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RESUME

La technique des ancrages par scellement chimique consiste a sceller une tige filetée dans un trou foré dans le
béton durci grace a une résine polymeére. Les principaux avantages de cette technique sont la facilité d’installation
et les propriétés mécaniques élevées de la résine a température ambiante. Grace a I’adhérence de la résine, ce type
d’ancrage peut étre dimensionné pour avoir des performances similaires voire supérieures a celles des autres
systemes d’ancrages (mécaniques et coulés en place). En revanche, a hautes températures, e.g. incendie,
I’adhérence de la résine se dégrade rapidement menagant la capacité de I’ancrage a supporter les charges
appliquées. Cela crée un risque sur les vies et les biens dans le batiment. Plusieurs accidents se sont produits
comme I’effondrement du Big Dig Tunnel aux USA (2006) et le tunnel Sasago au Japon (2012) qui ont montré
I’importance d’avoir des méthodes d’évaluation fiables de ce type d’ancrages. L’objectif de cette thése est d’établir
une méthode d’évaluation et une méthode de dimensionnement afin d’assurer la tenue structurale des ancrages par
scellement chimique en situation d’incendie. L’étude est structurée en quatre parties :

i. Protocoles expérimentaux pour les essais au feu des chevilles chimiques. Des essais d’arrachements au feu
ont été réalisés sur des chevilles chimiques (résine époxy). Les profils de températures le long de I’ancrage ont été
déterminés expérimentalement pour différentes configurations d’essais. Ensuite, ces profils thermiques ont été
exploités comme donnée d’entrée pour calculer la résistance des chevilles par la méthode Pinoteau (intégration
des résistances). Cette étude a permis de préciser les conditions expérimentales a utiliser pour 1’évaluation des
chevilles chimiques au feu.

ii. Proposition d’un modéle de dimensionnement basé sur des calculs thermiques en utilisant la méthode des
éléments finis en 3D. Les profils de température correspondants aux différentes configurations d’un ancrage dans
le batiment ont été calculés a I’aide des propriétés thermophysiques des matériaux Eurocode pour le béton et
I’acier. La modélisation en 3D a été comparée a la modélisation en 2D plane utilisée communément dans la
littérature. Les deux approches ont été comparées aux mesures expérimentales et couplées avec la méthode
Pinoteau pour évaluer I’influence de la méthode de modélisation sur le résultat de I’intégration des résistances.
Suite a la validation du modele 3D, des investigations thermiques ont été conduites sur d’autres paramétres pouvant
influencer les essais au feu des chevilles chimiques. Cette étude a permis de valider la méthode de calcul en 3D
comme la méthode la plus représentative du probléme d’une cheville chimique au feu.

iii. Validation de la méthode Pinoteau pour le dimensionnement des chevilles chimiques au feu en utilisant
le modele de dimensionnement proposé précedemment. Les calculs de la résistance au feu de trois chevilles
chimiques différentes ont été comparés a des essais d’arrachement au feu. Cette étude menée sur une large gamme
de tailles de chevilles a permis de valider I’utilisation de I’intégration des résistances pour le dimensionnement.

iv. Etude du comportement des chevilles chimiques dans le béton fissuré a hautes températures. Une
méthode d’évaluation a été développée afin de déterminer la réduction de la résistance d’adhérence liée a la
fissuration du béton, & hautes températures (chauffage électrique). Des essais ont été faits sur des chevilles
chimiques (résine époxy) dans le béton fissuré et non-fissuré a température ambiante et a hautes températures. La
réduction de la résistance avec I’augmentation de la température a été investiguée. Cette étude a permis d’obtenir
une bonne répétabilité des résultats grice a I’augmentation du nombre d’essais et le bon contréle du scénario
thermique appliqué.

Mots clés : chevilles chimiques, résistance au feu, béton, résine, époxy, contrainte d’adhérence, fissure.
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ABSTRACT

The technique of bonded anchors consists of fastening a threaded rod in a drilled hole in hardened concrete by
polymer adhesives. The main advantages of this technique are ease of installation and the high mechanical
properties of the adhesive at ambient temperature. Due to the adherence of the adhesive resin, this type of anchors
can be designed to ensure similar or even higher performances compared to other anchor systems (mechanical and
cast-in). However, at high temperatures, e.g. fire situation, the adherence of the adhesive degrades rapidly. Fire
decreases the adherence of the adhesive and leads to the inability of the anchor to support the fixed objects. This
creates a risk on the lives and goods inside the building. Several accidents occurred like the collapse of the Big
Dig Tunnel in the USA (2006) and the Sasago tunnel in Japan (2012) and highlighted the importance of having
reliable evaluation methods of this type of anchors. The objective of this thesis is to establish an assessment and a
design method to ensure the structural resistance of bonded anchors in fire situations. This project is structured
into four main parts:

i. Experimental protocols for fire tests on bonded anchors. Pull-out fire tests were conducted on bonded anchors
(epoxy adhesive). Temperature profiles along the embedment depth of anchors were determined experimentally
for different test configurations. Then, these temperature profiles were used as entry data to calculate the fire
resistance of anchors using Pinoteau’s method (Resistance Integration Method). This study allowed to precise the
experimental conditions to be adopted for fire evaluation tests of bonded anchors.

