduced to virtually
zero. In this situation the matrix is determined for the number of DoFs controlled at the
interface without having the need to do this additional operation during the test. Moreover, the
predetermined matrix includes the effects of the loads on the structure before the start of the
fire.

This section presents the method to establish the predetermined matrix for the studied
example.

Structure, configuration, loads

The first step in defining the predetermined matrix is to perform the analysis of the considered
structure before the substructuring. Thus the moment resisting frame was loaded with the
distributed loads, vertical concentrated forces (reactions from the transversal frame), and
horizontal forces (imperfections and wind). The load combination considered is the one
presented by Eq. (78). Figure 6-5 presents the FE model of the analyzed structure along with
the considered loads in the nonlinear software SAFIR®.

Figure 6-5. FE model (SAFIR) of the analyzed structure.
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The next step is to define the equivalent structure which will serve to calculate the terms of
the matrix. The equivalent structure is obtained by “cutting” the PS from the whole structure
and introducing the equivalent forces at the interface. The equivalent forces (the horizontal
force, the vertical force and a bending moment) in each node are obtained from the analysis of
the entire building.

The beam is extracted from the analyzed structure as presented in Figure 6-6. The total
number of DoFs at the interface is 6 for a 2D analysis, noted here from D; to Dg. To eliminate
the rigid body modes, the beam will be simply supported in the furnace with only 3 DoFs
controlled during the hybrid tests. The controlled DoFs are the axial displacement noted D,
and the support rotations D,; and Ds;. As specified before, the predetermined matrix will be
defined directly for the number of DoFs controlled at the interface. Thus the predetermined
matrix will have a dimension of [3x3].

D;

D, D;> 6
PS TDz Ds T

Do 4% @ 3L

The analyzed structure The PS with global and local DoFs

Figure 6-6. The PS extracted from the analyzed structure

The predetermined matrix Ky for the case study has the form presented by the Eq. (79). The
displacement method is considered to determine the terms of the matrix.

ki1 kiz ki3
Ky = k21 kzz k23 (79)
k31 ksp ka3

It will be explained next how the predetermined matrix of the NS is determined.

Please note that during the process of determining the predetermined matrix, the frame is
loaded with the exterior loads. This is due to the fact that the predetermined matrix needs to
represent the state of the building right before the start of the fire (tangent stiffness). Before
the fire, the structure is loaded with possible cracks in the concrete.

The first column of the matrix

Figure 6-7 presents the SAFIR model used to compute the first column of the predetermined
matrix related with the axial DoF.
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The principle of the displacement method is to impose a displacement for one DoF while the
rest of DoFs are blocked. Therefore, the terms of the stiffness matrix result by dividing the
reaction forces which develop in the blocked DoFs by the imposed displacement.

The predetermined matrix has been computed to account for the DoFs which were blocked
during the test in order to avoid the rigid body modes.

Thus in the numerical model the PS will be replaced by a rigid truss. The objective of the
truss is to keep the two nodes connected. The truss will be heated in order to introduce a
relative displacement between the two nodes. The displacements in the nodes will be different
because the stiffness of the surrounding is different for one node compared to the other node.
The material properties of the heated truss are kept constant. No degradation of the material is
considered, only the thermal expansion to induce the relative displacement.

The support rotations are controlled during the test therefore in the FE analysis the rotations
are blocked.

As a summary of the procedure the steps are presented simplified here below. Note that the
left node in the structure will be the hinged support in the test while the right node will be the
rolling support.

Impose:
o expansion of the truss;
o impose the rotation at the left node with the value coming from the analysis of the entire
building;
o The same for the right node;
Read:
the axial force in the truss Ny ss;
the reaction moment in the left node R;;
the reaction moment in the right node R,;
the elongation of the truss u;;

Results:

_ ANtryss
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ARy
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o O O O
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O k31 =
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Figure 6-7. SAFIR model to compute the first column of the predetermined matrix

The second column of the matrix

The second column is related to the rotation of the left node. The FE model is built as in the
previous case with the modifications specified here below.

The PS will be replaced by a cold rigid truss, to keep the same distance between the two
nodes of the interface while the position of the nodes is changing.

The left rotation is imposed while the right rotation will be blocked.

As a summary:
Impose:
o the same distance between the node by using a rigid truss;
impose an increase of the left support rotation 6, compared with the value coming from
the analysis of the entire building;
o block the rotation of the right support with the value coming from the analysis of the
entire building;
Read:
the axial force in the truss Ny, )
the reaction in the left node R;;
the reaction in the right node R,;
the left support rotation 6;;

Results:

— _ AN¢ryss
AB;

AR,

26,

AR,

26,

o O O O
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The third column of the matrix

The last column of the matrix refers to the right support rotation. The process is the same as
for the left node.

6.3. The configuration of the tests

The new methodology will be implemented and verified on two full scale fire tests in the
Promethee furnace, CERIB, France. The analyzed structure is presented in the Figure 6-8.

PS
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Figure 6-8 — Moment resisting concrete frame.

Figure 6-9 presents the configuration of the PS. A concrete beam of 0.25 m x 0.40 m x 8.00
m, will be tested in three different tests. The beam will be exposed to fire only between the
supports (5.60 m), while the two cantilever parts of the beam are used to generate the support
bending moment. The horizontal jacks H is used to control the horizontal displacement u of
the specimen. The vertical jacks P, and P, are used to control the rotations 6, and 6, .

The jacks P are used to apply the constant loads in the span.
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Figure 6-9 — The configuration of the physical specimen PS.
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Table 6-3 presents a summary of the jacks and controlled DoFs during the different tests. The
beam is simply supported and the condensation of the DoFs has been taken into account in the
predetermined matrix. From the total number of 6 DoFs at the interface, only 3 DoFs will be
controlled during the hybrid test.

Table 6-3. Description of the jacks and controlled DoFs

Jacks Controlled DoFs TEST 1 TEST 2 TEST 3
H u - Variable Variable
P 0. Constant Variable Variable
P 2] Constant Variable Variable

right right

The first test, Test 1, is a non-hybrid test (traditional test), where the effect of the surrounding
is assumed constant during the test (constant negative moments applied at the supports and no
axial restraint). Only the jacks R, B, and P are active, applying constant forces during the

test, due to the fact that no evolution of interaction with the NS is considered during the test.
The horizontal jack H is inactive meaning that no axial restraint is assumed during the test.

The next two tests, Test 2 and Test 3, are hybrid tests. In this case only the jacks P will be
applying a constant load during the test. However, the jacks P and P, (generating the

support bending moment) and H (controlling the axial DoF) will apply varying forces,
depending on the characteristics of the NS and PS. In the hybrid tests, the behavior of the NS
will be pre-calculated, using a predefined matrix defined in the software which controls the
furnace (Sauca et al. in [83]).

In order to ensure stability of the process, the first generation method would require using a
force control procedure to control the axial DoF and a displacement control procedure to
control the rotational DoFs. This illustrates the impracticability of the latter when several
DoFs need to be controlled. Yet, the new method presented in this thesis can be applied and is
stable independent on the stiffness ratio between the substructures as it will be next presented.

6.4. Numerical Analysis of the Hybrid Test (Virtual Hybrid Fire Testing)

Before performing the hybrid fire tests, predictions need to be done in a numerical
environment.

The numerical analysis of a hybrid fire tests assumes the following actions:

e The NS is modeled aside in the FE software or by using the predetermined matrix;

e The PS is modeled in the FE software capable to deal with the heat transfer;

e The hybrid fire methodology serves to connect the PS and NS by ensuring the
compatibility and equilibrium every time step. Moreover, the correct solution needs to
be reproduced (the solution is deemed to be correct when the forces and displacement
at the interface are the same in the HFT as in the analysis of the entire structure);

In the performed case study, the NS behavior is described by the predetermined matrix while
the PS is modeled in SAFIR®. The interface displacements/forces of the PS and NS are
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controlled every time steps using the hybrid fire methodology so the objectives of hybrid fire
testing are satisfied.

We refer to the numerical analysis of the hybrid fire testing as virtual hybrid fire testing. This
is due to the fact that the PS is modeled in the FE software i.e. “virtual furnace”.

The virtual hybrid testing is performed here using the first generation method and the new
method.

For the real hybrid fire tests, the compression concrete strength of the concrete is measured on
samples, in different days since the casting of the specimen. Using the Expressions (3.1) and
(3.2) from EN 1992-1-1, the compression concrete strength in the day of the test is assumed to
be equal to 48 MPa. In the virtual hybrid fire tests, the value of 48 MPa concrete compressive
strength is considered.

All the results in the virtual environment (SAFIR) presented in this thesis are done based on
the concrete model SILCONC_EN. It has been verified that the effects of the explicit
consideration of transient creep strain (Gernay in [89], [90]) are not significant for this case
study mainly due to the fact that I1SO fire is used.

The predetermined matrix for the NS in this specific case is presented in the Eqg. (80) and is
determined as presented in section 6.2.2. All the values presented next are expressed in [N],
[m] and [rad].

10.50 —11.70 8.26
Ky = 10°|-11.70 64.80 —8.72 (80)

826 — 872 63.60

The stiffness matrix of the PS is obtained considering the loaded beam as a start point
(Eq.(81)).

479 0 0
} (81)

Kp=106[0 25.60 12.80
0 12.80 25.60

Considering the three DoFs to be controlled during the hybrid tests, the stiffness matrix of the
PS is computed as presented in the Eq.(82). The young modulus of the concrete material is
calculated as presented in the Eq.(83), where f is the compressive strength of the concrete.

EA
L
=l o 4E] 2EI @2
d L L
. 2EI 4EI
L L
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2fc

E=—2"—
2.5 x 1073

(83)

Where:

E is the Young modulus, unit [%];

A is the cross sectional area, unit [m?];
| is the moment of inertia, unit [m*];
L is the length of the beam, unit [m];

By comparing the predetermined matrix of the NS and the stiffness matrix of the PS some
observations are done for the ambient temperature:

The axial stiffness of the PS is higher than the axial stiffness of the NS;
The rotational stiffness of the PS is smaller than the one of the NS;

6.4.1. The First Generation Method

The first generation method is sensitive to the stiffness ratio between the NS and PS. For this
specific case study, the stiffness ratio is smaller than 1 for the axial DoF and bigger than 1 for
the rotational DoFs. The force control procedure is requested for the axial DoF and the
displacement control procedure is suitable for the rotational DoFs in order to avoid the
instability of the process.

The virtual hybrid fire test is first performed using the first generation method. The force
control procedure is considered during the example.

The following steps are performed during the virtual hybrid fire test:

The PS is modelled in SAFIR with the concrete properties characteristic to the
compression strength of 48 MPa;

The span loads are applied in the FE model along with the initial interface forces. The
initial interface forces are applied in the case of the force control procedure. If a
displacement control procedure is used, then the initial interface displacements are
applied in this step;

The NS is modeled using the predetermined matrix, defined in an Excel file;

Before starting heating the PS, the equilibrium at ambient temperature is restored;

For the exercise the chosen time step is equal to 2 s and the delay time is equal to 1 s;
The virtual fire test starts, i.e. the FE model runs during one time step. During this
time step, the span loads and the initial forces at the interface are kept constant. The
fire exposure induces changes in the interface displacements;

The interface displacements are thus registered, and noted in the Excel file;

The reaction forces of the NS can be computed since the interface displacements are
known (the vector of reaction forces results by multiplying the predetermined matrix
with the vector of the initial displacements);

The reaction forces of the NS are imposed at the interface of the PS. The simulation is
ready to run for one more step;
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In this specific case, the communication between the PS (SAFIR) and the NS (Excel file) was
done manually.

Figure 6-10 presents the evolution of interface displacements when the first generation
method is applied in a virtual environment. Every graph illustrates the correct solution along
with the interface solutions of the PS and NS. The correct solution represents the solution
resulted when the building structure is numerically modeled as a whole.

Soon after the virtual hybrid fire test starts, the solution of the virtual hybrid fire testing
oscillates around the correct solution leading to the failure of the beam.
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Figure 6-10. The case study results in a virtual environment when the first generation
method is considered

The exercise is repeated with different time steps leading to instability every time. Figure 6-10
presents the evolution of the interface displacements when the time step is elected to be equal
to 2s.

This example supports the conclusions presented in chapter 4, the first generation method is
sensitive to the stiffness ratio between the substructures (Sauca et al. [84]).
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Since the force control procedure is appropriate for the axial DoF, for the rotational DoFs the
displacement control procedure needs to be applied. A mixed force/displacement control
procedure could be applied, meaning that for the axial DoF the force control is adopted and a
displacement control procedure for the rotational DoFs. From the experimental point of view,
it is complex and might not be suitable for all the furnace facilities. Moreover, even if the
mixed force/displacement control procedure is applied successfully, the force control
procedure does not offer the possibility to simulate experimentally the failure mode in the
unstable regime. More than that, for successful results in force control procedure, the stiffness
ratio needs to be smaller than 1 during the entire test. Since the stiffness of the PS is
degrading due to the fire exposure, at one moment during the tests the ratio can become
bigger than land thus the instability is induced in the inappropriate time.

Another solution is to switch from force control procedure to displacement control procedure
when the stiffness ratio changes. From theoretical point of view, the solution is applicable.
From the experimental point of view, it is complex and risky to identify the moment to switch
the procedures.

Even though from the theoretical point of view solutions exist to use the first generation
method in all possible cases, from the experimental point of view some of the mentioned
solutions are difficult or even impossible to be realized.

The new methodology is suitable to be applied independently on the stiffness ratio between
the structures. The next section has the objective to analyze the new methodology in the
virtual environment and to see the proper characteristics to be chosen in order to generate
accurate results.

6.4.2. The New Method in displacement control procedure

The virtual hybrid fire testing is performed by using the new methodology proposed in this
thesis.

The new methodology ensures equilibrium, compatibility at the interface along with the
reproduction of the correct solution, independently on the stiffness ratio between the
substructures (Sauca et al. [85]). Before the start of the hybrid fire tests, some inputs are
required such as the time step and the initial tangent stiffness matrix of the PS. Based on the
discussions from chapter 5 the input values dictate the accuracy of the results. The main
objective of this section is to observe the results of the virtual hybrid fire testing in different
conditions, when different values are selected as an input of the hybrid fire tests. This exercise
helps to choose the proper characteristics to be defined before the start of the real hybrid fire
tests.

In the previous section, the exchange of the information between the PS and NS was done
manually. This tedious exercise could be performed only because instability occurred early in
the process.
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Two solutions are presented and described to perform virtual hybrid fire testing automatically:

Matlab routine;
SAFIR - new subroutine implemented;

Matlab routine

A Matlab code is written to compute the solution to be imposed at the boundaries of the
substructures every time step and to ensure the connection between the PS and NS.

The advantages of the Matlab routine are:

Avoids the human error;
Computation time reduces;

The steps implemented in the Matlab routine are:

The PS is modelled in SAFIR and loaded with the span loads;

The predetermined matrix of the NS is defined in the Matlab routine;

The time step is defined in the Matlab routine along with the initial tangent stiffness of
the PS;

The initial displacements are applied at the interface of the PS (in SAFIR) and the
numerical analysis of the PS is ready to run;

The Matlab routine orders to the SAFIR executable to run the analysis when the span
loads and the initial displacements are applied on the interface of the PS at ambient
conditions;

The next step in the Matlab routine corresponds to opening of the output file generated
by the SAFIR executable and to read the reaction forces;

The reaction forces at ambient temperature are compared with the reactions of the NS
at ambient temperature. If the equilibrium is not ensured, then new displacements are
computed based on the out of balance forces and imposed on the substructures, until
the equilibrium at ambient conditions is satisfied,;

Once the equilibrium is satisfied, the Matlab routine induces the numerical analysis to
run. During the entire time step, the interface displacements are kept constant. The fire
exposure induces a change in the reaction forces of the PS;

The reaction force of the PS is different than the reaction force of the NS. Based on
the out of balance forces, new displacements are computed and imposed on the
substructures. At the same time the PS is exposed to fire;

Every time after the numerical analysis stops running, the output file is opened and the
reaction forces are saved and used further in the calculations;

The procedure is repeated until the end of the virtual hybrid fire tests;

The FE software SAFIR does not give the possibility to the user to pause the analysis every
time step, while the modification of boundary conditions is done, and then to restart the
calculations from the previous time step. Every time step when the boundary conditions of the
PS are modified, the analysis restarts from the beginning. The adopted solution worked well
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but it was not the most efficient in terms of the total time needed to perform the virtual hybrid
fire testing.

SAFIR - HFT, new subroutine implemented

The new methodology presented in this thesis is implemented in SAFIR and makes possible
to perform virtual hybrid fire testing entirely in SAFIR. The subroutine is developed for the
case when the NS is defined by the predetermined matrix.

The main advantage of the subroutine is the economy of time. The running time of analysis
reduces considerably compared with the previous solution i.e. the Matlab routine.

The HFT subroutine computes the interface displacement to be imposed on the interface of
the substructures every time step.

Before the start of the virtual hybrid fire test, the user defines the following:

e the initial tangent stiffness of the PS;
e the predetermined matrix of NS;

e the initial interface forces;

e the initial interface displacements;

To perform virtual hybrid fire tests some small changes are implemented as well in the input
file used by the SAFIR executable.

The changes in the considered input file to run virtual hybrid fire test in SAFIR are next
described.

A procedure is presented to define the time step in order to permit the iterations at ambient
conditions at the very beginning of the fire analysis.

e The time step of the virtual hybrid testing is defined as the time step of the usual
structural analysis. An example is presented and explained here below:

TIME
0.01 0.05 -> the time defined for the iteration at ambient temperature
0.95 1.00 -> the time step defined for the hybrid fire testing
1.00  20000.00

ENDTIME

The first defined line refers to the time step needed for the iterations at ambient temperature.
The user will observe the needed number of iterations at ambient temperature to restore the
equilibrium between the substructures. The restoring of equilibrium is done in the first second
of the analysis, thus the fire effect is negligible. In our example the equilibrium at the ambient
temperature is restored in 0.05s. Such a short time step is not suitable if a dynamic analysis is
performed.
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Next, the time step afferent to the hybrid fire testing is defined, which is equal to 1 s in this
example.

e The DoFs to be controlled during the virtual hybrid fire test are specified in the input
file which describes the PS. Some modifications are applied to the “FIXATION”
command.