ii. Proposition of a design model based on transient thermal calculations using finite element method in 3D.
Temperature profiles were calculated using the thermophysical material properties of concrete and steel in the
Eurocodes. 3D modelling was compared to 2D plane modelling commonly used in the literature. Both approaches
were compared to measurements during fire tests and coupled with Pinoteau’s method to assess their impact on
the calculation of fire resistance of anchors. Following the validation of the 3D model, thermal investigations were
conducted on other parameters that could influence fire tests of bonded anchors. This study allowed to validate the
3D modelling approach as the most representative of the problem of bonded anchors exposed to fire.

iii. Validation of Pinoteau’s method for the design of bonded anchors under fire by using the previously
proposed design model. Calculations of fire resistance of three different bonded anchor products were compared
to pull-out tests under. This study conducted on a wide range of anchor sizes lead to the validation of the Pinoteau’s
Method for the design of bonded anchors.

iv. Study of the behavior of bonded anchors in cracked concrete at high temperatures. An assessment method
was developed to determine the reduction of bond strength due to cracked concrete, at high temperatures (electrical
heating). Tests were conducted on bonded anchors (epoxy adhesive) in cracked and uncracked concrete, at ambient
and high temperatures. The evolution of the reduction with temperature increase was investigated. This study
ensured a good repeatability of test results due to the increased testing potential and the good control of the applied
heating scenario.

Key words: Bonded anchor, fire resistance, concrete, adhesive, epoxy, bond strength, bond resistance, crack.
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General introduction

Context

Bonded anchors in hardened concrete is a technique that exists since decades. The anchor, a steel threaded rod, is
installed in a concrete bearing element by an adhesive material ensuring the adhesion between both materials. The
advantage of this technique is that it allows a rapid installation of anchors and offers high flexibility in construction
works. The properties of these anchors have developed significantly since their first appearance (technical
feasibility in the 1940s, first use in the 1960s, first European Technical Approvals in 1997 following the issuing
of the first European Technical Approval Guidelines/ETAGS). Since then, the resistances of bonded anchors have
been enhanced from similar to higher than the resistance of cast-in place or mechanical systems at ambient
temperature. However, the resistance of bonded anchors decreases rapidly with temperature increase. This is due
to the loss of adhesion because of the sensitivity of adhesives to temperature. This increases the vulnerability of
this type of anchors in fire situations, putting lives and goods inside the building at risk.

The vulnerability of bonded anchors in concrete to certain environmental or accidental actions (earthquakes,
service temperature, time, freeze/thaw, humidity, sulphorus atmosphere and high alkalinity, fire) has been
investigated in several studies to design anchors safely. The use of polymeric adhesives has raised questions on
the durability of bonded anchor systems and their resistance in such situations. Three accidents linked to the use
of adhesive resins occurred. In 2006, the collapse of concrete ceiling panels in the Big Dig tunnel in Boston led to
the death of 2 people. In 2011, the Atlanta Botanical Garden Canopy walkway collapsed. In 2012, another collapse
of concrete ceiling panels happened in the Sasago tunnel in Japan leading to 9 deaths. The reason of the Big Dig
tunnel and the Canopy walkway accidents was the pull-out of bonded anchors following poor installation
conditions and the creep behavior of the adhesive leading to high deformations. Whereas, the reason for the
collapse of the Sasago tunnel was the aging and deterioration of the bond du to the long-term exposure, of bonded
anchors holding the ceiling panels, to high temperatures inside the tunnel under sustained load. In terms of existing
assessment and design criteria for similar anchorage systems, Post-Installed Rebars (PIRs) and mechanical anchors
are well covered by the guidelines. Indeed, the European Organization for Technical Assessment (EOTA) has
extended the European Assessment Document (EAD 330087-00-0601) for the assessment of PIRs to evaluate their
pull-out strength at high temperatures in the last decade. Also, assessment and testing of mechanical anchors under
fire can be conducted according to EAD 330232-01-0601 and their design according to Eurocode 2 — Part 4.
However, no guidelines exist for the assessment, testing and design of bonded anchors under fire.

Recently, research has been conducted on bonded anchors under fire by the technical university of Kaiserslautern
(TU Kaiserslautern) and university of Stuttgart (Stuttgart Universitét). These research projects show a potential in
the adaptation of the work done on PIRs at high temperature for the problem of bonded anchors under fire. In these
projects, experimental and numerical investigations have been carried out on the behavior of bonded anchors
according to the existing guidelines for the evaluation of mechanical anchors under fire. However, the testing
conditions for the evaluation of bonded anchors under fire are still to be specified and the design models need to
be developed further in order to be representative of bonded anchors exposed to fire. These tests served as reference
for the validation of numerical design models for the prediction of the pull-out capacity of bonded anchors under
fire. The results of the models in the literature sometimes yielded very conservative or non-conservative results
raising questions on the sensitivity of these models to entry data and boundary conditions. Also, these projects
have focused on the behavior of bonded anchors in uncracked concrete. The assessment and design of anchors in
fire conditions must be done also in cracked concrete according to the provisions of European Assessment
Documents and Eurocode 2-4, Annex D. Indeed, concrete is generally assumed to be cracked in a fire situation.
However, the behavior of bonded anchors in cracked concrete remains under-investigated. Therefore, it is essential
to consider the thermal and mechanical effects of cracks on the resistance of bonded anchors under fire.

Obijective

This thesis aims to extend the existing knowledge on the influence of temperature on the mechanical
resistance of bonded anchors in order to evaluate and design bonded anchors under fire safely in uncracked
and cracked concrete.

The study of parameters influencing the outcome of fire tests is necessary to ensure the representativity of these
tests regarding bonded anchor in a building.
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First, experimental fire tests were conducted to characterize the pull-out resistance of bonded anchors installed in
concrete elements with fire exposure. Then, these tests served as a reference to develop a numerical model to
predict a thermal distribution along the anchor that is closest to the one measured in fire tests (using finite element
modelling to solve the transient heat transfer along the anchors). This also allowed to define the most penalizing
(conservative) cases/parameters and potentially limit the number of tested configurations.

Furthermore, bonded anchors in cracked concrete are known to have a decrease on the bond strength at ambient
temperature. Generally, cracked concrete is assumed for the design of anchors under fire. Therefore, it is necessary
to study the influence of cracks on the load-bearing capacity under fire.

Work process and thesis structure

This dissertation is divided into 5 chapters corresponding to several publications. Chapters Il to V are the subject
of journal or conference papers. At the beginning of each chapter, a brief introduction is presented, followed by
the plan of the paper, the paper and finally a discussion and analysis. Table 1 summarizes the objectives, the
content and the links between these 5 chapters. The process is described hereafter.

1. Chapter I aims to identify the research conducted in the literature on the topic. The objective is to determine
the testing methods for the assessment of the resistance of bonded anchors at ambient temperature, the load
transfer mechanisms from the rod to concrete, and to identify the parameters that could influence the
mechanical behavior of a bonded anchor under fire. Therefore, this literature study is conducted to identify:
the existing assessment and design methods (for bonded anchors at ambient and high temperatures), the
existing mechanical models for the description of the load transfer mechanisms, and the influence of
temperature on the properties of the three studied materials.

2. Chapter Il highlights the influence of testing conditions as they are described for mechanical anchors in the
guidelines on the thermal distribution along bonded anchors, hence on the behavior of the adhesive. The
objective is to observe the variation of temperature profiles along the embedment depth of the anchors
depending on the adopted configuration of the anchor in fire tests. Then, it aims to quantify the influence of
this temperature variation on the prediction of the load-bearing capacity using Pinoteau’s method (the
Resistance Integration Method) applied previously on PIRs. Therefore, the influence of anchor diameter,
thickness of the concrete bearing element, existence of a metallic fixture on the anchor and insulation of
fixtures, on temperature profiles along the anchor was conducted by means of ISO 834-1 fire tests on an epoxy
based bonded anchor. The influence of the previously mentioned parameters as well as adopting concrete
temperature instead of the temperature of steel/adhesive interface on the outcome of the Pinoteau’s method
was investigated. This study allowed to determine the most and least-penalizing configurations of bonded
anchors in a building under fire, hence, to recommend it for evaluation and design puroposes.

3. Chapter Il proposes a 3D Numerical model to represent the problem of bonded anchors in concrete under
ISO 834-1 fire. The objective is to propose a model for the design of bonded anchors using thermal
calculations and Pinoteau’s method. First, the model describes how the finite element software solves the heat
equation in 3D. The equation is described for transient heat transfer through radiation and convection at the
boundaries and conduction inside the exposed elements. Eurocode material properties of concrete and steel
are used to account for the variation of thermal and physical properties of the studied materials with
temperature increase. The representation of the problem of anchors in concrete in 3D is compared to 2D plane
simulations commonly used in the literature. The errors of considering 2D plane modelling are presented and
discussed compared to the consideration of 3D modelling and measured results from fire tests. Therefore, the
output of the model uses previous characterization of the adhesive at high temperature as input data. After
validation of the model, a parametric study is conducted to study other parameters influencing fire tests on
bonded anchors that were not investigated experimentally in chapter I1.