The changes in the descriptions of “FIXATION” command presented in the USER SAFIR
MANUAL are presented here below:

‘FIXATIONS’
Supports and imposed displacements fixed blocks.

One line for each node where the solution follows a defined function of time and the reaction
must be calculated.

‘BLOCK’, NNO, CBLOCK(1,NNO), ..., CBLOCK(NDOFMAX,NNO)
NNO = Number of the specific node where the solution must not be calculated.

CBLOCK(1,NNO) = Function describing displacement for first D.o.F. at this
node with respect to time. Type NO if the displacement is not prescribed
for this DoF. Type HFT1.txt if the displacement is controlled during
the hybrid test.

CBLOCK(2,NNO) = Function describing displacement for second D.o.F. at this
node with respect to time Type NO if the displacement is not prescribed
for this DoF. Type HFT2.txt if the displacement is controlled during
the hybrid test.

CBLOCK(NDOFMAX,NNO) = Function describing displacement for last
D.o.F. at this node with respect to time. Type NO if the displacement is
not prescribed for this DoF. Type HFTNDOEMAX.txt if the
displacement is controlled during the hybrid test.

For each degrees of freedom NDL, from 1 to NDOFMAX, CBLOCK(NDL,NNO) is “NO” if
the displacement is not imposed at this DoF or the name of the function describing the
evolution of the displacement at this node with respect to time. “F0” is a common function,
used to model a fixed support. If the degree of freedom is controlled during the virtual
hybrid fire test, the function describing the evolution of displacements is defined as
HFETNDL.txt. The txt file will include no information, it will just serve to know that the
respective DoF is controlled in the virtual hybrid process.
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The example presented bellow has three DoFs to be controlled during the virtual hybrid test.
For the node “1” the first and the third DoFs are controlled, while for the node “2” only the
third DoF is controlled.

FIXATIONS
BLOCK 1 HFTLtxt FO HFT3.txt
BLOCK 2 FO FO HFT3.txt
END_FIX

Results of the virtual hybrid fire testing

The new method is described in details in chapter 5. The stability and accuracy of the tests
depend on the time step and on the value chosen for the stiffness of the PS.

Before the real hybrid fire test, the virtual HFT is performed in order to choose the proper
value of the time step as well as the proper values of the PS’s stiffness.

e The influence of the time step on the results
In the first stage of the exercise, the influence of the time step on the results is observed.

At the same time, the stiffness of the PS is considered constant during the virtual hybrid fire
testing. The chosen value for the calculations is based on the recommendations mentioned
here below.

Before the real hybrid fire testing the stiffness of the PS is recommended to be measured. To
avoid the experimental possible errors when the stiffness of the PS is measured, the
recommendation is to overestimate the measured values of the stiffness with a factor of 1.50
as presented in the Eq. (84).

Kp = 1.50Kp (84)
Where:
K is the stiffness of the PS considered in the calculation process during the HFT,;

Kp is the measured tangent stiffness of the PS;

Before the virtual hybrid fire testing, the initial tangent stiffness of the PS is determined in the
numerical environment and the resulted value for this exercise is presented in the Eq. (81).
The resulted values are then multiplied with 1.50 and defined in the HFT SAFIR subroutine.

The cases presented in the Table 6-4 are next analyzed.
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Table 6-4. The variation of the time step in the virtual hybrid fire testing

Time step The PS’s stiffness
Case 1l t=1s
Case 2 t=10s
Case 3 t=30s .
Case 4 t=60s Kp = 1.50Kp
Case 5 t =5min
Case 6 t =10 min

Six graphs are presented for every case, 3 of them illustrate the evolution of interface forces
for every DoF, while the other 3 present the evolution of the interface displacements for every
DoF.

Every graph illustrates the “correct solution” along with the solution registered at the interface
of the PS and the solution computed at the interface of the NS. The “correct solution” results
from the numerical analysis of the structure when no substructuring is done. The interface
solutions of the PS result from the virtual hybrid fire testing analysis. The NS is defined using
a constant matrix, called “predetermined stiffness matrix” and the interface solution are
computed during the virtual hybrid fire testing. The correct solution is represented using the
continuous black line, the solution of the PS is represented using the dashed red line while the
solution of the NS is represented by the continuous green line.

The first objective of the HFT is to ensure the equilibrium and compatibility between the
substructures during the entire process. In the graphic representation the equilibrium and the
compatibility are ensured when the solution of the PS matches the solution of the NS. If the
interface forces of the PS and NS match, then the equilibrium is achieved, while the
compatibility is achieved when the displacement of the PS match the displacement of the NS.

During the hybrid fire testing, the correct solution needs to be reproduced. This condition is
available in a virtual environment based on the hypothesis of the hybrid fire testing. The
hybrid fire testing is normally performed when the behavior of the PS is unknown prior the
testing; the “correct solution” is thus unknown in a real hybrid fire test. On the contrary, in a
virtual environment, the “correct solution” is known and therefore the new methodology
should be able to reproduce the exact solution.

In this particular example the NS is defined by the predetermined matrix which is considered
constant during the entire virtual hybrid fire test. When the PS is exposed to fire, the interface
displacements and forces vary in time. In the exact solution, these variations induce plasticity
in the NS even if it is not exposed to fire. Since the predetermined matrix is constant, the
changes induced in the NS are not captured in this specific case study. This is the main reason
why in the presented graphs the solution of the virtual hybrid fire test does not match the
“correct solution”, especially at the end of the tests. Despite the mentioned fact, the “correct
solution is chosen to be plotted. The solution of the virtual hybrid fire test is observed to
diverge from the correct solution when the plasticity starts to be developed in the cold NS.
The time when this occurs has been extracted from the numerical analysis of the entire
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moment resisting frame and it corresponds with the time when the solution of the hybrid fire
testing starts diverging from the correct solution.

A deviation of 2%, 5% and 10 % from the solution of the NS is plotted in every graph. It is
assumed that the accuracy of the results is ensured if the solution is within the mentioned
range. The user defines the possible deviation during the hybrid fire testing depending on the
objectives of the project. The deviations are represented with light grey color, more specific,
the 10% deviation with continuous line, the 5% deviation with dashed line while the 2%
deviation with the dotted line.

Casel

The time step to be used in a real hybrid fire test is selected based on some criteria such as the
calculation time of the solution during the time step and the time requested to reach the target
values in the furnace. The virtual hybrid fire testing is performed in order to predict the
behavior of the PS during the test and to establish the proper value of the time step and of the
PS’s stiffness. To predict the behavior of the PS during the tests serves to prepare the
configuration of the tests, while a proper value of the time step and PS’s stiffness ensured
stability during the test and the accuracy of the results.

Based on the characteristics of the Promethee facility, the time step of 1 s is reachable. Thus,
Figure 6-11 presents the evolution of the interface forces and displacement when the time step
isequalto1s.

In the graph:

H is the axial force in the beam;

Pys. is the force on the cantilever inducing the hinged support bending moment;
Py.ign¢ is the force on the cantilever inducing the rolling support bending moment;
u is the axial displacement of the beam;

B1¢5¢ is the rotation on the hinged support;

Brignt 1S the rotation on the rolling support;

The solution of the PS matches the solution of the NS, therefore the compatibility and
equilibrium are satisfied. The results encourage the election of the time step equal to 1 s.
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Figure 6-11. Virtual HFT when t = 1 s and Kp = 1.50Kp

Case 2

Figure 6-12 presents the evolution of the interface forces and displacements when the time
step is equal to 10 s.
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Figure 6-12. Virtual HFT when t = 10 s and Kp = 1.50Kp

The solution of the PS matches the solution of the NS for the rotational DoFs. For the axial
DoF, the reaction force of the PS differs from the reaction force of the NS. The same
displacements are imposed on the PS as for the NS.

The stiffness ratio for the rotational DoFs is bigger than one, meaning that the NS is stiffer
than the PS. Moreover, during the hybrid fire test, the stiffness of the PS degrades. Thus, in
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the calculation process, the results are influenced by the stiffness of the NS even if the
stiffness of the PS is accounted in the calculations. For the rotational DoFs, the first
generation method can be applied successfully in displacement control procedure. In the cases
of a stiffness ratio bigger than one and when a displacement control procedure is considered,
the influence of the PS on the results is in a small percentage.

For the axial DoF, the stiffness ratio is smaller than one, i.e. the PS is stiffer than the NS. In
this case, the stiffness of the PS has an important role in the results. In the case of the first
generation method, the displacement control procedure induces instability in the process. The
new methodology makes use of the PS’s stiffness in order to ensure the stability.

The stiffness of the PS is unknown during the hybrid fire test, thus the initial tangent stiffness
matrix is considered during the entire test. The solution computed to be imposed at the
interface of the PS differs from the measured solution in the furnace when the target
displacements are imposed. This is just because the real stiffness of the PS differs from the
stiffness considered in the calculation process. Thus the idea is to continue, within each time
step, computing new solutions based on the out of balance forces, until the equilibrium and
compatibility are reached (equivalent with the iteration process).

The specific characteristic of hybrid fire testing is the exposure to fire of the PS during the
entire test. In between two time steps, the reaction of the PS varies due continuous heating.
Thus, the displacements computed every time step to be imposed on the interface of the
substructures induces reaction on the PS which differ from the one expected due to the (i) the
stiffness used in the calculations and (ii) the reaction force of the PS used in the calculations.
The stiffness degrades in time and does not match the initial tangent stiffness considered in
the calculations. The reaction force from the time of the calculation until the time when the
new displacements are imposed at the interface changes due to the fire exposure.

The consequence of a longer time step used in the calculations is that the equilibrium is not
satisfied. The difference between the NS’s axial force and PS’s axial force in the first 50 min
is not in the defined range of acceptable deviations. Starting from 100 min until the end of the
test, the difference between the reaction forces is less than 5% of the defined deviation. In the
first stage of fire exposure, the changes of the interface displacements and forces are more
significant than the changes after the first stage. This is why the measured solution of the PS
tends to the solution of the NS after 100 min of fire exposure.

The theoretical explanation of the phenomenon is explained in the chapter 3.6 while the
numerical example of the elastic truss system presented in the chapter 5.4 underlines the
importance of selecting the time step and the initial tangent stiffness on the results.
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Case 3

Figure 6-13 presents the evolution in time of interface displacements and forces when t =

30sand Kp = 1.50K5.
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Figure 6-13. Virtual HFT when t = 30 s and Kp» = 1.50Kp
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The axial DoF is the most affected since the solution of the PS does not match the solution of
the NS i.e. no equilibrium satisfied. The difference between the PS’s axial force and the NS’s
axial force is more important in the early stage of the test and it reduces from the minutes 100
until the end of the test. Thus, after 200min of fire exposure, the solution of the PS exceeds
the solution of the NS with 10%.

Good agreement is observed between the PS and NS forces and displacements characteristic
to the rotational DoFs.

Case 4

Figure 6-14 presents the evolution in time of interface displacements and forces when t =
60 s and Kp = 1.50K5.

It is observed that with the increase of the time step, the PS’s solution diverges from the
solution of the NS for the axial DoF.
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Figure 6-14. Virtual HFT when t = 60 s and Kp = 1.50Kp
Case 5

Figure 6-15 presents the evolution in time of interface displacements and forces when t =
300 s and Kp = 1.50Kp.
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Figure 6-15. Virtual HFT when t = 300 s and Kp = 1.50Kp

In this case, the increase of the time step induces modifications not only for the axial DoF but
for the rotational DoFs too. The difference between the solution of the PS and NS is in the
limit defined by the user for the rotational DoFs, but this is not the case for the axial DoF. The
axial force induced in the PS differs from the axial force of the NS and no equilibrium is
ensured.

Case 6

Figure 6-16 presents the evolution in time of interface displacements and forces when t =
600 s and Kp = 1.50Kp. The interface solution is updated every 10min and no equilibrium is
satisfied at the interface. The difference between the PS’s solution and NS’s solution
increases with the increase of the time step along with the deviation from the correct solution.
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Conclusions

Interface displacements

N
c(\ -
~
\\
b
e
\ \
=
\
Time (min)
0 50 100 150 200 250
P
/ 4
~ /]
// e
/ ,_',
s
/
- b
-
‘ Time (min)
0 50 100 150 200 250
Correct = = PS5 NS

The objective of the exercise was to underline the importance of the time step value in the
accuracy of the results. In all the cases presented, no instability occurred with the increase of

the time step.

Figure 6-17 presents the evolution of the increment of the displacement vector in time when
the time step varies. Reduced time steps lead to more updates of the boundary displacements
than in the case when bigger time steps are considered. Thus, the difference between the
displacements in two consecutive steps (increment of displacements) is reduced compared

with the case with a bigger time step.
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Figure 6-17. The increment of the interface displacements and rotations

When a time step equal to 1 s is considered for this specific example, the equilibrium and
compatibility are ensured and good results are obtained. For a time step of 30 s and 60 s, the
equilibrium is not anymore satisfied. The increment in displacement is next plotted for these

three cases in Figure 6-18.
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Figure 6-18. Incremental displacement and rotations when time stepis1s,10sand 30 s

The increment of displacement and rotations increases in the first 30 min of the test. Right
after that moment the increment of displacements starts decreasing. Moreover, after the
minute 100, the increment of displacement and rotations is almost constant with a tendency of
decreasing.

The incremental displacements needs to be imposed on the boundary of the PS and NS every
time step. Observations are done regarding the small value of the incremental displacements
to be imposed for the three cases.

Applying small incremental displacements implies the use of very precise and high resolution
measurement equipment. The noise during the measurement process will have an important
role in the results.

During the hybrid fire testing process, every time step new interface displacements are
computed and imposed at the interface of the substructures. If, during one time step, the
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incremental displacement cannot be imposed and measured in the furnace because it is too
small, then no variation of displacement is imposed and the process continues to the next step.

For the studied case, a smaller time step of iteration produces better results, meaning that the
equilibrium and the compatibility are ensured during the hybrid test. The disadvantage of a
small time step is the small values of incremental displacements and rotations to be imposed
every time step. From the experimental point of view this can be tricky and can lead to the
loss of equilibrium.

e The influence of the PS’s stiffness
Here, the influence of the value considered for the PS’s stiffness on the results is observed.

From the observations made when the influence of the time step on the results is observed, a
time step equal to 1 s ensures the equilibrium and compatibility in the virtual environment.
Thus the value of the time step considered in this section is setto 1 s.

The cases presented in Table 6-5 are analyzed.

Table 6-5. The variation of the PS’s stiffness in the virtual hybrid fire testing

Time step The PS’s stiffness
Case 1 Kp = 5Kp
Case 2 x _
ase t=1s K’i 10Kp
Case 3 Kp = 50Kp
Case 4 Kp = 0.50Kp

The results are presented in the same format as before.
Casel

In the case 1, the stiffness used in the calculation process is equal to 5 times the initial tangent
stiffness of the PS. Figure 6-19 presents the interface solution for the mentioned case. The
equilibrium is satisfied for the rotational DoFs. For the axial DoF, a slight difference between
the PS’s solution and NS’s solution can be observed in the first 50 min of the tests. After the
minute 50, the axial forces of the PS tend to the values of the NS. The errors do not exceed
the defined values and the results are considered as acceptable.

By overestimating the stiffness of the PS affects only the axial DoF since the axial stiffness of
the PS is bigger than the stiffness of the NS.
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Figure 6-19. Virtual HFT when t = 1 s and Kp = 5Kp

Case 2

Figure 6-20 presents the interface solutions for the case when the stiffness considered in the
calculation process overestimates the initial tangent stiffness by 10.
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The axial DoF is the most affected. The axial force registered in the PS slightly differs from
the axial force of the NS at the beginning of the tests. The difference exceeds the defined
limits, but the results can be found appropriate depending on the objectives of the project.
From minute 100, the difference considerably reduces.
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Figure 6-20. Virtual HFT when t = 1 s and Kp = 10Kp
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Case 3

Figure 6-21 presents the interface forces and displacement in the virtual hybrid fire testing
when the initial tangent stiffness of the PS is 50 times overestimated.

The equilibrium is not ensured, since the axial force of the PS does not match the axial force
of the NS, the difference between the two solutions is significant especially in the first 120
minutes of the test. From this moment, until the end of the hybrid fire test, the axial force of
the PS exceeds the axial force of the NS by 10%.

The rotational DoFs are not affected in this case; the forces of the PS are equal to the forces of
the NS. Since the same displacements are imposed on the substructures, the compatibility is
ensured.
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Figure 6-21. Virtual HFT whent = 1 s and Kp = 50Kp

Case 4

Figure 6-22 presents the results of the virtual hybrid fire testing when the stiffness of the PS is
underestimated with a 0.50 factor.

Right at the beginning of the virtual hybrid test the solution tends to be unstable.

To underestimate the stiffness of the PS is not recommended since this can lead to the
instability early in the hybrid fire testing.
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Figure 6-22. Virtual HFT when t = 1 s and Kp = 0.50Kp
Conclusions

The stiffness value to be used in the hybrid process must be defined properly in order to
ensure the stability of the process and to provide accurate results.

If the stiffness value is overestimated, then the equilibrium is not satisfied. The difference
between the PS’s solution and NS’s solution depends on how much the stiffness of the PS is
overestimated in the calculations process. It is more dangerous to underestimate the stiffness
of the PS in the calculation process, since the instability of the process can be triggered early
in the hybrid fire testing.

It is important to estimate properly the initial tangent stiffness of the PS before the hybrid fire
testing, this is why before the tests it is recommended to measure the stiffness of the
specimen.