4. Chapter 1V aims to validate Pinoteau’s method (Resistance Integration Method) for the design of bonded
anchors under fire. The objective is to validate the method by integrating the resistances (presented in the
literature study in chapter 1). Therefore, calculation results based on the proposed model in chapter 111 are
compared to test results conducted in the thesis as well as in research project “Verbunddibel im Brandfall-
DIBt” of TU Kaiserslautern and DIBt. Tests on bonded anchors exposed to ISO 834-1 fire under constant load
to pull-out failure were conducted on three different types of adhesives for configurations varying from M8
to M30 anchor sizes. Then, these configurations are modelled in 3D and calculated temperature profiles are
used as entry data along with previous characterization of the adhesive at high temperature to calculate the
bond resistance of the anchor with fire exposure time.
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Chapter V aims to investigate the influence of crack existence on the resistance of bonded anchors at high
temperatures. Indeed, anchors can be situated in crack plane on the tension side of reinforced concrete
elements and their evaluation procedure at ambient temperature requires the assessment of cracks on the load-
bearing capacity. Unlike PIRs which can be influenced locally by perpendicular cracks (flexural cracks),
anchors behave as “crack magnets” due to the stress concentration in the area in which they are installed and
are significantly influenced by cracks forming along the whole embedment depth. The objective is to
determine the reduction of the load-bearing capacity of bonded anchors due to crack existence at high
temperatures, compared to the reduction at ambient temperature. Therefore, tests are conducted on epoxy
based bonded anchors heated with radiant panels to temperatures ensuring their thermal degradation (beyond
glass transition). Then, pull-out tests are conducted on anchors in cracked and uncracked concrete immediately
after heating to capture the load reduction due to crack existence at high temperatures. The variation of this
reduction is observed at different heating times, hence different temperature profiles. Finally, the obtained
ratio of resistance of anchors in cracked concrete to the resistance of anchors in uncracked concrete at high
temperatures is compared to the ratio at ambient temperature.
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Table 1: Process, objectives and content of the thesis

Validation of Pinoteau’s method (Resistance Integration)

Link tests-modelling

Prgcision of testing conditions

Validation of model

v

v

New assessnjent method
in cracked| concrete

v

Chapter | Chapter 11 Chapter 111 Chapter 1V Chapter V
Literature study Influence of testing Numerical modelling Validation tests in Influence of
conditions under uncracked concrete | crack existence
fire under fire at high
temperatures

Obijectives

1. Determination
of the effect of
temperature on
mechanical
properties of the 3
materials.

2. ldentification
of the existing
theoretical models
for design.

3. ldentification

1. Highlight of the
impact of using
testing conditions
as described for
mechanical anchors
on bonded anchors.
2. Variation of
tested
configurations of
anchors to represent
an anchor in a
building.

3. Assessment of

1. Propose a 3D FE
model for design
simply applicable by
engineers.

2. Compare the results
of common 2D plane
modelling to 3D
modelling.

3. Numerical
investigation of other
parameters influencing

1. Validation of
Pinoteau’s method
for design of
bonded anchors
under fire using
tests and FE
simulations.

2. Comparison of
design results to
test results in this
thesis and in the
literature.

1. Development
of testing
method in
cracked
concrete at high
temperatures.

2. Evaluate the
influence of
crack existence
at ambient
temperature and
its evolution at

of the existing the influence of thermal distribution by high
evaluation each parameter on means of numerical temperatures.
methods of thermal distribution | simulations.
bonded anchors at | and the resulting
ambient and high | load-bearing
temperatures. capacity.

Content

1. Research on the
behavior of
concrete, steel
and adhesive at
high
temperatures.

2. Presentation of
theoretical models
and a design
method at high
temperatures.

3. Classification
of tests at ambient
temperature and
under fire.

1. Pull-out fire tests
on epoxy based
bonded anchors.

2. Measurement of
thermal distribution
along the anchor
during tests and
comparison
between different
configurations.

3. Application of
Pinoteau’s method
to assess the
mechanical
influence of
different thermal
distribution.

1. Description of the
resolution of heat
equation in 3D on an
anchor exposed to fire.
2. Prediction of failure
load by 2D plane and
3D modelling with
Pinoteau’s method
compared to
calculation based on
experimental
measurements.

3. Highlight of errors
obtained by 2D
modelling.

4. Numerical
investigation of other

influencing parameters.

1. Presentation of
Pinoteau’s method
taking account of
temperature profiles
during fire.

2. Tests on bonded
anchors in concrete
slabs under 1SO
834-1 fireon 1
epoxy adhesive and
comparison with
results of the
literature on 2 other
adhesives (epoxy
and cementitious
based).

1. Pull-out tests
on epoxy based
bonded anchors
in cracked and
uncracked
concrete at
ambient
temperature.

2. Tests in
cracked and
uncracked
concrete at high
temperatures
heated with
radiant panels
followed by
pull-out tests.
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Chapter I: Literature study on the behavior of post-installed adhesive anchor systems and
material properties

1. Description of bonded anchors

The technique of bonded anchors consists in using adhesive resins to glue a metallic threaded anchor-rod in a
drilled hole in hardened concrete. The adhesive resin must ensure sufficient adherence between steel and concrete
to transmit the loads applied on the anchor between both assembled structural elements.

The advantage of bonded anchors resides in their ease and rapidity of installation compared to cast-in anchors
(steel/concrete connections). The first utilizations of this technique appeared in the 1960s (Shaw, 1985) following
a validation of its technical feasibility in the 1940s (ACI committee 503, 1973). Since then, this technique has
significantly developed in the field of reinforced concrete constructions because of the enhancement in the
mechanical properties of the used adhesive resins and because of the many advantages that they present, especially
in the renovation field.

1.1. Implementation method of bonded anchors

The manufacturer of the adhesive resin generally provides instructions for the implementation of the anchor. The
installation of a bonded anchor is done using simple equipments provided often by the manufacturer and following
several steps (Fig. 1):

o Drilling of the hole inside the concrete bearing element at a depth called “embedment depth of the anchor”
(her). The drilling diameter is defined as a function of the steel insert diameter and is generally taken greater
than the steel insert diameter from 2 to 5 mm. The installation method of the manufacturer has to be followed.

e Cleaning of the hole to eliminate the dust, caused by drilling, using a specific brush and compressed air or a
manual air pump. The cleaning process defines the mechanical performances of chemically bonded anchors
(Meszaros & Eligehausen, 1998). The instructions (humber of brushing and blowing) are also defined by the
manufacturer of the adhesive resin and mentioned in the technical assessment of the product, for example: an
ETA (European Technical Assessment) or an ESR (Evaluation Summary Report).

e Injection of the adhesive resin beginning from the bottom of the hole with the help of a dispenser and a cartidge
equipped with a mixing nozzle allowing to mix the two components of the adhesive resin. The first injections
have to be thrown away until a homogeneous color of the adhesive resin is obtained.

e Insertion of the metallic element by spinning it to allow air bubbles to exit and ensuring that the metallic insert
is centered inside the hole to have a homogeneous adhesive thickness around the insert. This step must be
done before the end of the work time (t,,.x) defined by the manufacturer. The extra adhesive resin outside of
the mouth of the hole should be removed.

Once the implementation is done, the anchor can be loaded after a sufficient curing time (t.,re) t0 obtain the
optimal hardening of the adhesive resin. The hardening is normally reached before 24h of cure. Finally, a maximal
tightening torque defined by the manufacturer has to be applied on the nut. The loading of the anchor is then
possible.
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Fig. 1: Steps for implementing bonded anchors

1.2. Application fields of bonded anchors

The use of bonded anchors has developed significantly recently. Indeed, this technique was first applied for the
renovation and reinforcement of concrete structures to allow for the junction between two existing structures (Sato
et al., 2004). Bonded anchors were also integrated in the field of bridges, tunnels and underground parkings. In
this case, they were used with reinforcement bars instead of threaded rods.

In order to detail the fields of application of bonded anchors, it is important to distinguish the different frequently
used types of anchors:

a. Bonded anchors

Bonded anchors can be implemented in a wall or a reinforced concrete slab. They consist generally in threaded
rods (Fig. 2) which ensure load transfer by adherence of the adhesive resin, unlike mechanical anchors which bulge
or expand inside the hole in concrete (Fig. 3) and ensure the steel/concrete load transfer by friction at the interface
between both elements.

Bonded anchors are meant for several applications: domestic (fasten an object against a wall or a slab, fix a
suspended ceiling...) or on construction sites (fasten ventilation systems for tunnels or fagcade elements).
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Fig. 2: Sketch of a threaded rod Fig. 3: Example of mechanical expansion anchors

Also, there are composite anchors identical to the previous systems. However, they are different compared to
chemically bonded anchors. In the case of composite anchors, a cement-based mortar is used instead of an adhesive
resin or a combination of both (hybrid resins).