6.4.3. The New Method in force control procedure

The focus during the thesis was to analyzing the new method when displacement control
procedure is considered.
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Nevertheless, the new method can be applied even in the case when a force control procedure
is selected to be applied in the practice.

The virtual hybrid fire test of the case study has been performed when the force control
procedure is considered.

To do so, a new subroutine has been developed in SAFIR, which gives the possibility to solve
for the incremental force to be applied on the substructures interface every time step.

Figure 6-23 presents the evolution of the interface forces versus the interface displacements
for the horizontal DoF and for the rotational DoFs when the force control procedure is
considered. For the virtual hybrid fire tests, the time step is set to 1s and the initial tangent
stiffness matrix is overestimated with a factor of 1.50.
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Figure 6-23. Interface conditions when force control procedure is considered

The model runs successfully only for 9 minutes. The compatibility and the equilibrium are
ensured and moreover the correct solution is correctly represented for the first 6 minutes of
the analysis. The solution starts diverging from the correct solution in the last part of the
analysis.
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The force control procedure becomes instable when the stiffness of the PS is ill conditioned or
when the size of the load increment is greater than the limit load.

In the evolution of the vertical forces acting on the cantilever beam versus the support
rotations, i.e. Pier; -Oierr and Prigp; -Origne, the change of the slope can be observed. When
the slope changes, the force control procedure is not capable to reproduce the solution. The
imposibility to reproduce the solution in this area can be explained if the the size of the
incremental load is to large such as the the limit load is exceded.

In the present case study the force control procedure cannot be applied succesfully until the
end of the virtual hybrid fire test due to the specified reasons. Nevertheless, the solution
produces for the first minutes of the virtual hyrid fire tests show that the equilibrium and the
compatibility are ensured and the correct solution is reproduced for a portion of the test.

This example indicates that the new method offers the possibility to solve for incremental
force, i.e. force control procedure, with the mention that problems might occur when there is a
change in the behavior of the tested elements such as for example the softenning of the
material.

6.5. Hybrid simulation at CERIB equipment site

Figure 6-24 presents the architecture of the equipment site available at CERIB.

Fieldbus Furnace Steel
communication / structure
A
| | |
Bus Bus
Structural Thermal
Software Software
Structural Thermal
Display Display
Structural Thermal

Figure 6-24. Architecture of the equipment site at CERIB-Promethee
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The main components of the equipment are:
e The furnace;
e The steel structure surrounding the furnace;
e The Fieldbus communication;
e Bus structural / Bus thermal;
e Software Structural / Software Thermal;
e Display Structural / Display Thermal

Please note that the structural control is independent on the thermal control.
The furnace is a closed space where the structural elements will be placed and exposed to fire.
The burners produce the increase of the temperature while the pyrometers are measuring the

temperature reached in the furnace.

The steel structure surrounding the furnace has the role of supporting the jacks in different
configurations for different types of tests.

Fieldbus communication refers to a family of industrial computer network protocols used for
real-time distributed control. The distributed control system represents an organized hierarchy
of controller systems. In this hierarchy, there is usually a Human Machine Interface (HMI) at
the top, where an operator can monitor or operate the system. This is typically linked to a
middle layer of Programmable logic controllers (PLC). At the bottom of the control chain is
the fieldbus that links the PLCs to the components that actually do the work, such as sensors,
actuators and valves.

The main advantage of choosing the fieldbus communication is that it requests less wiring and
less hardware. The disadvantage of using the fieldbus communication is that only specific
sensors can be connected to the system. If other sensors have to be implemented, then an
intervention is needed.

In the case of Promethee, the servo valves and the displacements transducers are connected to
the fieldbus communication. The inclinometers used in the measurement process needed
special implementation since it was not possible to connect them to the fieldbus
communication. Thus all the information is collected in the Bus structural. The Bus structural
collector is connected with the Structural Software developed to perform fire tests. The user
operates the system making use of the Display Structural.

For the thermal control the structure is identic as in the case of the structural control. Thus the
temperature in the thermocouples is registered along with the temperature in the pyrometers.
The regulation of the pressure and the oxygen level are controlled by this section.

Figure 6-25 presents the Promethee fire laboratory. The operator can send target values to be
reached in the furnace and at the same time to read the response.
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Figure 6-25. Promethee fire laboratory

6.6. Test1

The first performed test, Test 1, is a non-hybrid test. The test is performed in a traditional
manner where the effect of the surrounding is assumed constant during the test (constant
negative moments applied at the supports and no axial restraint). The configuration of the test
is presented in the Figure 6-9.

6.6.1. Motivation

The main reason of the TEST 1 is to compare the results of a standard test with the hybrid fire
test results, i.e. TEST 2 and TEST 3.

The traditional test is performed on structural elements without considering the real boundary
conditions.

The hybrid fire tests are performed on structural elements under real boundary conditions.
The standard tests and the hybrid fire test induce different behavior of the PS as presented in
the section 1.2. The difference lays in the failure time as well as in the failure mode.

6.6.2. Test Setup and Procedure

The beam and the furnace are prepared properly before the fire tests. After the beam is
positioned in the furnace, the data acquisition system is placed in the position in order to
measure the evolution of displacements during the fire test. The transfer system (actuators) is
used to apply the loading during the fire test. The thermocouples serve to measure the
temperature evolution of the PS. Thus the fire test is ready to start. For more information
about the test setup see Appendix D.
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6.6.3. Test Results and Interpretation

Temperature evolution

After the test is finished, the measured temperatures are compared with the predicted
temperature in SAFIR. Good agreement is observed between the two.

Figure 6-26 presents the evolution of temperature for the longitudinal rebars. The numerical
solution (black dashed line) matches the measured solution by a multitude of thermocouples
for the bottom corner and middle rebars. The position of the thermocouples is presented in the
section D.3 (see Figure D-6).
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Figure 6-26. Temperature evolution in the longitudinal rebars

Structural response

The failure of the beam occurred at 99 min since the fire exposure. The failure is due to
the plastic hinge formed in the mid-span of the beam. During the test, the falling of the
concrete occurs close to the failure time. The first falling occurred at 85 minutes, followed by
the second failure at 93 minute, and the last failure before the test stopped, at 97 min.

Figure 6-27 shows the beam after the fire exposure. The areas with the fallen concrete during
the test are underlined in the mentioned figure. In the same figure, the mid-span plastic hinge
is presented.

Only one plastic hinge is formed since the standard tests are performed with simply supported
boundary conditions. In the case of the hybrid fire testing, the failure would occur later since
more than one plastic hinge is needed in order to lead to failure.
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Figure 6-27. The beam after the fire exposure.

Numerical analysis performed in SAFIR predicted the failure to be reached after 115 min of
fire exposure (the last step of convergence). Good agreement between the numerical solution
and the measured solution is observed.

Figure 6-28 present the evolution of the mid-span vertical displacement measured during the
test and the solution computed in SAFIR. The evolution of the measured mid-span
displacement shows a similar trend with the mid-span displacement from the numerical
analysis.
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Figure 6-28. The evolution of the mid-span vertical displacements in Test 1

Other measurements, such as the horizontal displacements of the rolling support, the rotation
of the supports and other vertical displacements, are recorded during the test but are not
presented in this thesis.

6.7. Test2

In the numerical analysis of the moment resisting frame with the studied beam exposed to
fire, the effects (efforts) on the beam in time vary, depending on multiple reasons. The fire
scenario, the stiffness of the exposed beam along with the stiffness of the surrounding
structure influences the behavior of the exposed beam. Thus the evolution of the bending

178



HYBRID SIMULATION CASE STUDY

moment along with the evolution of the axial force is dependent on the mentioned causes. The
bending moment varies during the test along with the axial force. For the cold design it is
assumed that the axial force in the beams is insignificant while once with the increase of
temperature the values of the axial force are so significant that they cannot be neglected.

The variation of the bending moment and axial force is unknown before the tests and depends

on different factors. The surrounding effect can be accounted by applying the hybrid fire
testing methodology, thus the global effect is represented during the test.

Thus the objective of the Test 2 is to take into consideration the effect of the surrounding on
the tested element. To achieve that objective, the hybrid fire methodology is applied during
the test. The configuration of Test 2 is presented in Figure 6-9.

6.7.1. Motivation

Different reasons motivated the Test 2.

Since a new hybrid fire method is proposed and validated numerically in this thesis, the Test 2
has the purpose to validate the method experimentally.

More than that, the fire facility Promethee disposes of possibility to perform such tests. Thus
one of the motivations is to test the capability of the facility and to try to learn from the
present experience to be able to implement future development.

6.7.2. The analysis of the testing equipment

Before starting the hybrid fire tests, it is important to know the exact characteristics of the
data acquisition system and transfer system.

The thermal action is equivalent to a mechanical static load with long duration. The fire effect
induces changes of the boundary conditions i.e. changes in the interface forces and
displacements. Generally, the changes occur slowly in the process, thus a static equation is
solved to determine the solution of the boundary conditions every time step. The tested
substructure can experience large deformation before failure. The final deformation can
increase significantly in a short time. In concrete structures the deformation of the physical
substructure may be influenced by the spalling of the concrete.

In these particular situations dynamic effects can be significant and a dynamic approach of the
method needs to be developed. Rather than that, the deformation of the PS develops slowly in
time, meaning that the difference between the displacements in the previous time step and the
displacement from the current time step is small. This difference depends also on the
characteristic (mainly the stiffness) of the PS and NS as well as on the time step chosen to
perform the hybrid fire test.

The data acquisition system needs to be accurate enough in order to register the changes of
the boundary condition. If the PS is a stiff structural element, then large reaction forces are
produces by small displacements. Thus, for small reading errors of displacements, the reaction
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force registered by the transfer system varies. These errors can produce inaccurate results and
in some cases instability of the process.

This is why knowing the capability of the testing facility is crucial, in order to be able to
produce correct results.

e Transducers and inclinometers

Configuration adopted during the Test 2

The horizontal displacement of the beam is measured using WS19KT cable extension position
sensor. The rotation is measured using high performance digital and analogue servo-
inclinometer SX41100. The horizontal displacement is measured on the rolling support. Since
the supports of the PS are positioned in the furnace, the respective area of the beam is
protected. Thus the transducer is positioned out of the furnace and the measurement is done as
presented in Figure 6-29. Additional metallic system helps to attach the transducers and to
attach a wheel to redirect the direction of the transducer’s cable.

Additional
- systen

Figure 6-29. The measurement of the horizontal displacement and rotation during the
Test 2
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The measurement point of the horizontal displacements is marked in the same figure.

In Promethee configuration, the supports of the tested structural element are placed inside the
furnace. The mineral wool is used to protect the specific area. The metallic cover ensures that
the cable of the transducers is always in the correct position and it will not be affected during
the test by exterior factors such as the contact with the roof of the furnace or the mineral wool
placed in that area.

One of the questions, when designing the configuration of the tests, was related to the
temperature evolution in the area when the cable of the transducer is placed. The temperature
IS not expected to increase based on the protection provided in the needed zone. Nevertheless,
thermocouples have been placed in different positions to measure the temperature evolution in
the mentioned areas. An increase in the temperature leads to the dilatation of the transducer’s
cable and thus the results can be compromised. Another solution to avoid the problem is to
make use of quartz cables in the areas which can be affected by the temperature. The
protection assured in the configuration of the TEST 2 is considered proper to avoid the
increase of the temperature in the transducer’s cable.

The same figure presents the position of the inclinometer, which is placed outside the furnace.
Promethee facility had previously implemented a formula to compute the horizontal
displacement on the supports by measuring the supports rotation and other additional
displacements measured on the unexposed side of the beam. By measuring multiple
displacements and rotations and then the transformation into the needed measurements can
induce errors in the process. This is the reason why the direct horizontal displacement of the
rolling support is measured during the TEST 2.

Characteristics of the considered data acquisition system

The tested beam is simply supported and the aim is to impose every time step rotations on the
supports along with the horizontal displacements. The support rotation is imposed by the
vertical jacks acting on the cantilever cold part of the beam. The horizontal displacement is
imposed by the horizontal jack acting on the cold cantilever part of the beam close to the
rolling support. Close to the hinged support, no horizontal displacement is admitted. To stop
the horizontal displacement close to the hinged support the jack presented in the Figure 6-29
is provided. Thus the horizontal displacement is blocked during the tests but at the same time
the vertical displacement and rotation are allowed.

A simple calculation to estimate the stiffness of the metallic structure supporting the jacks has
been done to check if the horizontal displacement on the hinged support is not possible. After
the calculations, it was decided to measure the both horizontal displacement, on the hinged
support as well as on the rolling support. Thus, the horizontal displacement controlled during
the hybrid test is the sum between the horizontal displacement measured on the hinged
support and horizontal displacement measure on the rolling support. The displacements are
summed due to the fact that the transducers to measure the mentioned displacements are
positioned in the opposite directions (see the sign convention for the transducers in Appendix
B).
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The resolution of the transducers is checked making used of the system presented in Figure
6-30.

Figure 6-30. The system used to check the resolution of the transducers

A steel piece is designed where the transducer used in the measurement is attached and
connected to the micrometric transducers. The micrometric transducer has the objective to
impose displacements while the measurement done by the sensor is registered and then
compared with the imposed value. The wheel redirects the direction of the cable in order to
simulate the conditions during the test. The wheel is important to be stiff and in the same time
to allow the needed displacement.

Figure 6-31 presents the evolution of target displacements versus the measured displacements
for the two transducers used in the hybrid test. The demonstration is done in the interval 0 mm
to 1 mm. The resolution of the transducers is deduced from the mentioned plots, thus the
transducer 1 has a resolution of 0.0625 mm, while the transducer 2 has a resolution of 0.039
mm. The resolution of the inclinometers is equal to 0.018 mrad.
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Figure 6-31. Resolution of the transducers

e The actuators

Characteristics and some observations

0,0

Figure 6-32 presents the hydraulic actuator to control the supports rotations. The position of
the actuator is vertical with a capacity of 50 tons.
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Figure 6-32. The actuators controlling the support rotations

Figure 6-33 presents the hydraulic actuator to control the horizontal displacement. The
position of the actuator is horizontal with a capacity of 120 tons.
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Figure 6-33. The actuator controlling the horizontal displacement

The following observations are done towards the actuators for a proper regulation:

The oil chambers are recommended to have the same dimensions, which is not the
case for the facility of the Promethee furnace.

The mechanical friction joints (the case of Promethee facility) are characteristic of
industrial jacks. The mechanical friction joints induce errors in the reading force when
the direction of the jack changes. One solution to avoid the errors produced by the
joints is to use load cells for measuring the forces. Another solution is the possibility
of using jacks which dispose of hydraulic friction joints.

The capacity of the horizontal actuators is 120 tons while the maximum expected force
during the test is less than 50 tons. When working in the low range of action of the
actuators the precision is affected.

The use of auto-adaptive systems for the control would adjust depending on the
occurred event during the tests.

Transducer test with the actuator

The next step was to test the transducer with the actuator in the laboratory. One of the
transducer (resolution of 0.039 mm) is attached to the horizontal jack as presented in Figure

6-34.

The objective of this step is to check if the jack can induce the target displacement and to see
the variation of the force in the jack depending on the variation of the displacements. The
imposed target displacement is not a multiple of the transducers resolution. Thus the jack is
changing directions in order to find the proper value, inducing variation of forces.
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Figure 6-34. Test transducer using the actuator

Figure 6-35 presents how the measured displacement oscillates around the target
displacement. In this example the target displacement is 3mm. The measured data are
registered and plotted every 3 seconds thus. It has been observed that the oscillation of
displacement induced a force variation of 2 tons in this specific configuration.
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Figure 6-35. The variation of displacement in time while controlling actuator

The objective of the exercise was to check the force variation induced by the resolution of the
transducers. Small variation of displacement induced significant variation of force. A higher
resolution of the transducers would reduce the force variation. It is expected that the noise
induced during the test to have a bigger impact on the results than the resolution of the
transducers.
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6.7.3. Test Setup and Procedure

Beam preparation

The same steps described for the preparation of the beam during the TEST 1 are applied when
the TEST 2 is performed (for more details see Appendix D). The only difference is about the
measurement of the horizontal displacement on the supports, as presented in the section 6.7.2.

Furnace preparation

The same as described in the preparation process of the TEST 1 (for more details see
Appendix D).

Instrumentation layout

e Transducers/inclinometers

Vertical and horizontal displacements are measured in different positions along with the
support rotations.

Equerre Equerre
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Figure 6-36. The measured displacements and rotations during the Test 2

The vertical displacements are measured in the mid-span V,,,; and V,,,,, along with the vertical
displacements of the cold extremities V,; and V,,.

For the hinged support several displacements and rotations are measured. The horizontal
displacement Hy; and the rotation Rg; are measured on the unexposed side of the beam.

For the rolling support, the horizontal displacement Hg, and the rotation R, are measured.

The measured horizontal displacements on the rolling support are Hy; and H, while on the
hinged support are Hy; and Hg,. The displacements Hy, and Hg, are measured in the axis of
the support, while the displacements Hy, and H,; are measured 30 cm distance from the
supports. In the hybrid process the sum of the measured displacements Hy, and Hgz is
considered. The displacement H,, and H,; are chosen for control in order (i) to avoid the
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effect of possible plastic effects in the area of the supports; (ii) to avoid the effect of
temperature in the area of the supports which can lead to the dilatation of the transducers
cable. The vertical displacements of the cantilever unexposed beam are expected to be small
based on the virtual hybrid fire test, thus the horizontal displacement measured 30 cm distance
from the support is not affected by the vertical displacement of the cold extremity.

The rotations controlled during the hybrid process are Ry; for the hinged support and Ry,
for the rolling support.

e The configuration of the jacks

The same configuration of the vertical jacks is considered during the TEST 2 as in the TEST 1
(for more details see Appendix D). In addition, the horizontal jacks are added in the TEST 2
to model the restrain given by the surrounding structure. Figure 6-37 shows some pictures of
the horizontal jacks in the furnace.