The mechanical properties of adhesive resins change considerably with temperature increase and their adherence
decreases. This has an impact on the load-bearing capacity of the anchor. This research project is concentrated on
the study of this type of bonded anchors in concrete.

b. Post-installed rebars in concrete (PIRs)

In this type of anchors, the metallic element is a reinforcement steel bar (rebar) which transmits tension loads in
reinforced concrete structures. Two types of bars can be used:

e Smooth steel rods: with a diameter between 5 and 50 mm.
e High adherence reinforcement bars (HA): with a diameter between 6 and 50 mm.

c. Glued-in rods

This type of anchors is used in concrete or timber and is more recent than the previous. It appeared thirty years
ago thanks to its mechanical performances and esthetic aspect (Lahouar et al., 2018). It allows to fasten one timber
structure to another or with other types of concrete or steel structures.

Behavior at high temperature

When a sudden temperature increase occurs, such as in the case of a fire, bonded anchors show a significant
degradation in resistance that progresses with temperature increase. The used adhesive resins to ensure load
transfer between steel and concrete suffer a degradation leading to excessive creep of the anchor and sometimes
to its failure when its resistance becomes less than the applied load. Until this day, the available knowledge does
not allow to efficiently and precisely assess the load-bearing capacity of bonded anchors in fire situations.

The qualification of bonded anchors under fire is treated inadequately until today. Indeed, the Technical Report
(EOTA TR 020, 2009) describes the assessment method of anchor systems under fire conditions, where the testing
procedure and the failure modes are not well described. Moreover, the current European Assessment Document
(EAD) dealing with bonded anchors (EAD 330499-01-0601, 2019) is the only document that allows to deliver
European Technical Assessments (ETAs) and does not cover the assessment of bonded anchors under fire
conditions. However, the European Assessment document dealing with mechanical anchors (EAD 330232-01-
0601, 2019) has integrated the fire assessment method described in the Technical Report in its guidelines.

2. Thermal transfer in fire situations and its standardized conditions

Simulation of fire inside a furnace:

A fire inside a residential building is conditioned by the temperature-time curve of the international standard (ISO
834-1, 1999). The curve is defined by [Eq. 1] and plotted in Fig. 4:
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T =20+ 345-log,,(8t + 1) ... [Eq. 1]
Where: T is the average temperature inside the furnace in °C, and t is fire exposure time in min.
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Fig. 4: Standard temperature-time curve of the 1SO 834 fire (ISO 834-1, 1999)

The temperature inside the furnace is measured by plate thermometers specified in section 4.3. The temperature
must be supervised and controlled to respect [Eqg. 2].

1) d.<15% for 5<t<10;
2) de = (15— 0.5(t —10)) % for 10<t<30;
3) de = (5—0.083(t —30)) % for 30<t<60;
4) d.=25% for t > 60.
A-Ag
de = > ..[Eq. 2]

Where: A is the surface under the real curve of average temperature as a function of fire exposure time;
Ay is the surface under the normalized temperature-time curve.
t is the fire exposure time in min.

After the first 10 minutes of the fire test, the measured temperature by any thermocouple must stay within 100°C
of the temperature corresponding to the normalized 1SO 834 curve, except in the case of combustible materials
where the difference can exceed 100°C during 10 min under the condition that this difference can be associated to
the sudden inflammation of large quantities of combustible materials increasing the average temperature of the
furnace.

An average pressure gradient of 8 kPa by meter of height exists on the height of the furnace. This value must be
supervised and must respect a maximal difference of 5 Pa during the first 10 min of the test and 3 Pa after the first
10 min.

3. Mechanical behavior of studied materials at high temperature

The goal of this section is to assess the mechanical behavior of the materials constituting the study under an
accidental temperature increase especially in fire situations.

3.1. Concrete

Concrete is a heterogeneous material, obtained from a mix of cement, water and aggregates (coarse and fine), with
or without adding adjuvants and additives. The possibilities of parameter variation within this mix are practically
unlimited. Temperature increase causes complicated phenomena inside hardened concrete. A simple consideration
of thermal properties (thermal conductivity and specific heat) is not sufficient to describe the behavior of this
material.
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The first apparition of concrete goes back to the first century, at the time of Romans. In France, natural cements
with fast setting times were subjected to many researches (Durand-Claye, 1885), (Debauve, 1886), (Leduc, 1902),
(Wagner et al., 1903), (Candlot, 1906) et (Fritsch, 1911) since their discovery in 1796, and their operation until
the end of the 19™ century. The discovery of artificial cements (Portland) was patented in 1824 by Aspdin. This
emergence was issued from the progress in mineral chemistry and the fear of exhausting natural cement deposits.
Artificial cements became performant after 1850 following scientific publications that showed the importance of
their resistance and hardening compared to natural cements.

The composition of Portland cement, commonly used in civil engineering, is controlled by the following standards
(ASTM International, 2007) and (CEN NF 197-1,2012). It contains:

e  Clinker: which results from heating up to 1450°C followed by soaking, limestone (80%) and aluminosilicate
materials (20%).

e Calcium sulfate (Gypsum, anhydrate or hemihydrate): which is a rock. It plays the role of regulating mass
hardening by reacting with tricalcium aluminate and water to form Ettringite crystals which delay mass
hardening until the operation.

e Mineral additions: limestone and siliceous additions, fly ash, silica fume, and blast furnace slag that can have,
depending on the case, hydraulic or pozzolanic properties.

Table 2 summarizes the principal components of Portland clinker (Mindeguia, 2009).

Designation

Exact chemical

Specified chemical

Proportion in ordinary

Aluminoferrite

formula formula cement

Tricalcium silica 3 Cao, SiO, CsS 60-65%
Bicalcium silica 2 Cao0, SiO, C.S 20-25%
Tricalcium aluminate 3 Cao, Al,O3 CsA 8-25%
Tricalcium 4 Ca0, Al,O3, Fe;03 C.AF 8-10%

Table 2: Principal components of ordinairy Portland cement (Mindeguia, 2009)

Aggregates are particles ranging from about 100 um up to several centimeters that can be either of natural (mostly),
artificial or recycled origine. Natural aggregates come from silicious or limestone sedimentary rocks,
methamorphic rocks (quartz and quartzite) or eruptive rocks (basalt, granite or porphyry). Their dimensions are
between 0 and 125 mm, going from 0 to 4 mm for sand, from 4 to 32 mm for gravel and greater than 32 mm for
chippings. Aggregates constitute the skeleton of concrete representing between 50% and 80% ot its total volume.
They are generally less deformable than the cement matrix. They oppose to the propagation of micro-cracks caused
in the cement mix by shrinkage. The mechanical resistances of concrete are mainly conditioned by the properties
of the Interfacial Transition Zone (ITZ) which is a thin layer of cement paste surrounding aggregates possessing a
larger W/C ratio than the bulk paste.

The choice of concrete composition is always studied as a function of the expected performances, especially in
terms of durability.

Water in concrete plays two roles:

e Granting the cement-sand-gravel mix a certain fluidity (workability).
e Allowing the hydration reactions of cement to form, after hardening, the solid matrix “gluing” all the
components together.

Water is then the component that transforms powder into a solid element. It exists inside concrete in 3 forms:
Chemically bound water in hydrates, absorbed water and free water. The relation between water and cement inside
concrete plays an important role in its behavior at fresh state, its mechanical behavior and durability, and the larger
the W/C ratio, the larger the workability is. On the other hand, the mechanical resistance of concrete decreases
with the increase of the W/C ratio, which increases the porosity of the matrix.
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The hydration reactions occur after mixing water and cement. It leads to the formation of hydrates. Concrete
presents a good fire resistance thanks to its incombustibiliy and weak thermal diffusivity. However, at high
temperature, the properties of concrete change (permeability, expansion, tensile and compressive resistance...)
and several phenomena occur (spalling, cracking...).

Physico-chemical modifications:

Temperature increase in concrete leads to the departure of free water, even for temperature less than 105°C (Bazant
et Kaplan, 2008). The amount of evaporable water depends on the maturity and the quantity of cement mix inside
the concrete and also the relative humidity of ambient air (Msaad et al. 2005).

When a concrete made from Portland or blended cement is subjected to heat, different transformations and
reactions occur (Msaad et al. 2005), (Ehm et al., 1981), (Alonso et al., 2004) & (Mendes, 2010). These
modifications are:

e Decomposition of some hydrates (especially ettringite) from 70°C, the temperature at which evaporable water
is already evacuated if the heating rate is slow. On the other hand, if the heating rate is fast, the evaporation
process could be extended up to 200°C (Heinfling, 1998).

e  Continuation of dehydration of C-S-H progressively up to temperatures near 900°C.

e Decomposition of the C-S-H gel to fine particles from 100°C to 200°C (Feldman & Sereda, 1968).

e Decomposition of Portlandite to calcium oxide from 450°C.

e Transformation of quartz a to quartz 8 at 570°C (this transformation concerns concrete containing silicious
aggregates).

e Cracking of C-S-H and formation of dicalcium silicates fC.S during the second phase of dehydration between
600°C and 700°C.

o Decomposition and decarbonization of aggregates by forming quicklime between 700°C and 900°C.

e Total melting of aggregates and cement mix around 1300°C.