Figure 6-37. The configuration of the horizontal jacks

e Configuration of the thermocouples

The configuration of the thermocouples is presented in Appendix D3.

6.7.4. Test Results and Interpretation

6.7.4.1. The input data of the algorithm

A new methodology is proposed in this thesis and the algorithm of the new methodology is
described in section 5.3.
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The input data to perform the TEST 2 are described in this section. The units of the expressed
values are in [N], [m] and [rad].

The concrete property, i.e. the compressive strength, is known in different stages since the
beams are casted. The strength result after performing the specific tests on samples, in
different days from the casting of the specimen. Thus, a prediction is done based on EN 1992-
1-2, to assume the value of the concrete strength in the day of the TEST 2.

The number of controlled degrees of freedom

First, the number of controlled degrees of freedom at the interface between the PS and NS is
defined (see Eq. (85)). In this example, three degrees of freedom are controlled, namely the
horizontal displacement on the roller support and the two rotations. Please note that the
number of controlled degrees of freedom during the tests differ from the total number of
degrees of freedom existing at the interface between the PS and NS, see section 6.2.2. The
first component of the displacement vector is the horizontal displacement, the second
component is the left rotation (hinged support) while the last component of the vector is the
right rotation (rolling support).

nDOF = 3 (85)

The stiffness of the NS

The NS is represented by the predetermined matrix computed after the steps presented in the
section 6.2.2. The matrix is kept constant during the hybrid fire tests. It is assessed that in the
day of the TEST 2, the compressive strength of the concrete will reach the value of 48 MPa.
The predetermined matrix is presented by the Eq. (86) .

10.50 —11.70  8.26
Ky =10°[-11.70  64.80 —8.72 (86)
826 — 872 63.60

The stiffness of the PS

The initial tangent stiffness of the PS is computed in SAFIR assuming the compressive
concrete strength is equal to 48 MPa. The resulted value is presented by the Eq. (87). If the
stiffness matrix of the PS is compared with the predetermined matrix of the NS it can be
observed that the axial stiffness of the PS is much higher compared with the axial stiffness of
the NS, while the rotational stiffness of the PS is smaller than the rotational stiffness of the
PS.

479 0 0
Kp =10 0 25.60 12.80 (87)

0 12.80 25.60
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The stiffness of the PS is constant during the calculations of hybrid fire testing. It is
recommended to measure the stiffness of the PS before the test and to multiply the measured
stiffness value with a factor of 1.5 just to avoid the possible errors during the measurements.
Before performing the real hybrid tests, the stiffness of the PS was not measured. But at the
same time, the valuable information is extracted from the preloading stage of the beam, before
starting the fire. More details will be explained later in the thesis. Therefore, the stiffness
value of the PS defined in the algorithm is the value resulted from the numerical analysis
multiplied with 1.5 (see the Eq. (88)).

718.5 0 0
Kp =10°| 0 38.40 19.20 (88)
0 19.20 38.40

The vector of interface forces of the NS at ambient temperature

The vector of interface forces at ambient temperature is described for the NS by the Eqg. (89).

Hy initial
Fy imitiar = | M teftmitial (89)
MN,rL'ght,initial

Where:

Hy initiqr 1S the axial force of the NS at ambient temperature;

My ie £t initiar 1S the bending moment on the left (hinged) support at ambient temperature;

My right initiar 1S the bending moment on the right (rolling) support at ambient temperature;

Hy initial» Mn teftinitiats @D My rigntinitiar esult from the analysis of entire structure at ambient
temperature.

The interface forces defined for the NS will have the opposite signs compared with the
interface forces defined for the PS.

Equation (90) presents the values defined as an input before the start of the TEST 2.

36650
‘ (90)

Fy initial = [—95535
95589

The vector of interface displacements at ambient temperature

The vector of interface displacements at ambient temperature is presented by the Eq. (91).
The first component of the vector refers to the horizontal displacement, the second component
of the vector refers to the left rotation (hinged support) while the last component of the vector
refers to the right rotation (rolling support). The vector of interface displacements results from
the analysis of the entire structure (before substructuring) at ambient temperature.
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0.00004
} (91)

Uinitial = [ 0.00004
—0.00003

The transformation matrix for forces

The transformation matrix presented by the Eq. (92) is established based on the position of the
jacks related to the global system of coordinates GSC (see Appendix B).

-1 0 0 -1 0 0
Tp=|0 armys 0 =10 07 0 } (92)
0 0 —arMyigne 0 0 -0.7

Transformation matrix for displacements

The transformation matrix for displacements (Eq. (93)) is built based on the position of the
transducers and inclinometers in the furnace compared with the GSC (see Appendix B).

-1 0 0
T,=|0 1 0 (93)
0 0 1

The hydraulic jacks to apply the constant loads

Two hydraulic jacks are considered to apply the constant load in the mid-span of the beam

(Eq. (94)).
nP =2 (94)

The value to be imposed during the hybrid fire testing is expressed by the Eg. (95).

_[P1] _ [73928
P= [le - [73928 (95)

The time step

The time step chosen for the TEST 2 is presented in the Eq. (96) and is chosen based on the
numerical analyses presented in the section 6.4.

At =1 (96)

The tolerance for the convergence

The tolerance for the convergence is defined by user in the Eq. (97).

eps = 2x1073 (97)
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6.7.4.2. Preloading stage

Before starting the hybrid fire tests, the beam must be loaded in the mid span with the load P
and the interface displacements u;,;;i; Must be imposed.

The user chooses the proper solution to apply the initial loads depending on the existing
possibility of the furnace facility.

The mid span loads and the interface displacements can be both applied gradually in time.

In this specific case it is chosen to apply the loads in 3 different stages described below and
summarized in Table 6-6. The solution is chosen based on the possibilities of the furnace
facility.

Stage 1: Only half of the span force is applied on the beam P/2. All the support displacements
are free. In the first stage of preloading the beam is simply supported and cannot support the
total load P.

Stage 2: The mid-span load is equal with the load applied in the Stage 1, i.e. P/2. The initial
interface displacements uinitial are imposed on the supports.

Stage 3: The mid-span load is totally applied, i.e. P. At the same time the interface
displacements are forced to have the same values as in the Stage2, thus initial interface
displacements Uinitial.

Table 6-6. Stages of loading TEST 2

STAGE P u Bleft Bright
(N) (m) (rad) (rad)
1 18482 x 4 = 73928 not controlled | not controlled | not controlled
2 18482 x4 = 73928 0.00004 0.00004 -0.00003
3 36 964 x 4 =147 856 0.00004 0.00004 -0.00003

The values presented in the Table 6-6 are expressed in the global system of coordinates

Observations in preloading stage

The evolution of forces in the jacks along with the evolution of displacements/rotations at the
interface is next discussed.

Figure 6-38 presents the evolution of mid-span force in the preloading stage 1 and 2.
Figure 6-39 presents the evolution of axial force in the preloading stage 1 and 2.
Figure 6-40 presents the evolution of horizontal displacement in the preloading stage 1 and 2.

Figure 6-41 presents the evolution of vertical forces in the jacks acting on the cantilever side
of the beams, in the preloading stage 1 and 2.
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Figure 6-42 presents the evolution of rotations in the preloading stage 1 and 2.

Note that the values illustrated in the graph are expressed based on the local system of
coordinates. The positive displacement shows elongation of the transducers cable, while the
positive rotation illustrates a counter clockwise rotation in the local system of coordinates. A
positive force is measured when the jacks are pushing on the PS.
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Figure 6-38. The mid-span load in the preloading stage 1 and 2
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Figure 6-39. The axial force in the preloading stage 1 and 2
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Figure 6-40. The axial displacement in the preloading stage 1 and 2
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Figure 6-41. The vertical forces in the preloading stage 1 and 2
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Figure 6-42. The rotations in the preloading stage 1 and 2
Stage 1

In the first stage of preloading only half of the span load is applied (P=73 928 N). Table 6-7
summarizes the interface displacement in the Stage 1 in the local system of coordinates LSC
as well as in the global system of coordinates GSC.

The horizontal displacement u is the sum of the horizontal displacement of the hinged support
and the horizontal displacement of the rolling support. In the first stage no horizontal
displacement is measured on the hinged support (the hinge does not allow the horizontal
displacement). On the rolling support a negative displacement is measured (the cable of the
transducer shortens) in the local system of coordinates LSC. The displacement in the global
system of coordinates results by multiplying the measured value with the first term of the
transformation matrix for displacements, thus a positive displacement in the global system of
coordinates GSC is measured (elongation of the beam).

A negative rotation is measured on the hinged support 6,.r, while a positive rotation is
measured for the rolling support 6,;4n,. The values of the transformation matrix of

displacements afferent to the rotations are equal to one, thus the measured rotations in the
furnace represent the values in the LSC as well as in the GSC.

Table 6-7. Interface displacement/rotation in Stage 1

Stage 1 u Oleft Oright
(mm) (mrad) (mrad)
LSC -2.047 -8.931 9.019
GSC 2.047 -8.931 9.019
Stage 2

After the first stage is done the next step is to force the interface displacement and rotations to
be equal to the initial displacements u;p;tial-
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From a value of 2.047 mm (GSC), the horizontal displacement needs to reach a value of 0.04
mm (GSC). The horizontal jack pushes on the beam in order to impose a displacement
approximately equal to zero.

From a value of -8.931 mrad (GSC), the rotation on the hinged support needs to reach a value
of 0.04 mrad (GSC). Thus the vertical jack acting on the cantilever beam close to the hinged
support pushes on the beam until the measured rotation is equal to the defined value of 0.04
mrad.

From a value of 9.019 mrad (GSC), the rotation on the rolling support needs to reach a value
of -0.04 mrad (GSC). Thus the vertical jack acting on the cantilever beam close to the rolling
support pushes on the beam until the measured rotation is equal to the initial defined value of
-0,03mrad.

All the jacks will register a positive value of forces.

The first observation is done based on the registered forces in the horizontal jack (see Figure
6-39). The force varies from 5 tons to 17 tons. The horizontal jack influences the registered
values in the jacks P, Piest and Pright and continuous oscillations in the readings are observed.
The horizontal measured displacement on the hinged support is between 2 and 3 mm. At the
same time the imposed rotations on the support are 2 mrad on the rolling support and -2 mrad
on the hinged support.

Next, the focus was to fix the values of PID in order to reduce the oscillations. It can be
observed in the graphs above that the values are adjusted in such way that the oscillation in
readings is reduced as much as possible in all the jacks acting on the beam.

The improvement in the readings is observed around the 57 min since the preloading stage
started. Soon right after, the induced support rotations are equal to the initial defines values.

The measured axial force varies from 9 tons to 14 tons. The measured forces on the cantilever
vary from 5.50 tons to 6 tons. The oscillation is slightly bigger in the vertical jack positioned
close to the horizontal jack.

To be mentioned that the transducer positioned close to the rolling support has a resolution of
0.0625 mm, while the transducer positioned close to the hinged support has a resolution of
0.039 mm. The section 6.7.2 presents the oscillation of horizontal displacement around the
target value due to the resolution of 0.039 mm of the transducers. The same section mentions
a variation equal to 2 tons within the mentioned resolution. A variation of axial force of 5 tons
during the TEST 2 is justified by the fact that one of the transducers used in the measurements
has a resolution of 0.0625mm.

The stage 2 of preloading was possible only after some corrections in the control process
(software). The first identified error refers to the incorrect implemented unit system. Other
error refers to the impossibility of the jacks to apply the target displacement. Corrections were
implemented, and finally the preloading stage was possible to be performed. The unit system
was corrected and the jacks were able to apply the target displacements.
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Stage 3

The last stage assumes the total span load and the initial interface displacements.

Figure 6-43 to Figure 6-47 present the forces acting on the beam in the stage 3 as well as the
interface displacements and rotations.
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Figure 6-43. The mid-span load in the preloading stage 3
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Figure 6-44. The axial force in the preloading stage 3
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Figure 6-45. The horizontal displacements in the preloading stage 3
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Figure 6-46. The forces in the vertical jacks in the preloading stage 3
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Figure 6-47. The support rotations in the preloading stage 3

In the stage 3 of preloading, the total force P is applied in the span along with the initial
interface displacements Uinitial.

After the preloading in stage 2 and before the preloading in stage 3, the PID is continued to be
tuned in order to get the best possible response of the actuators.

It can be observed that the oscillation in the force Prignt is more pronounced compared with the
oscillation in the force Pt (the 2 actuators and 2 inclinometers have identic characteristics).
The horizontal actuator influences the response of the vertical actuator Pright.

Observations in the preloading stage

Table 6-8 presents the measured values of the interface forces and displacements/rotations in
the TEST 2. The measurements are expressed in the global system of coordinates and are
presented for the 3 defined preloading stages.

Table 6-8. Measured values in the TEST 2

STAGE H Pleft Pright u eleft eright le Vel Ver
(N) (N) (N) (m) (rad) (rad) (m (m (m)

1 0 0 0 0.00205 | -0.00891 | 0.00902 | -0.01631 | 0.00981 | 0.00975

2 -104404 -58510 -59115 -0.00006 | 0.00004 | -0.00004 | -0.00306 | -0.00144 | -0.00138

3 -162341 -112790 -120213 0.00002 | 0.00006 0 -0.00750 | -0.00275 | -0.00344

In the first stage of preloading, i.e. Stage 1, only half of the span loads are applied on the
specimen. Since the beam is simply supported and no interface conditions imposed, the beam
can uphold only half of the span loads in this stage. The interface displacements and rotations,
I.e. U, Ojcre and 6,4y, are measured along with the mid-span vertical displacement v,,, and
vertical displacements on the cantilever extremities, i.e. V,; and V,,. Since the interface
displacements/rotations are free, the forces H, Py,f., and Py;4p, are equal to zero.
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In the next stage, i.e. Stage 2, half of the span loads act on the beam along with the interface
displacements and rotations wnitiqir Oinitiattere @A Oinitiarrigne- The horizontal jack H
imposes the horizontal displacement w;,;¢;4; While the vertical jacks Pz, and Prigp, impose
the support rotations 6initiarierr aNd Oinitiarrigne- The effective measured values at the
interface u, ;.5 and 6,45, are presented in the same table. Please observe that the measured
values in the furnace, i.e. u, 0.5, and 6,4y, slightly differ from the imposed target values,
1.8, Uinitiatr Oinitiatiert AN Oinitiarrigne- The developed interface forces H, P, and Prigp,
are expressed in the same table. The mid-span vertical displacements and the vertical
displacements of the cantilever are measured and expressed in the same table.

In the Stage 3 the initial interface displacements are imposed in the furnace and the total span
load. The initial interface displacements need to be kept in the Stage 3 as in the Stage 2. In
other words, the measured interface displacements u, 6.5, and 6,45, are the same in the
Stage 2 as in the Stage 3. The measured interface displacements in the furnace during the
Stage 2 and 3 are presented in the Table 6-8 and it can be observed a slightly difference. As in
the previous stage, the difference occurs due to the resolution of the transducers. The target
value is not a multiple value of the transducers and inclinometers resolution. Thus, the
measured value varies around the target value without the possibility to achieve the target
value. Nevertheless, the interface forces H, Py, and Py;gp, increases since the span load
increased compared from the previous stage. The mid-span vertical displacement and the
vertical displacement of the cantilevers increases in the Stage 3 compared with the Stage 2.

6.7.4.3. Equilibrium at ambient conditions

Once the loading of the beam is completed (Stage 1, Stage 2 and Stage 3), the interface
reaction forces of the PS should be in equilibrium with the interface forces of the NS at
ambient temperature. The interface forces of the NS at ambient temperature are defined by
Eqg. (90).

Table 6-9 presents the interface forces of the PS versus the interface forces of the NS at
ambient conditions and it can be observed that no equilibrium is ensured. The differences will
be analyzed in the section “Post-analysis of the Test 2”. Nevertheless, the equilibrium needs
to be ensured before starting the hybrid fire tests.

Table 6-9. Interface forces at ambient temperature in the Test 2

PS NS
H —162341 36650
[N]
Mot 78953 —95535
[Nm]
M,igne —84149 95589
[Nm]
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The interface compatibility needs to be ensured along with the interface equilibrium. In the
preloading stages, the initial displacement is imposed on the interface of the PS, meaning that
the compatibility should be ensured. Table 6-10 presents the interface displacements
measured in the furnace versus the initial displacement of the NS. The small differences are
caused by the resolution of the data acquisition system.

Table 6-10. Interface displacements at ambient temperature in the Test 2

PS NS
u 0.00002 0.00004
[m]
Oefe 0.00006 0.00004
[rad]
Oright 0| —0.00003
[rad]

To restore the equilibrium at ambient temperature, the same algorithm is applied as in the case
of fire. Based on out of balance forces, the interface displacement is corrected until the
equilibrium and compatibility are ensured.

The equilibrium at ambient temperature is initiated at the time 7:27:30 and the evolution of
the span force, interface forces and interface displacements is presented in the Figure 6-43 to
Figure 6-47 (the circled area corresponds to the initiation of the calculations).

Every second out of 10 min, new interface displacements have been computed and imposed
on the interface until the iteration process stopped. When the iteration process stopped it
suggested that the equilibrium and compatibility are satisfied.

It was curios that no changes were registered in the horizontal jack but only in the vertical
jacks acting on the cantilever.

The evolution of the interface forces and displacement raised questions, therefore the beam
was unloaded in order to analyze the results.

During this time, some modifications were done in the control process by the person in
charge.

The preloading of the beams was redone and the equilibrium at ambient temperature was
launched one more time. The results showed once again a behavior which was not expected
and some spikes in the forces which indicate some instability. All this actions happened in a
short time and during this time different modifications were done in the control software. All
these modifications were not identified in the post-analysis of the hybrid fire test.

In order to analyze the results, the test was canceled.

By the time when the test was cancelled, the restoring of the equilibrium at ambient
temperature did not work properly. In conclusion, the hybrid fire test was not launched.

The beam did not undergo plastic deformation during the Test 2 despite the different stages of
loading which have been applied. Therefore, the same beam will be reused in the following
test.

Please note that the hybrid fire testing algorithm was implemented in the control process of
Promehee. The software which makes possible the hybrid fire test is specially designed for
Promethee furnace by an external company. The hybrid fire test is operated by a
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representative of the external company which is responsible to implement all the requested
actions during the test.

6.7.4.4. Post-analysis of the Test 2

Identified problems in the preloading stage during the Test 2

The preloading process was possible after a number of trials. Different modifications were
done in the control software in order to be able to perform the preloading stages of the Test 2.

The following problems were identified in the preloading stage of the Test 2:

- The unit system of measurements is defined with some errors;
- The horizontal and the vertical jacks were not able to impose the target displacements,

L.E. Uinitial-

Modifications were done in the control software such as the preloading stages of the Test 2
were possible.

Preloading stages

Differences between the interface forces of the PS and NS are registered in the preloading
stage. In order to understand the differences, the preloading stages have been analyzed in
SAFIR after the test.

The model is build such as for every stage the corresponding span loads and the interface
loads are applied. In the Stage 1 only half of the span load is applied. In the Stage 2 only the
half of the span loads are applied and the interface forces as follows: H = —104404 N,
Piesr = —=58510 N, and P.4ne = —59115 N. During the Stage 3, the total span load is
applied along with the interface forces H = —162341 N, Pyse = —112790 N, and Pyigp; =
—120213 N.

Once the model is built, the analysis runs and the displacements u, 8y.¢¢, Orignt, Vi1, Ve, and
I, are computed and extracted.

The SAFIR analysis is done in two configurations, i.e. Configuration 1 and Configuration 2.
The Configuration 1 refers to the SAFIR model in which the tensile strength of the concrete is
neglected (equal to zero). The Configuration 2 refers to the SAFIR model in which the tensile
strength of the concrete is considered.

Only the compression strength of the concrete is measured in the day of the test. The tensile
strength is computed based on the Table 3.1 of the EN 1992-1-1. The compression test
revealed a compressive strength of the concrete equal to 41 MPa in the day of the Test 2.
Before the Test 2, all the preliminary calculations to prepare the tests are done with the
assumption that the compressive strength of the concrete is equal to 48 MPa. The values to be
defined as the input of the hybrid fire testing are computed when the compressive strength of
the concrete is assumed to be equal to 48 MPa.
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The post-test analysis in SAFIR is done considering the real compression strength of the
concrete in the day of the Test 2, i.e. 41 MPa.

Table 6-11 presents the displacements which result when the SAFIR model is built in the
configuration 1, with no tensile strength.

Table 6-11. Displacements computed in SAFIR in configuration 1 (no tensile strength)

STAGE

H

Pilese

Pright

u

011

eright

4

Vel

14

mil er

(N) (N) (N) (m) (rad) (rad) (m) (m (m)
1 0 0 0 0.00228 | -0.01115 | 0.01115 | -0.01992 | 0.01338 | 0.01338
2 -104404 -58510 -59115 -0.00003 | -0.00047 | 0.00045 | -0.00282 | -0.00005 | -0.00008
3 -162341 -112790 -120213 0.00029 | -0.00184 | 0.00160 | -0.00722 | 0.00102 | 0.00066

Table 6-12 present the displacements which result when the SAFIR model is built in the
Configuration 2 when the tensile strength is considered.

Table 6-12. Displacements computed in SAFIR in configuration 2 (with tensile strength)

STAGE H Pleft Pright u eleft eright le Vel Ver
(N) (N) (N) (m) (rad) (rad) (m) (m) (m)

1 0 0 0 0.00064 -0.00568 | 0.00568 | -0.01132 | 0.00682 | 0.00682

2 -104404 -58510 -59115 -0.00002 -0.00096 | 0.00095 | -0.00306 | 0.00085 | 0.00084

3 -162341 -112790 | -120213 | 0.00004 -0.00187 | 0.00172 | -0.00600 | 0.00156 | 0.00132

The measured results are better suited when no tensile strength is considered in the numerical
model.

The account of the tensile strength in the numerical model has an impact on the reaction
forces measured at the interface of the PS. This is due to the different distribution of the strain
depending on the tensile strength of the concrete. Different distribution of the strain induces
different displacement in the two configurations.

The axial degree of freedom is the most affected by the value of the tensile strength defined in
the numerical model. In the Configuration 1, the horizontal displacement induced by the half
of the span loads is bigger than in the Configuration 2 (0.00228 m versus 0.00064 m). The
difference between the target axial displacement (to be imposed in the furnace) and computed
displacement in SAFIR is bigger for the Configuration 1 than in Configuration 2. Therefore,
the reaction axial force in the Configuration 1 is bigger than the reaction axial force in the
Configuration 2.

To observe this effect, the beam has been modelled in SAFIR when loaded with the
corresponding span loads and the interface displacement for the Stage 2 and Stage 3. The
interface displacements w,;gpne, Bierr and 6,45, Measured during the Test 2 are applied only
in the Stage 2 and Stage 3.

The computed reactions in the Configuration 1 (no tensile strength considered) are presented
in the Table 6-13 whereas the computed reactions in the Configuration 2 (tensile strength
considered) are presented in the Table 6-14.
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Table 6-13. Reaction computed in SAFIR in Configuration 1 (no tensile strength)

STAGE H Piest Piight
(N) (N) (N)

2 -96960 -62786 | -62786

3 -183600 | -129614 | -127671

Table 6-14. Reaction computed in SAFIR in Configuration 2 (with tensile strength)

STAGE H Piese Pright
(N) (N) (N)

2 -44220 -64857 | -64857

3 -53510 | -129729 | -127043

The differences between the measured reaction forces during the Test 2 and the computed
reaction forces in SAFIR (in the Configuration 1 and Configuration 2) are next discussed.

During the stage 2 of the preloading, the measured axial force during the Test 2 is equal to -
104404 N. In the SAFIR analysis, in the same stage, the axial force is equal to -96960 N in
the configuration 1 (model with no tensile strength) and equal to -44220 N in the
configuration 2 (model with tensile strength). The P, force has the following values: -
58510 N in the furnace, -62786 N in the configuration 1 and -64857 N in the configuration 2.
The force Pign. has the following values: -59115 N in the furnace, -62786 N in the
configuration 1 and -64857 N in the configuration 2.

During the stage 3 of preloading, the measured axial force in the Test 2 is equal to -162341 N.
SAFIR analysis, in the same stage, reveals values of the axial force equal to -183600 N in the
configuration 1 (model with no tensile strength) and -53510 N in the configuration 2 (model
with tensile strength). The Py, force has the following values: -112790 N in the furnace, -
129614 N in the configuration 1 and -129729 N in the configuration 2. The force P, 45, has
the following values: -120213 N in the furnace, -127671 N in the configuration 1 and -
127043 N in the configuration 2.

The Configuration 1 (SAFIR model with no tensile strength considered) reveals more
appropriate results to the real values measured in the TEST 2. The effect of the tensile
strength of the concrete is more visible for the horizontal DoF.

Discussion about preloading stages

The concrete tensile strength has a major impact on the behavior of the PS at ambient
temperature, as it was discussed here above.

In the global analysis of the structure (the numerical analysis of the entire structure) the
tensile concrete strengths does not have such an important impact on the results as when
modeling the PS sole at ambient temperature.
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The reason why the tensile strength of the concrete at ambient temperature has a bigger
impact when modelling the PS sole than when performing the global analysis of the entire
structure will be next explained.

e Concrete tensile strength effect in the analysis of the PS at ambient temperature

The following steps are accomplished in the furnace activity before the start of the hybrid fire
tests. The PS is prepared and placed in the correct position in the furnace. No loads are acting
on the beam excepting the self-weight of the beam. The next step is to start the preloading
stage, i.e. the span loads and the initial interface displacements are applied in different stages.
In the first stage, half of the span load is applied and the beam is simply supported. In this
stage of loading the tensile strength of the concrete might be exceeded. In the Stage 2 the
interface initial displacements are applied thus the mid-span bending moment developed in
the Stage 1 is redistributed on the supports. In the Stage 3 the total span load is applied and
the interface conditions are kept as in the previous stage. Therefore, the preloading of the PS
influences the reaction forces developed at the interface and which are next used in the hybrid
process. Moreover, before the test, the PS is kept in special conditions for approximately one
year. The shrinkage phenomenon is another factor to affect the tensile strength of the
concrete.

e Concrete tensile strength effect on the global behavior at ambient temperature

The global numerical analysis at ambient temperature is needed in order to determine the
initial interface forces and displacements. In other words, the input data of hybrid fire testing
are defined after the global analysis is performed.

For the Test 2, the input data (the initial interface forces and displacements, the tangent
stiffness of the PS and NS) have been defined by accounting for the tensile strength of the
concrete.

In the global analysis of the structure performed at ambient temperature, the reaction forces at
ambient temperature are not so much influenced by the value of tensile strength used in the
SAFIR model. The loading of the structure in the global analysis is done in such way that the
tensile strength does not have an important impact on the reaction forces at ambient
temperature.

In other word, in the global analysis, the PS is loaded with the total span load in one step. The
action of the load is redistributed in the mid-span and on the supports. The modeling of the
real boundary conditions of the beam reduces the influence of the concrete tensile strength on
the results at ambient temperature.

It was explained how the tensile strength of the concrete influences the results at ambient
conditions when the PS is loaded in the conditions described in the Test 2 (3 preloading
stages) versus the loading in the global analysis.
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This explains the differences between the reaction forces measured during the Test 2 and the
initial reaction forces defined as the input of the hybrid fire testing. The equilibrium at
ambient temperature needs to be restored before the start of the hybrid fire tests.

Recommendation about preloading stage

The preloading of the PS during the Test 2 was done in 3 stages, as it was presented.

In order to reproduce the conditions of loading as in the case of global analysis, the following
strategy is considered appropriate:

- Place the PS in the furnace;
- Impose the initial displacements at the interface w;p;ziq;;
- Impose the span load P;

The mentioned strategy would imply the real boundary conditions before the span loads are
applied.

The equilibrium at ambient temperature

During the Test 2, the interface reaction forces of the PS were not in equilibrium with the
interface reaction forces of the NS at ambient temperature.

Before the start of the hybrid fire test, the equilibrium at ambient conditions must be restored.
The restoring of the equilibrium at ambient temperature during the Test 2 revealed unexpected
behavior.

This section is committed to understand the behavior observed during the Test 2 when the
equilibrium at ambient temperature was about to be restored.

Figure 6-43 to Figure 6-47 show the evolution of forces and interface displacement after the
preloading stage and during the restoring process of equilibrium at ambient temperature.

Observations and actions during the Test 2 when restoring the equilibrium at ambient
temperature

The following observations are done during the TEST 2:

- The support rotations (6;.r, and 6,;4,) and the afferent vertical forces (P and
Prigne) €Xperience a behavior which is not expected and understood;

- The changes registered by the horizontal force H and the horizontal displacement u
are insignificant;

- The attention during the Test 2 was directed on the behavior of the vertical actuators
and inclinometers since important changes were registered during the calculations;

- Another reason to focus the attention on the vertical actuators and inclinometers was
due to the problems identified in the preloading stages related these specific DoFs. In
the preloading stage, the vertical actuators were not able to impose the target rotations
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moreover, the rotations imposed by the vertical jacks were always exceeding the target
rotations.

The following actions are done during the Test 2:
- checking of the control software and some modifications which have been done by the
person in charge with the control process;
- The modifications which have been done cannot be named now since there was no
written list of the modifications during the test. In this way, not all the actions and the
time of implementations were recorded;

Recommendations for the future:

- registration of all the modifications done in the control system in order to keep track of
the actions and to help in the post-analysis of the test;

Post-test analysis of Test 2 when restoring equilibrium at ambient temperature

In the post-test analysis of the Test 2, the following observations can be done about the action
of restoring equilibrium at ambient temperature:

- The calculation performed to restore the equilibrium starts at the time 7:27:30;

- Modifications are observed in the evolution of forces/displacements for some DoFs;

- The support rotations (6,.r; and 6,;4n) and the vertical force (Pys; and Prigpe)
records some changes;

- No changes are observed in the evolution of the horizontal force H and horizontal
displacement u;

- The changes are registered for 10 min since the starts of the calculations;

- When no changes are registered signifies that the equilibrium has been reached:;

The activities performed to restore the equilibrium at ambient conditions are next discussed
more in details.

Right before the start of the calculation performed to restore the equilibrium at ambient
temperature, the measured displacements in the furnace as the measured reaction forces are
presented in the Table 6-15. The measured values are presented in the global system of
coordinated GSC.

Table 6-15. The measured displacements and reaction forces at the starts of the
calculations in the GSC

Measured displacement Measured reaction force
[m, rad] [N, m]
uright eleft eright H Mleft Mright
0,000157 | 0,000210 | -0,000176 -146763 79848 -83151
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The first observation concerns the measured values of displacements which are not equal with
the initial interface displacements. Figure 6-45 and Figure 6-47 show the measured
displacements and rotations in the preloading Stage 3 and during the calculations needed to
restore the equilibrium. Before the start of the calculations, the displacements oscillate around
the target displacements i.e. the initial interface displacements. The oscillation is due to the
resolution of the data acquisition system.

The values presented in the Table 6-15 are used to compute the new interface displacement to
be imposed at the interface of the PS and NS substructures. The new computed interface
displacements are presented in the Table 6-16.

Table 6-16. The computed displacements in the first iteration

Computed displacements

[m, rad]
Expected values Values of the Test 2
uright Bleft Bright uright eleft eright
0.000313 | 0.000395 | -0.000335 | 0.000156 | 0.000211 | -0.000175

The expected values refer to the displacements which results from the calculation process
when the measure reaction force and measured displacement are considered. The values
computed during the Test 2 are different compared with the expected values and this can be
observed from the first iteration.

To restore the equilibrium at ambient temperature, first the out of balance force is computed.
To do so, the measured reaction force in the furnace is used along with the computed reaction
force of the NS. The computation of the NS’s reaction force makes use of the measured
displacements in the furnace.

The out of balance force is used in the computation of new incremental displacement vector.
Therefore, the new interface displacement to be updated in the furnace is computed based on
the incremental displacement vector and the previous interface displacement measured in the
furnace.

To compute expected values every iteration time step, the reaction forces along with the
measured displacements in the furnace are considered.

The values computed during the Test 2 (see Table 6-16) do not match the expected value due
to the fact that the measured displacement in the furnace is neglected in the calculation
process. In other words, instead of using the measured displacement in the furnace, the
computed displacement in the previous time step is considered.

Since the discussion is done for the first iteration calculations, no previous displacements are
computed. Therefore, zero displacement vector is saved in the memory. The effective value of
displacements is computed based on the zero displacement vector and not on the measured
displacement vector presented in the Table 6-15.
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To be more precise, the intuitive procedure to compute and impose displacements during the
hybrid fire testing is illustrated by the Figure 6-48. Right at the start of the hybrid procedure at
ambient temperature, the measured displacement in the furnace ug' is equal to the computed
displacement ug, i.e. ug' = uj = Ujpiriar- 1he arrow from the computed value towards the
measured displacement suggests that the next step calculation can start once the measured
value in the furnace equals the computed value. Once the equality is fulfilled, the measured
displacement in the furnace ug' is next considered in the calculations to establish the
computed value u5 of the next step. The reason why the measured value is considered in the
calculations is due to the fact than in reality, the measured value uj"* will not be exactly equal
to the computed value uf, i.e. uj* # ui. The difference occurs due to the limitations and
challenges of the data acquisition system during the test. Nevertheless, the difference between
the two values should be as small as possible in order to reproduce valuable results during the
hybrid process.

Displacement

Computed Measured
ug ug'
us u

~

Figure 6-48. The intuitive procedure to compute and impose displacement

The considered procedure to compute displacements during Test 2 is presented in

Figure 6-49. Right at the beginning of the hybrid fire tests, the computed displacement i.e. the
initial interface displacement, is imposed on the PS, therefore the measured displacement ug*
is equal to computed displacement ug. For the calculation of the new displacements uf, the
measured displacements ug® is neglected and the previous computed displacement ug is
considered. The arrow from the computed displacement uj towards the measured
displacements u;™ suggests that the computed displacement is imposed in the furnace. At the
same time for the calculation of the new solution uf,, only the previous computed solution
uf is accounted for.
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Figure 6-49. The considered procedure to computed displacements during
Test 2
The computed value by the algorithm during the Test 2 should be equal with the measured

values in the furnace.

The measured versus computed interface displacements are presented in the Figure 6-50. The
same figure presents the measured reaction forces of the PS versus the reaction forces of the

PS used in the calculations process.
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Figure 6-50. Restoring of the equilibrium at ambient temperature.
Measured versus computed values of the PS

The first observation is done related the reaction forces which are measured in the furnace. It
is evident that the measured reaction forces plots contain spikes. These occur when the
actuator changes directions. The direction changes when the value to be imposed cannot be
registered by the transducers and inclinometers.

To smooth the plot of the measured reaction forces, a new plot is presented where the current
value of the reaction force is computed based on the mean of the previous 10 values. The
computed reaction forces do not only smooth the measured values but also delays the
measured effects. In the calculation process of restoring the equilibrium at ambient
temperature the computed reaction forces are used to calculate the new interface
displacements.

Based on the computed reaction forces, the computed displacements are plotted versus the
measured displacements in the furnace. If the measured support rotations follow the computed
displacement (the imposed displacement) not the same conclusion can be done regarding the
axial DoF. It is obvious from the Figure 6-50 a) that the measured horizontal displacement in
the furnace remains constant and does not follow the computed displacement (imposed
displacement).
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The horizontal actuator did not impose the target displacements (computed displacements) in
the furnace. The impossibility to impose the target displacements appears only when the
equilibrium at ambient temperature starts to be searched. In the preloading stage, the
horizontal actuator along with the vertical actuators is capable to impose the target values.

Nevertheless, we observe that the calculation stopped after 10 min which is a sign that the
equilibrium is reached. This is possible to achieve due to the fact that in every step
calculation, the measured value in the furnace is neglected. All the calculations are done
based on the computed values of displacements in the previous step. The reaction forces were
still registered from the furnace. Therefore, it is assumed that the computed values are reached
in the furnace even if in reality the computed axial displacement is not reached.

In conclusion, two main observations are done about the activity of restoring equilibrium at
ambient temperature:

e The measured displacement in the furnace is neglected in the computation process;
e The actuator to control the axial displacement does not impose the target values;

Despite the identified defaults, the procedure looks promising when the future adjustments
will be done to correct the mentioned drawbacks.

The resolution of the data acquisition system

The resolution of the data acquisition system influences the results of the hybrid fire test

The computed displacement uj characteristic to the time step i represents the displacements
to be imposed in the furnace. If the computed displacement is not multiple of the data
acquisition system resolution, then the measured displacement in the furnace uj" does not
coincide with the computed displacement u;.

The effect of the resolution of the data acquisition system will be next studied in the two
configurations mentioned above. One of the configurations refers to the case when the
measured displacement is accounted in the calculations whereas the other configuration refers
to the case when the measured displacement in the furnace is neglected.

The effect of measured/computed displacement on the results, in the virtual HFT

Figure 6-48 presents the every time step results for the case when the intuitive procedure is
considered. The update of interface displacements needs to account for the value of
displacements measured on the PS in the real hybrid fire test.

Figure 6-49 presents the results for the case when the procedure during the Test 2 is
considered. In this specific case, the real displacement measured on the PS is neglected. The
calculations are done based on the previous computed displacements.
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The virtual hybrid fire tests are performed considering the time step equal to 1 s and the initial
tangent stiffness of the PS is overestimated with a factor of 1.50.

e The account of the measured displacements in the calculations

Figure 6-51 presents the evolution of the interface forces and displacements in the case when
the measured displacements in the furnace are accounted in the calculations of the next step
solution.
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Figure 6-51. The boundary conditions when the measured displacements are considered
in the calculation process
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For the axial DoF, the equilibrium is not ensured, whereas for the rotational DoFs the
equilibrium is satisfied. The slightly divergence from the correct solution is due to the
simplifications used in the modeling of the NS (constant matrix).

The resolution of the transducers in this example is set equal to 0.039 mm while for the
inclinometers is equal to 0.018 mrad, based on the characteristics of the data acquisition
system available in CERIB.

To observe the influence of the resolution, the evolution of the axial force and axial
displacements is next presented for the first minutes of the analysis.

Figure 6-52 presents the evolution of the axial force and axial displacement in different stages
of the hybrid fire test, i.e. the first 2 min of the analysis, between the 6™ and 8" min and
between 150" and 152" min.
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Figure 6-52. The influence of the resolution on the axial DoF in different stages of the
test (the measured displacement considered in the calculations)

The resolution of the transducer induces spikes in the reaction force. The spikes are more
pronounced in the early stage of the hybrid fire testing. The reaction force of the PS does not
equal the reaction force of the NS, therefore no equilibrium is satisfied. The cause is the
impossibility to reach the equilibrium at ambient temperature. The displacement which can
ensure the equilibrium at the ambient temperature cannot be measured by the transducers.
Therefore, the value measured by the transducer induces a reaction force of the PS which is
not in equilibrium with the reaction force of the NS.

The fire starts even if the equilibrium at ambient temperature is not reached and is the main
cause why during the test the equilibrium is not ensured for the axial DoF. For the ambient
temperature, 20 kN variation in reaction force is induced by the resolution of 0.039 mm which
confirms the observations during the test. Once the fire is turned on (the start of the hybrid
fire test) in between two steps, the measured value of axial displacement is constant, while the
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reaction force increases due to the fire exposure. The increase of the reaction force is more
important at the beginning of the test compared with the final stage of the test. This is due to
the decrease of the PS’s stiffness once the exposure advances. This phenomenon can be
observed in the mentioned figure, for different stages of the hybrid fire test. Therefore, the
spikes in the reaction forces are more pronounce in the early stage of the hybrid fire test. In
time, the spikes are not anymore obvious.

Since the inclinometers used to measure the support rotations are more precise, i.e. 0.018
mrad, the spikes for the vertical forces acting on the cantilever are not so obvious.

e The computed displacements used in the calculations

Figure 6-53 presents the evolution of the interface displacements and forces when in the
calculation process the measured displacement is neglected. The displacements applied in the
furnace account for the resolution of the data acquisition system. In this case the equilibrium
is ensured for every DoF. The plot of the axial reaction force shows spikes in the first stage of
the hybrid fire test. For the rotational DoFs the spikes are negligible due to a better resolution
of the inclinometers.
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Figure 6-53. The boundary conditions when the measured displacements are neglected

Figure 6-54 presents the evolution of axial force and axial displacement for different stages of
the test. The zoom aims the first 2 min of the test, followed by the period between 6" and 8"

min and one close to the final stage of the test, between 150" and 152" min.
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Figure 6-54. The influence of the resolution on the axial DoF in different stages of the

test (the measured displacement in the furnace is neglected)

For the update of the boundary conditions, the real values of displacements measured in the
furnace are neglected. It means that the computed value in the previous step is considered in
the computation for the current time step. This is the reason why more spikes are registered in
this configuration compared with the configuration when the measured displacements are
accounted in the calculations.

When the measured displacements are accounted for the calculations, the displacement is
constant for a certain time until the fire action increases and induces a displacement which can
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be registered in the furnace by the data acquisition system. Since the displacement is constant,
the reaction of the NS is constant while the reaction of the PS modifies due to the fire
exposure.

When the computed displacement is used in the calculations, it means that every time step the
reaction of the NS modifies along with the computed displacements. The fire induces
modifications in the PS’s reaction force. When the reaction of the NS and PS modifies every
time step, despite the measured displacement in the furnace is constant, the evolution of
displacements and reaction forces differs compared with the previous case, i.e. the reaction of
the PS modifies due to the fire exposure while the reaction of the NS is constant once the
displacement in the furnace is constant.

Next the comparison between different solutions is discussed.

Figure 6-11 presents the evolution of the interface displacements and forces in the virtual
environment, i.e. the resolution of the data acquisition is infinite. In this case, the every time
step computed displacement is assumed to be applied in the furnace, with other words, the
computed displacements is equal with the measured displacement.

Figure 6-51 presents the evolution of the interface displacements and forces when the
resolution of the data acquisition system is accounted for. Besides that, for the computation of
every new solution, the measured displacement in the furnace is accounted in the process.

Figure 6-53 presents the evolution of the interface displacements and forces when the
resolution of the data acquisition system is considered. The computation of the new solutions
to be imposed on the substructures is done neglecting the measured displacement in the
furnace, with other words, the computed displacement in the previous time step is considered.

The solution presented in the Figure 6-53 presents some variation of force (spikes) during the
proces, due to the resolution of the data acquisition system. Beside the mentioned aspect, the
solution generated in this case is reproducing very well the solution presented in the Figure
6-11. The two solutions are almost identic due to the fact that in the calculation process of the
solution presented in the Figure 6-53 the measured values in the furnace are neglected.

The solution presented in the Figure 6-51 is different compared with the solution presented in
the Figure 6-11. More than that, the spikes in the reading of the reaction force are present
since the effect of the resolution is accounted. The differences between the two solutions are
due to the effect of the resolution and due to the fact that the measured displacement in the
furnace is considered in the calculations process.

Therefore, it has been observed that the characteristics of the furnace facility, e.g. the
resolution of the data acquisition system, lead to solutions which are different compared with
the solution in the virtual environment when the effect of the resolution is neglected.
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Conclusions related the effect of the resolution and the effect of the measured/computed
displacement on the results

The following conclusions can be done:

- The resolution of the data acquisition system influences the results of the hybrid fire
tests as proved in the previous exercise performed in the virtual environment;

- No sensitive analysis has been done to observe the influence of the time step, the
stiffness of the PS and different resolutions on the results;

- The previous exercise shows that the results of the hybrid fire testing are more
accurate when the measured displacement in the furnace is neglected in the
calculations;

- Neglecting the measured displacement in the hybrid fire calculations show better
results for the selected resolution of the transducers and inclinometers, for the time
step selected and for the stiffness of the PS;

- For different examples, the observations underlined in the previous example might not
be applicable.

The following recommendations are underlined:

- More detailed analysis is needed in order to observe the effect of the resolution on the
results and the effect of the measured displacement versus the computed displacement.

6.7.4.5. Summary of the Test 2

The Test 2 helped identifying problems in the control process and at the same time helped
improving the configuration of the tests.

The lessons learned during the Test 2 are the following:

e The system used to measure the horizontal displacement is too flexible;

e The resolution of the data acquisition system has an important impact on the results;

e The control system needs to be developed properly for successful hybrid fire tests.
Many errors have been identified in the control system when trying to perform the
Test 2;

e The expected axial forces during the hybrid fire tests represent less than 50% of the
total capacity of the horizontal jack;

Because of the problems identified on the day of the test after the preloading stage, it was
decided that it would not be safe, for the specimen, for the testing equipment and, possibly,
for the personal, to start the real fire test, i.e. starting increasing the temperature in the
furnace. It was decided to allow some month for analyzing and fixing the errors in the control
system, to improve the displacement measuring system and to verify the theoretical procedure
that had been developed.
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6.8. Test3

6.8.1. Motivation and Description

The objective of the TEST 3 is to repeat the TEST 2 but at the same time to improve some
aspects in order to be able to produce better results. Thus, the TEST 3 represents somehow the
continuation of the TEST 2.

The position of the jacks is kept the same as in the configuration of the Test 2. Moreover, the
same beam which has been used for the TEST 2 is reused for the TEST 3. The solicitations
during the TEST 2 did not induce plastic behavior and no cracks have been observed. The
area of the beam in the contact with the horizontal jacks is slightly damage (falling of the
concrete in some parts). Even like that the beam is considered proper to perform a new test,
i.e. TEST 3.

6.8.2. The testing equipment

e Transducers and inclinometers
The same type of transducers and inclinometers are used in the TEST 3 as in the TEST 2.

It has been discussed that the oscillation of the force is directly affected by the step resolution
of the transducers and inclinometers. The resolution of inclinometers is concluded to be
appropriate since the force oscillation in the jacks controlling the rotations is not significant.
The oscillation of force in the horizontal jack is significant and is induced by the resolution of
the transducers. The section 6.7.2 presents the effect of the resolution, i.e. 0.039 mm, on the
measured horizontal forces. The same effect is observed during the TEST 2.

Even though a better resolution of transducers would reduce the oscillation of forces, in the
end the decision is to continue the TEST 3 with the same type of the data acquisition system.
The pro argument weights more than the argument against. Table 6-17 presents the mentioned
arguments.

Table 6-17. The arguments to decide the type of the transducers in the TEST 3

Arguments against Pro arguments
e The resolution of the transducers, i.e. e The induced noise once the burners
0.039 mm and 0.625 mm, induces are turned on cancel the positive
important oscillation of the axial contribution of the transducers with a
force. better resolution.

e The configuration of the measurements

The same displacements and rotations are measured during the TEST 3 as in the TEST 2. The
difference in the TEST 3 consists in a new system to help measuring the horizontal
displacements of the supports.
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The new system is presented in the Figure 6-55 and serves to attach the transducers and to
attach a wheel which helps redirecting the direction of the transducer’s cable. The system is
stiff and does not affect the displacements. The wheel is stiff but at the same time permits the
rotation needed when the cable of the transducer shortens or elongates.

The place where the horizontal displacement is measured did not change. Only the system
needed to make possible the measurement changed.

Figure 6-55. The new system to measure the horizontal displacement in the TEST 3

e The actuators
The section 6.7.2 describes the available equipment in the CERIB fire facility.
The actuators have been analyzed in the same sections and some observations are done.

One of the observations refers to the effect of the hydraulic friction joints. The hydraulic
friction joints induce errors in the reaction force when the direction of the actuator is changed.
Thus, jacks with mechanical friction joints are recommended in hybrid fire tests.

Changes or replacements of some parts of the fire testing facility are not economical and
intermediate solutions can be adopted in order to improve the final results.

To cancel the negative effect of the hydraulic joints, the loads cell is placed on the horizontal
jack (see Figure 6-56).

In order to be able to use the readings of the load cell in the hybrid algorithm, modifications
of the control process are required. The modifications were not done for the Test 3 but the
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load cell is still placed on the horizontal jack. A comparison of the values used in the
calculations with the one measured by the load cell is planned to be done at the end of the test.
The loads cell did not register the measured forces at ambient temperature (it was not turned
on) and it was due to be turned on once with the start of fire.

Figure 6-56. The load cell placed on the horizontal jack

6.8.3. Test Setup and Procedure

Beam preparation/ Furnace preparation/ Instrumentation layout

Since TEST 3 is a continuation of the TEST 2, the beam preparation, the furnace preparation
along with the instrumentation layout are repeated for the TEST 3.

6.8.4. Solution proposed to increase the axial force

The expected axial force to be induced in the beam represents less than 50% of the capacity of
the horizontal jack.

Thus, the jack operates with the inferior capacity. The errors induced in the reading process
are significantly higher if the actuators are not used at the full capacity.

A new structural system is proposed for the TEST 3 (see Figure 6-57).
The modifications in the TEST 3 are the following:

e The arc is introduced in the span number three to increase the axial force in the tested
beam;

e The loads acting on the arch are doubled compared with the loads acting on the roof
beams. The curved part of the roof serves to develop a plantation, therefore the loads
are doubled;

e The analyzed structure is considered to be built besides a stiff building. The stiff
building represents a bracing system for the analyzed structure, so no horizontal
displacements in the left sight of the building are allowed.
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The other characteristics are kept as in the configuration proposed for the TEST 1 and TEST
2.

Fo

Fo

Fo

e
Fo o F0 o

F0 Fo F0 Fo

Figure 6-57. The structural system proposed for the TEST 3.

6.8.5. Test Results and Interpretation

6.8.5.1. The input data of the algorithm

Since the configuration of the analyzed structure changed, some of the input data of the
algorithm modify i.e. the stiffness of the NS and the initial forces and displacements at
ambient temperature.

Before the TEST 2, the compressive strength of the concrete is determined based on the
measured values at 7 days, 28 days and during the TEST 1. Therefore, a value of 48 MPa
concrete compression strength is assumed for the TEST 2. The compressive tests of samples,
performed in the day of the TEST 2, showed a compressive strength of 40 MPa.

All the preliminary analysis made for the TEST 3 are done with a concrete compressive
strength of 40 MPa.

The stiffness of the PS is defined for the characteristic compression strength of 48 MPa.

Next are presented all the input values which have been changed during the TEST 3.
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The stiffness of the NS

The predetermined matrix used for the TEST 3 is presented by the Eq. (98). The compressive
strength of the concrete is considered equal to 40 MPa.

2010 -2.76  17.60
‘ (98)

Ky = 10° [—2.76 86.30 —1.63
17.60 —1.63  89.40

The vector of interface forces of the NS at ambient temperature

Equation (99) presents the interface forces of the NS at ambient temperature for the TEST 3.
71750
Fy initiat = | —97 633

96 309

(99)

The increase of the axial force at the ambient temperature can be observed in the

configuration of the TEST 3 compared with the configuration of the Test 2 (71 750 N versus
36 650 N). For comparison, see Eq. (99) and Eq.(90).

The vector of interface displacements at ambient temperature

The vector of interface displacements at ambient temperature is presented by the Eq.(100).

—0.00004
} (100)

Uinitial = [ 0.00016
—0.00023

All the other input values are equal with the one defined for the Test 2.

6.8.5.2. Preloading stage

Plan

Some recommendations are presented in section 6.7 on how to apply the loads on the PS.
During the Test 3 these recommendations are not used since they have been derived at a later
stage.

The summary of the span loads and interface displacements applied on the PS is presented in
Table 6-18 in the global system of coordinates.
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Table 6-18. Loading of the PS in the TEST 3

STAGE P u eleft Bright
(N) (m) (rad) (rad)
1 18482 x 4= 73928 Not applied Not applied Not applied
2 18482 x 4= 73928 -0.00004 0.00016 -0.00023
3 36 964 x 4 =147 856 -0.00004 0.00016 -0.00023

Observations made during the preloading stages in the Test 3

In the first stage of preloading only half of the span load is applied on the beam. The
developed displacements are measured and compared with the one computed in the SAFIR
model. It was observed that the measured values are comparable with the computed values.
The stage 2 of preloading is ready to start. During this activity, the interface initial
displacements should be applied. It was yet quickly observed that the jacks were not able to
impose the target displacements prescribed by the developed theory, revealing that the
corrections made by the person in charge of the control process have not been successful.
Some aspects of the control process that had been solved at the end of Test 2 (the jacks were
able to impose the target displacements in the preloading stage) revealed to be unstable again,
whereas, according to the person in charge, no modification should have been made on these
aspects.

The beam was thus unloaded in order to save it from destruction and allow some time for
analyzing the problem.

When the beam was unloaded to search the reasons why the preloading process is not
possible, the person in charge with the control process was distracted by a question from a
technician who entered in the control room. Because of the distraction, the automatic loading
of the beam was unwillingly and inadvertently activated. This implied the increase of the
horizontal force along with the increase of the vertical forces acting on the cantilever part of
the beam. The negative bending in the span combined with a big compression force created a
solicitation for which the specimen had not been designed and this caused the sudden failure
at mid span, with the jacks loading the span loosing support and being expelled violently.
Figure 6-58 presents some pictures of the beam after failure

Figure 6-58. The failure mode of the beam in the TEST 3
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Conclusions of the Test 3

During the Test 3 the specimen was destroyed before being able to reproduce at least the
activities from the Test 2.

In these conditions the proposed algorithm for hybrid fire testing could not be tested
experimentally.

6.9. Summary

The chapter 6 presents the implementation of the proposed hybrid fire testing methodology on
a case study. The case study refers to a moment resisting frame where the PS is represented
by the roof beam. The detailed description of the case study is presented along with the
procedure to define the predetermined matrix of the NS.

The configuration of the tests is next presented for the traditional test and for the hybrid tests.

Before performing the hybrid fire test, a detailed analysis is done in the virtual environment.
The analysis in the virtual environment was possible due to the developments implemented in
SAFIR.

First, the first generation method is analyzed in the virtual environment showing that the
instability occurs at the beginning of the fire test.

The new method showed good results in displacement control procedure and no instability
occurred. Sensitive analysis was performed in order to select the proper value of the time step
and the stiffness of the PS. The displacement control procedure is selected to be implemented
in the real hybrid fire test.

The new method was implemented in SAFIR also for the force control procedure. The virtual
hybrid fire tests performed in force control procedure showed some limitations in the moment
when the behavior of the PS registered some changes. No sensitive analysis was performed
for the case when the force control procedure is applied. Not much attention was payed to
force control procedure and more research is needed to make some final conclusions.

The real hybrid fire test is ready to be performed in CERIB furnace facility.

The first performed test, i.e. Test 1, was a traditional test made in the purpose to compare the
results of the standard test with the one of hybrid fire test. The results of the Test 1 showed
good agreement with the SAFIR predictions.

The Test 2 was designed to be a hybrid fire test. Before starting the test, the available
equipment is analyzed in details and the resolution of the data acquisition system is observed
to have an impact on the reaction forces. The following steps need to be fulfilled when
performing the test (i) the preloading of the beam, (ii) the restoring of the equilibrium at
ambient conditions and (iii) the hybrid fire test itself. Only the first two steps have been
successful when performing the Test 2. Different errors of the control process have been
identified while performing the first two steps. Some of them have been corrected during the
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preloading stage. When performing the equilibrium at ambient temperature, the horizontal
jack was not capable to induce the target displacements and the measured displacements in
the furnace have been neglected in the calculation process. These facts have been concluded
in the post-analysis of the Test 2. Since the equilibrium at ambient temperature induced
unexpected behavior, the Test 2 was called out in order to understand the causes.

The following test, Test 3, was a continuation of the Test 2 in the conditions that some
improvements are implemented, first, in the control process. Also, the configuration of the
tests is modified in order to generate bigger axial force than in the previous case. The system
considered to measure the horizontal displacements is modified, in order to ensure a better
environment for the measurement of the horizontal displacements. During the Test 3 the same
steps as in the Test 2 should be followed: (i) the preloading of the beam, (ii) the restoring of
the equilibrium at ambient conditions and (iii) the hybrid fire test itself. In the preloading
stage of the PS, unexpected behavior of the control system occurred. While reflecting on the
possible reasons of the errors, the person in charge with the control process get distracted and
inadvertently activated the automatic loading of the PS which led to destruction of the PS.

In the mentioned conditions, no hybrid fire test was performed. The proposed algorithm for
hybrid fire testing was not checked experimentally since from the first actions of the test
(preloading stages and restoring of the equilibrium at ambient temperature) many errors of the
control process have been identified.
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7. GENERAL CONCLUSIONS

7.1. Summary

The hybrid fire methodology considered in the full scale hybrid fire tests is analyzed in the
first part of the thesis. The “first generation method” of hybrid fire testing refers to the
methodology considered in the former hybrid test performed on full scale structural elements.
It is shown that the applicability of the first generation method depends on the stiffness ratio
between the NS (the part of the structure modeled aside) and PS (the part of the structure
tested in the furnace). For a stiffness ratio bigger than one, i.e. the NS is stiffer than the PS,
the displacement control procedure is requested to be applied during the test in order to avoid
the instability of the process early in the tests. A force control is applied when the stiffness
ratio is smaller than one, i.e. the PS is stiffer than the NS. The stiffness ratio between the
substructures varies during the tests due to the fire exposure. The force control procedure or a
displacement control procedure is selected to be applied based on the stiffness ratio values.
The modification of the stiffness ratio is not easy to be predicted before the hybrid test,
moreover in the condition that some specific phenomenon such as spalling can occur.
Therefore, is not easy and safe to select the procedure to be used during the hybrid fire test in
order to avoid the early instability during the tests. The possibility to switch from one
procedure to another during the tests or to use mixed force/displacement control procedure
has its own limitations. To be able to switch from one procedure to another first the perfect
time needs to be selected in order to be successful. Moreover, the facility where the hybrid
fire test is performed needs to give the possibility to work in force and displacement control,
depending on the structural case proposed for analysis. To be able to apply the displacement
control procedure and the force control procedure in the same facility introduces complex
tuning activities. Even if from theoretical point of view the first generation method is
applicable in different cases when the force and displacement control procedures are mixed,
from experimental point of view is challenging.

Every time step when the boundary conditions of the substructures are updated, the stiffness
of the PS is neglected in the calculations process. The only use of the NS’s stiffness causes
the dependency of the first generation method on the stiffness ratio between the substructures.
The first generation method is exemplified on a simple elastic truss system. The exercise
helps underlining the characteristics of the first generation method, such as the advantages
and the drawbacks.

The new methodology considers the stiffness of the PS along with the stiffness of the NS in
the update process of the new boundary conditions during the test. Therefore the new
methodology is stable independently on the stiffness ratio between the substructures. The new
method is implemented in displacement control procedure in order to be able to capture the
failure of the specimen. Since the update of the PS’s stiffness during the hybrid test is not
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done, the initial tangent stiffness of the PS is used in the calculations. Therefore the selection
of the time step to update the boundary conditions of the substructure is important in order to
achieve equilibrium and compatibility at the interface. Moreover, it is important to establish
the correct value of the initial tangent stiffness of the PS in order to ensure stability and
accurate results. The values of the time step as well as the value of the initial tangent stiffness
matrix are chosen based on the type of analyzed structure. The influence of the time step and
the initial tangent stiffness on the results is observed when the new method is applied for the
case of the simple truss system.

The new method is implemented in Promethee furnace facility and a concrete beam is planned
to be tested by means of hybrid fire testing. The rest of the structure is represented by means
of a constant predetermined matrix. The tested beam is part of the moment resisting concrete
frame. The “virtual” hybrid fire test is performed prior the real hybrid fire test in SAFIR. A
new subroutine is developed in SAFIR which gives the possibility to run virtual hybrid fire
tests. The scope of the “virtual” hybrid fire tests is to predict the behavior of the PS during the
test and to help choosing the correct value of the time step and initial tangent stiffness matrix.

The beam is first tested as a singular component, with no interaction with the rest of the
structure. Such test is a traditional test performed in most of the cases. The results are planned
to be compared with the results of the hybrid fire tests.

The first hybrid fire test is prepared and planned to be performed. Before starting the hybrid
fire test, the beam is loaded with the exterior loads and interface conditions at ambient
temperature. This stage of the test already reveals some experimental difficulties. The data
acquisition system and transfer system might not be accurate enough to ensure good results.
The resolution of the measurement system is considered insufficient compared with the values
to be updated every time step. The noise produced during the tests does not support the use of
a more accurate data acquisition system. Before turning the burners on in the furnace, the
equilibrium at ambient condition between the substructures is restored. In this stage of the test
unexpected results are observed and the test is called out in order to understand the errors. The
unexpected results are produced due to some error in the code of the control system. The post-
analysis of the Test 2 helped identifying the issues of the control system and are analyzed in
details in the thesis.

The beam tested during the first trial of hybrid fire testing is reused for the next hybrid fire
test referred to as the Test 3. Some improvements have been done based on the observations
from the previous tests, i.e. Test 2. The system to measure the horizontal displacement is
replaced, being stiffer than in the previous case. As mentioned previously, the resolution of
the transducers is limited; nevertheless, the same transducers are used based on the hypothesis
that the noise during the hybrid test has a bigger influence than the resolution of the
transducers. In the previous test the axial force to be reproduced during the tests is considered
too small in comparison with the capacity of the horizontal jack. Therefore, the configuration
of the analyzed structure is modified to increase the value of the axial force. In the early stage
of the test, the person in charge with the control process activated by mistake the loading of
the beam which lead to failure.
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No hybrid fire test has been performed.

7.2. Conclusion

This thesis presents the development and the implementation of a hybrid fire testing method
which was applied numerically on a concrete structure with elastic boundary conditions.

The main contributions and observations of this thesis are summarized here below.

Methodoloqy of hybrid fire testing

The “first generation method”, i.e. the method considered in the former tests where the
numerical structure is considered separately from the physical structure, is
conditionally stable on the stiffness ratio between the NS and PS. In the cases when
the PS is stiffer than the NS, a force control procedure is stable, while a displacement
control procedure is stable in the case when the NS is stiffer than the PS.

The instability of the first generation method is due to the fact that in the calculation
process of the boundary conditions only the stiffness of the NS is considered.

In order to ensure stability, independently on the stiffness ratio of the substructures,
the stiffness of the PS must also be considered in the calculation process of the
boundary conditions.

The second generation method is stable independent on the stiffness ratio due to the
fact that when the boundary conditions are updated, the stiffness of the NS and PS are
both considered.

The second generation method is recommended to be implemented in displacement
control procedure since the force control procedure may be unstable even if the
stiffness of both substructures is considered at the interface and, also, because a
displacement control may allow following the large displacements of the system at the
later stage of the test, when the PS becomes unstable, giving a better insight into the
failure mode.

The second generation method was developed considering a predetermined matrix in
order to represent the behavior of the NS. The limitations of the predetermined matrix
are that the nonlinearities in the NS are neglected and the NS cannot be exposed to
fire.

The case when the nonlinearities of the NS are considered would need some additional
strategies in order to implement the method in a fire facility. The strategies refer to the
appropriate development of the FE model in order to be suitable for hybrid fire testing,
the proper selection of the parameters to produce accurate results, or the strategies
referred to the proper control system in the fire facility.
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Hybrid fire testing

e To be able to perform successful hybrid fire tests, an adequate control system is
required.

e The proposed hybrid fire test in this thesis was not successful but important
observations are done after the trials.

e The loading of the system (with the exterior loads and the interface displacements) at
ambient temperature turned out to be sensitive to the data acquisition system and
transfer system.

e A proper solution must be adopted in order to avoid the experimental errors. The
system considered to help measuring the horizontal displacements was improved after
the first trial of the hybrid fire test.

e The resolution of the data acquisition system has an important impact on the results
since the interface equilibrium can be affected along with the accuracy of the results.

e The capacity of the transfer system, i.e. actuators, should be selected appropriate for
the range of expected reaction forces.

e Different results of virtual hybrid fire testing are obtained depending whether, in the
calculation process, the measured displacements or the calculated displacements are
considered. Better results are observed when the measured displacement in the furnace
is neglected in the calculation process for this specific case study. More analysis needs
to be done to explain the influence of this factor on the hybrid fire results.

Numerical implementation

e The virtual hybrid fire testing was possible after some modifications were
implemented in the FE software SAFIR.

e The implementation was developed only for the case when the NS is represented by a
predetermined matrix.

7.3. Future work

In the analyzed case study, the NS is chosen to be represented by the constant predetermined
matrix. The predetermined matrix is only appropriate when the NS is not exposed to fire. The
heated PS can induce plasticity in the cold surrounding hence the constant matrix does not
reflect the real behavior of the NS. The next step of the future work aims the study of hybrid
fire testing when the NS is modelled in FE software and eventually is exposed to fire. The use
of the FE model influences the possible minimum time step to be used during the hybrid fire
test. Thus, the effect of the calculation time needs to be further study.

In the case when the NS is represented in the FE software, a strategy needs to be developed in
order to make possible the connection between the FE model and the furnace facility.

Until now, the static equation is solved during hybrid fire testing. In the final stage of the
hybrid tests, when large deformation occurs and the PS is unstable, a dynamic approach might
be needed to succeed the test until the failure.
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One of the further developments is the possibility to update the temperature in the FE model,
based on the measured temperature in the furnace. The influence of the temperature updates
should be analyzed.

From the experimental point of view, the first objective is to perform the tests described in
this thesis. Every time when a new development is done, the experimental approach is aimed
to be performed in order to validate the imposed improvements.

An important aspect that should be analyzed in details is the propagation of errors in the
process, e.g. rounding or truncating the calculated values, lack of accuracy of the different
sensors, limited resolution of the sensors, delay between the time when the request is sent to
the actuators and the time when it is actually processed.
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A. APPENDIX A: CERIB FIRE FACILITY

A1l. The dimensions of the furnace

Promethee furnace allows performing tests on structures with representative dimensions
(furnace 6m long and 3.60m wide) having the possibility to test 10 m long structural elements
which are heated only for a distance of 6m. Vertical elements (columns or walls) with the
dimensions of 3m height and 3m wide are possible to be tested. The specimens can be
horizontally and vertically loaded and as fire loads, conventional thermal loading (ISO 834,
hydrocarbon fire curve or modified hydrocarbon fire curve) along with the natural fires can be
reproduced. The innovative part of the facility is the possibility to perform hybrid fire testing.

Thus the actual dimensions of the structure to be tested are (i) 6m long, (ii) 4m wide and (iii)
from 2.6m to 6m height.

Figure A-1 present the fire facility of CERIB known as Promethee furnace.

Figure A-1. Promethee furnace.

A2. Mechanical characteristics

Promethee furnace disposes of the following jacks:
e 18 vertical jacks working in compression
-1 with 300 tons capacity and stroke of 50cm;
- 4 with a 50 tons capacity and stroke of 50cm;
- 4 with a 30 tons capacity and stroke of 40cm;
- 9 with a 5 tons capacity and stroke of 50cm;
e 9 horizontal jacks
-3 with 125 tons capacity in compression and 60 tons in tension, with a stroke of
50 cm;
- 6 with a 50 tons capacity in compression and stroke of 40cm;
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e 2 vertical jacks with a 30 tons capacity in compression and stroke of 100cm which are
applied at the extremities of the cantilever of a test element. These jacks are used when
testing connections are characterized by rotations up to 10°.

A3. Other specific characteristics

A series of displacements sensors and inclinometers can be used. The temperatures on the
different faces of the structure and inside the tested element are monitored by thermocouples.
The forces to be applied by the jacks are computed by hydraulic pressure sensors. All these
measurements are completed by endoscopic view of the test elements during the test.

The total power of the furnace is 10.8 MW and is generated by 16 gas burners. The furnace is
controlled by 30 regulating thermocouples.

A large number of fire scenarios can be generated where temperatures up to 1320°C are
possible. This includes the 1SO 834 curve, the standard hydrocarbon curve, and the modified
hydrocarbon curve.

The structural elements to be tested are air-conditioned stored. The storage room is
characterized by a surface of 350 m2, 8m height with 23°C and 50% relative humidity.

Before this thesis, the first generation method was implemented in force control procedure
where the interaction is produced by simulating the rigidity of the cold surrounding using the
external forces at the extremities of the specimen. These forces are computer controlled to
apply loads in accordance with the measured displacements.

As a result of this thesis, the novel method to perform hybrid fire testing is implemented in a
displacement control procedure. The displacements are computer controlled to apply
displacements in accordance with the measured forces. In the same time the cold surrounding
(NS) is model via the predetermined matrix and since the stiffness of the PS is required during
the procedure, the initial tangent stiffness is also defined.
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B. APPENDIX B: LOCAL VERSUS GLOBAL SYSTEM OF
COORDINATES IN THE NEW IMPLEMENTED
METHODOLOGY SPECIFIC TO CERIB FIRE FACILITY

The transformation from the global system of coordinates GSC to the local system of
coordinates LSC (and other way around) in CERIB fire facility is presented in this appendix.

Data acquisition system

During a fire test the common data to be measured are:

e Temperature evolution for specific locations of the PS;
e Displacements and rotations;
e Forces;

The update of the boundary conditions can make use of all this information. In the former
hybrid tests only the displacements and forces are used in the update of the boundary
conditions. The temperatures can be used in the hybrid process if there is interest in updating
the temperatures of the NS in real time. Nevertheless, the utility of updating the temperatures
during the hybrid process still needs to be studied along with a definition of cases when there
is needed to do so. To consider the temperature as a component of hybrid fire testing was not
the aim of this project. One of the main reasons was due to the fact that the NS of the
proposed case study was cold during the hybrid test.

Nevertheless, the data acquisition system is presented in Figure B-1. The temperature is
measured by thermocouples, the displacements are measured by transducers, the rotations are
measured by the inclinometers while the loads are measured using the load cells. Other
possibility to measure the loads is the pressure of the actuators.

Thermocouple Transducer and Inclinometer Load cell

- T A\
- \

r—— =

—

Figure B-1. The data acquisition system used by Promethee
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Transfer system

The transfer system refers to the part of the furnace which induces the new boundary
conditions.

The new boundary conditions can be enforced by applying at the interface of the
substructures:

e Displacements (displacement control procedure);
e Forces (force control procedure);

The displacements/rotations and the forces/moments are applied by jacks as presented in
Figure B-2. The jacks can have different orientations depending on the action that is required.

For vertical forces and vertical displacements, the jacks will be vertically oriented while for
the horizontal displacements and forced the jacks will be horizontally oriented. To induce
rotations some additional parts of the PS are needed. One example is presented in the Figure
B-2 where to induce the rotation and the bending moment for a beam, a vertical jack is acting
with a lever arm on the cold cantilever part of the tested beam. Some other solutions can be
adopted depending on the furnace facility.

Vertical jacks Horizontal jacks Moment effect

Figure B-2. The transfer system used by Promethee

The sign convention for data acquisition system

e The inclinometers

Figure B-3 presents the sign convention for the registered rotation. Depending on how the
inclinometer is fixed on the specimen, positive or negative rotation will be registered. A
positive rotation is registered for counter clock direction while clock wise direction defines
the negative rotation. The specified convention is available only if the position of the
inclinometer is the one presented in the figure (the “+” sign in the left while the “-* sign in the
right). Please note that if the inclinometer is turned with 180° (the “-* sign in the left and the
“+” sign in the right) then a positive rotation is defined by the clock wise direction, while the
negative rotation is defined by the counter clock wise direction.
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Figure B-3. The sign convention of the inclinometer

In conclusion the sign of rotation can be imposed by the user by taking care of the
inclinometers position.

e The transducers

Figure B-4 refers to the sign convention of the transducer. The sign depends on the entry or
exit of the transducers cable. If the wire entries the transducer, then a negative displacement is
registered while if the wire exits the transducer a positive displacement is registered.

Figure B-4. The sign convection for the transducers

e The jacks

Figure B-5 presents the sign convention for the jacks. The sign of the registered force depends
on the entry or exit of the jack. For entries of the jacks negative forces are registered while for
the exit of the jack positive forces are registered.
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Figure B-5. The sign convention for jacks

The sign convention for the transfer system

While the transfer is composed of jacks, the sign convention is the same as the one presented
in the Figure B-5.

Transformation matrices

The transformation matrices have been conceived for the transformation of the coordinates
from the local/global system of coordinates to the global/local system of coordinates. The
principle of the transformation matrices is relatively simple and it will be explained next in
details.

The first step is to define the global system of coordinated GSC in the furnace as presented in
Figure B-6. Along with the global system of coordinates we define the displacements: u as
the horizontal displacement, v as the vertical displacement and 6 the rotation.

Where
¥y v 0
ull x; U=Xp—Xp-1
; viy; V=Yn—Yn-1
X u

Figure B-6. The definition of the global system of coordinates
e Force sign convention

Let us not with F; the force in GSC and F, the measured force in the jack. The measured
forced by the jack depends on the position of the jack in the furnace. Different cases will be
next presented in the Figure B-7 depending on the position of the jack compared with the
global system of coordinates. The position of the jacks will define the transformation matrix.

The arrow shows the direction of the forces in the GSC while the thinner part of the jack
indicates the direction of the jack. The jacks can have the same direction with the axes of the
GSC thus the transformation factor is equal positive one (Case 2 and Case 4). When the
direction of the jack does not coincide with the direction of the GSC axes then the
transformation factor is equal negative one (Case 1 and Case 3).
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Case1l: Fj = —-1x*Fg Case 2: Fj =1xFg

Case3: Fj=—1xFg Case4: Fj=1xFg

Fg - Fy Fg | F

Figure B-7. Position of the jacks compared with the axis of the GSC.

Let us consider the body presented in Figure B-8 loaded with different loads in the global
system of coordinates GSC.

Figure B-8. Body loaded with forces

From the GSC the values need to be transformed in the LSC, depending on the solution
chosen in the furnace to apply the loads (the jack’s position).

In conclusion the transformation matrix for forces T, presented by Eq. (101) is defined as a
diagonal matrix with positive or negative values of one, depending on the position of the jacks
compared with the GSC. Usually the position of the jacks in the furnace is vertical or
horizontal.

+1 0 0
To=|0 +1 0 (101)
0 0 +1

Note that if the position of the jacks is different than vertical and horizontal, then the diagonal
terms of the transformation matrix will have different values than positive or negative one. In
this situation the trigonometric formulas will be used to compute the horizontal or the vertical
component of the applied force.
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If the transformation matrix is defined only by positive and negative values of one then the
inverse of the transformation matrix is the transformation matrix itself as presented in Eqg.
(102).

T, =T, " (102)

In conclusion if F; is measured in the furnace and F is computed then F; =T, = F;. If F;
is computed and F; needs to be applied in the furnace then F; = T * F;.

e Displacement sign convention

The vertical and horizontal displacements are measured using the transducers presented in
Figure B-9. The transformation matrix is defined by the orientation of the transducer
compared with the axis of the GSC.

v Cable

<"

Figure B-9. Representation of the transducer

Figure B-14 presents different cases of different transformation values of the matrix. The
transformation matrix of displacements is defined following the same principle as the
transformation matrix of forces where the position of the transducers will induce positive or
negative term in the main diagonal of the matrix. The transducer has the direction of the axis
of the GSC in the Case 2 and Case 4, while for the Case 1 and Case 3 the transducer is
oriented in the opposite direction of the GSC. The displacement in the GSC is noted with u;
in this example while the displacement measured in the furnace with u;.

Casel:u; = —1*ug Case 2: u; =1+ ug
Ug Uy Ug L]
—> ] —> [
Case 3: uy = —1 *ug Cased:u; =1+ug

Figure B-10. The position of transducer compared with the axis of the GSC
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If we consider the body loaded with random displacements as presented in Figure B-11 then
the transformation matrix T, is defined by the Eq. (103).

Figure B-11. Body loaded with displacements

The position of the transducers in the furnace compared with the GSC will define if the values
in the main diagonal will be positive or negative. Note that in practice the transducers will be
used in a parallel position with the axis of the GSC.

+1 0 0
Ty,=[0 +1 0 (103)
0 0 +1

In this case the transformation matrix of displacements has the property to be identic with the
invers of the transformation matrix of displacements as presented in the Eq. (104).

TU == TU_l (104)

Hence if u; is measured in the furnace and u, is needed then u; = Ty = u; while if ug is
computed and u; needs to be applied in the furnace then u; = T, * ug.

e Sign convention for rotations

The anticlockwise rotation is positive defined in the GSC as presented in Figure B-12. The
measurement of the rotation in the furnace is done using the inclinometers. The inclinometers
measure a positive or a negative rotation depending on how the inclinometer is placed on the
PS compared with the GSC.

0;>0

™

Figure B-12. The GCS and the positive rotation

The transformation from the calculated rotations (GSC) to the measured rotations in the
furnace depends on the position of the inclinometer compared with the GSC, as presented in
Figure B-13. In the Case 1 the positive rotation measured by the inclinometer is a
counterclockwise rotation thus the transformation factor is equal to one. The Case 2 shows
that the clockwise rotation is measured as positive, in this case the transformation factor is
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negative one. The rotations measured in the furnace are noted 8, while the rotation expressed
in the GSC are noted with 6,.

Case1: 0, =1=x6g Case 2: 6, = -1+ 0

4 /] 4 /|
0 G/ \ //+ ./// 9] BG / \\‘ /- -”-,f/,, 0]
l ) V A I
Figure B-13. The position of the inclinometers in rapport with the global system of
coordinates

The transformation matrix for rotations is a diagonal matrix with positive or negative values
of one depending on how the inclinometer is positioned compared with the GSC. The same
properties are valid as for the case of the transformation matrix of displacements.

e Bending moment convention

Figure B-14 presents the positive defined moment along with the global system of
coordinates.

M;>0

Figure B-14. The GCS and the positive moment

Different possibilities are available to induce a moment in the furnace. Usually the moments
are induced by building in the furnace additional element loaded with force which along with
the lever arm will produce the expected effect.

The transformation from the measured forces in the furnace into the moment in the GSC it is
done using the transformation matrix.

The main diagonal of the matrix comprises the lever arm of the force with the corresponding
sign.

Figure B-15 presents two different cases where the transformation factor is the negative level
arm —d in the Case 1 and the positive level arm d in the Case 2. In this example M is the
global moment while F; is the force which creates the moment in the furnace.
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Case1: Mg = —d + F; Case 2: Mg = d + F,

S e,

Figure B-15. The induces moment in the furnace compared with the global moment

e General transformation matrix

The transformation matrix for forces Tp described by the Eq. (105) is a diagonal matrix which
contains the value of the arm noted arm of every reaction (restoring) force measured in the
furnace and it will be used to calculate the moments. For a reaction force that must generate a
moment the value of the lever arm will be introduced in the matrix in the right position. If a
restoring force will not generate a moment, then the value of the lever arm will be equal to 1.
The corresponding sign will be introduced based on the position of the jacks compared with
the GSC as discussed previously.

Tp is a diagonal matrix and the size is dependent on the number of DoFs to be controlled at

the interface nDOF.
arm; .. 0

0 v QrMypor

The transformation matrix for displacements T, presented by Eq. (106) is a diagonal matrix
which contains only positive or negative values of one. The sign depends on the position of
transducers and inclinometers compared with the GSC.

+1 .. 0

T, = (106)

0 .. #1
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C. APPENDIX C: MATERIALS AND CONSTRUCTION OF
THE PS
C.1. Materials

All the three beams are casted in the same day (24.07.2015) using the same mix of concrete
BPS XC1(F) C25/30 DMAX14 SF2 CEM I. The target class of the concrete is C25/30 and the
maximum aggregate size is 14 mm. The chemical composition of the aggregates denotes
siliceous aggregate. The composition of concrete is presented in the Table C-1. A quantity of
0,60 kg/m?® polypropylene fibers are added to avoid the spalling during the fire tests.

Table C-1. The composition of the concrete for m3

Coarse Fine Cement Filler | Water Admixture Polypropylene
aggregate aggregate (kg) (kg) (kg) Sika fibers
(kg) (kg) (%) (kg)
Beams 770 895 300 222 170 1.20 0.60

The casting of the beams is done by contractors. The instrumentation of the beam, meaning
the instrumentation of the thermocouples is done by CERIB. After the casting, the beams are
transported to CERIB in 29.07.2015 and stored in the air conditioning room of Promethee
(CERIB). 30 cylindrical samples having the dimensions of 11 diameter x 22 tall along with
the 5 cylindrical samples of dimensions 16 diameter x 25 tall are casted and store in the same
conditions as the beams. The 30 samples are used to determine the compression and tensile
strengths of the concrete for different periods especially in the days of the test along with the
stress-strain test. The other 5 samples are used to determine the moisture content of the
concrete in the day of the tests. The same samples are wrapped in aluminum in order to force
the migration of the water in the transversal direction of the beam.

The cylinders have been tested incrementally for compressive strength as the specimens aged.
Three specimens have been tested every time to determine a mean value of the compressive or
tensile strength. Table C-2 presents the evolution of latest in time. The tensile strength is
determined by splitting method in the day of the first day.

Table C-2. The evolution of compressive and tensile strength in time

Test 1 Test 2 Test 3
15.01.2016 01.06.2016
7 days 28 days 175 days 313 days
Compressive

strength 33.50 39.27 46.87 40.78

(MPa)

Tensile
strength 4,41

(MPa)
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C.2. Construction of the specimens

The specimens have been built by contractors where the first step was to assemble the cages
as presented in Figure C-1. The chosen steel for the longitudinal rebars is B500B while for the
transversal rebars B500A and is cold formed steel.

Figure C-1. Assembled reinforced cage of the beam

The next step is to instrument the cage with the thermocouples needed to measure the
temperatures during the test. Three beams are casted but different thermocouples presented in
the Figure C-3 are used for different specimens.

For the beam 1 the sheathed type K thermocouples are used. These consist of type K (nickel
chromium/nickel aluminium) thermocouple wires, enclosed in a protective sheath made of
metal alloy from which the wires are insulated by densely packed magnesium oxide. The
metal alloy used to produce the sheath depends on the final use of the thermocouple. Inconel
alloy is used for the case of high temperature or chemical environment. The diameter of the
sheet varies from 0.25 mm to 11 mm where in this case 2 mm diameter was used. The
measuring junction of the thermocouples can be produced in different configuration. In this
case the configuration is presented in the Figure C-2 where “bead” refers to the measuring
junction.

Sheath Insulation End Closure

Thermoelements Bead

Figure C-2. The measuring junction of the sheathed type K thermocouples
thermocouples

Twisted type K thermocouples are used for the beam 2 and beam 3. Twisted type K
thermocouples consist of type K (nickel chromium/nickel aluminum) thermocouple fiber
insulated wires (0.50 mm in diameter), whose extremity is uninsulated and twisted to produce
the measuring junction.
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The sheathed type K thermocouples are stiffer compared with the twisted type K
thermocouples. Thus once the position of the thermocouple is fixed there is no risk that after
the pouring of concrete the position changes. The thermocouples are attached to the rebars by
wires as can be seen in the Figure C-3.

Sheathed type K thermocouples Twisted type K thermocouples

Figure C-3. The thermocouples used in the instrumentation of the beams

Next the instrumented cages are placed in framework and are ready to be casted. Figure C-4
presents the beams framework, the position of the concrete thermocouples (TC) and the
pouring process.

Before starting the pouring, it has been checked:

e The concrete cover;
e The position of the concrete TC;
e The protection of the TC;

The concrete cover is ensured by concrete additional elements (stiff elements) used in the
process. The protection of the thermocouples wires (the part which will be plugged in the
furnace) is ensured by some plastic bags. Once the checking has been done the pouring of the
concrete starts. Self-compacted concrete is used for the casting. Polypropylene (PP) fibers are
added to the concrete in the quantity of 0.50 kg/m3. Once a temperature of 110 degrees
Celsius is reached, the fibers in the concrete start to melt away and thus the water can
evaporate avoiding the spalling.
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Beams Framework The position of the concrete TC Beam poured

Figure C-4. The casting process

After the casting, the specimens are air-conditioned stored for specific conditions of humidity
and temperature as presented in Figure C-5. The crane was used to store the beams in the air
conditioning room and to place the specimens on the furnace after the needed instrumentation
(see the Figure C-5).

The beam stored The transportation of the beams

Figure C-5. The beam stored and transported to the furnace
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D. APPENDIX D: TEST SETUP

D.1. Beam preparation

The setup of the specimens when tested in the furnace is a complex activity. The first step is

to adjust all the additional elements needed during the fire tests as the one presented in Figure

D-1. By additional elements we refer to:

e The cellular concrete and the mineral wool needed to form a closed space in the furnace;

e The pyrometers to measure the temperature inside the furnace;

e All the metallic pieces needed to apply the loads and measure the deformation of the
specimen;

The view of the beam above the furnace The view of the beam from inside the furnace
Figure D-1. Preparation of the PS.

D.2. Furnace preparation

The next step is to prepare the furnace and one of the preparations is to provide the supports
for the beam. The hinge and the roller are placed on the top of two columns located inside the
furnace. The columns are used just when horizontal elements are needed to be supported and
in order to protect them from the fire exposure they are wrapped with the mineral wools. Thus
only 5,20m of the beam are exposed to fire whereas 20 cm close to the supports are protected
(see Figure D-1). Figure D-2 presents the considered supports during the test with an inter-ax
of 5,60m.

257



APPENDIX D: TEST SETUP

e O
‘AA‘A‘

Hinged support The rolling support

Figure D-2. The supports of the beam

When the furnace is prepared the next step is to place the beam on the supports.
D.3. Instrumentation layout

e Transducers/inclinometers

Vertical and horizontal displacements are measured in different positions along with the
support rotations.

Equerre
Vel
Hs: Vert
Vm RSI' Vcrh
Vel i ¢ Ver
120 280 280 120
bl
120 560 120
800

Figure D-3. The measured displacements and rotations during the tests (configuration
used during the Test 1)

The vertical displacements are measured in the mid-span V;,, along with the vertical
displacements of the cold extremities V,; and V,,.. The horizontal displacements are measured
on the cold extremities V,;, and V,,,. The transversal displacements V,; and V., are
measured just to check if there is no transversal movement during the test.

For the hinged support a couple of displacements and rotations are measured. The vertical
displacement V; (which is zero), the horizontal displacement Hy; and the rotation Ry; are used
to back solve the horizontal displacement in the axis of the beam.

For the rolling support the vertical displacement V,., the horizontal displacement Hy, and the
rotation R, are measured and used to back solve the displacement in the axis of the beam.
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The position to place the transducers and inclinometers is limited in fire tests. To measure the
displacement in the axis of the beam is challenging just because of the addition elements
(mineral wool) used to protect the supports and to close the gap between the walls of the
furnace and the beam. One solution is to make use of trigonometric relationships to back
solve the needed displacements based on the couple of measured displacements.

Figure D-4 presents the instrumentation for the displacements and rotation measurement for
the supports and for the cold extremities.

Instrumentation to measure the hinged support Instrumentation to measure the cold extremity
displacements/rotations displacements/rotations (rolling support)

Figure D-4. The instrumentation for displacement/rotation measurements
(configuration used during the Test 1)

e The configuration of the jacks

Figure D-3 shows the configuration of the test and Figure D-5 presents pictures of the jacks
from the furnace.

i % A
B -
5y
/i

The jack Pyes¢

Figure D-5. The configuration of the jacks
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e Configuration of the thermocouples

The thermocouples are used to measure the temperature evolution during the test in specific
positions of the specimen.

Figure D-6 presents the position of the thermocouples for different sections of the beam.

797

196 205 202 194
965 265 86.0 7, 319 , 1 86.0 465 96.5

T 1 4x0.215 1 1 18x0.215 1| 1

TR15 TR17 TR20 TR22
TR13 TR14 TR16 TR18 TR19 TR21 TR23 TR24
—»3B —C 0y
Hinge |[ZONE A [ZONE E] Roller
Thermocouples for|the longitudinal reinforcement Thermocouples for the longitudinal reinforcement
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Figure D-6. The configuration of the thermocouples

Three types of thermocouples are defined:

o TC measuring the temperature in the concrete;

o TR measuring the temperature in the longitudinal rebars;

o TS measuring the temperature of the stirrups.

SECTION D-D
Sc1:10

38

40
34

107 , 85,85, 12.

Three sections have been defined to measure the temperatures, Section B-B, Section C-C and
Section D-D as presented in Figure D-6. The longitudinal temperature evolution is measured
in Zone A (hinged support) and Zone E (rolling support).
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