Concrete undergoes a significant mass loss at high temperature. This loss is low below 150°C (essentially linked
to the departure of free water inside concrete) and begins to increase rapidly from 150°C because of the departure
of water contained initially in the hydrates and because of the decomposition of gypsum. Above 300°C, this loss
is low and corresponds to the dehydroxylation of Portlandite between 450°C and 550°C, the decomposition of
silanols (SiOH) and the decarbonation of limestone (CaCOs3) between 600°C and 800°C (Xing, 2011), (Pliya,
2010), (Kanema, 2007), (Xiao et al., 2006), (Hager, 2004), (Phan et al., 2001), (Noumowé, 1995), (Khoury, 1992).
Fig. 5 shows mass loss of different components of concrete as a function of temperature according to (Hager,
2004).
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Fig. 5: Evolution of mass loss as a function of temperature for different components of concrete (Hager, 2004)
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A high-performance concrete (HPC) undergoes less mass loss at high temperature than ordinary concrete (OC).
Nevertheless, because HPC has a densier structure, its water content is less and the volume of non-hydrated cement
particles is larger, the kintetic and the extent of its diverse microstructural and chemical modifications present
certain particlularities (Pimienta et al., 2017).

Increase of permeability:

The previousely discussed modifications also provoque changes in physical properties for concrete, especially its
permeability. This phenomenon is significant especially for high performance concrete (HPC). The increase of
permeability is significant between 200°C and 400°C because it is linked to the increase of the radius of capillary
pores up to 300°C and to micro-cracking above 300°C.

(Tsimbrovska 98) studied the evolution of gas permeability (nitrogen) on mortars and ordinary concretes subjected
beforhand to a thermal treatment until reaching constant mass at temperatures between 105°C and 400°C. All
mortar samples (cylinders with a diameter of 54 mm and a height of 30 mm) and concrete samples (cylinders with
a diameter of 150 mm and a height of 50 mm) were subjected to a temperature increase at 0.2°C/min. Fig. 6 shows
the evolution of gas permeability measured after cooling for mortars and concretes. Mortar and concrete gas
permeability at high temperature increases between 200°C and 400°C. This is attributed to the apparition of micro-
cracks and volume increase of connected capillary pores. Indeed, the permability, which is strongly influenced by
the morphology of pores, is extremely sensitive to the increase of the size of pores and the creation of
interconnected mico-cracks. As a result, permeability of mortars and concretes increases with temperature.
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Fig. 6: Evolution of intrinsic perméability in mortars, ordinary, and high-performance concretes as a function of temperature
(Tsimbrovska, 98)

Thermal expansion of concrete:

Thermal expansion of concrete at high temperature is linked to several combined phenomena: at high temperature,
aggregates undergo a continuous thermal expansion. On the other hand, the cement matrix is subjected to
expansion from 30°C to 150°C and shrinkage above 150°C. Micro-cracks occur because of these two opposite
thermal strains. Also, concrete components undergo physic-chemical modifications amplifying thermal expansion,
it is considered isotropic and depends on temperature increase. (Diederichs et al., 1989) compared thermal
expansion of an ordinary concrete to three high performance concretes (HPCs) (Fig. 7). The studied samples had
a diameter of 80 mm and a length of 300 mm. Heating rate was 2 K/min. The slope corresponding to thermal
expansion at 1x10° in Fig. 7 is represented with a dashed line. Expansion coefficients of aggregates for each
concrete were studied because they represent most of the volume in concrete (between 50% and 80%).
Consequently, their thermal expansion significantly influences the thermal expansion of concrete. The studied
ordinary concrete contained silicious aggregates with a thermal expansion coefficient of 1.6x10° /K when the
studied HPCs contained crushed diabases and granitic sands with a thermal expansion coefficient of 0.8x10° /K.
The studied HPCs showed a lower thermal expansion coefficient than ordinary concrete (0.8x10° for 1.1x107).
This could be linked to the fact that the studied HPCs had a lower aggregate content and that their aggregates had
a lower thermal expansion coefficient.
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Fig. 7: Comparaison of thermal expansion coefficients between three HPCs and ordinary concrete (Diederisch et al., 1989)

Concrete cracking:

Concrete cracking during heating is the result of differential expansion between cement matrix and aggreagates.
This is linked to the fact that they both undergo thermal expansion up to 150°C, but above this value, aggregates
continue to expand whereas the cement matrix shrinks. This phenomenon creates constrained stresses and
provoques thermal cracking. (Bazant et Kaplan, 1996) studied the expansion of concrete at high temperature and

explained that aggregates dominate the thermal behavior by cracking the cement matrix because they are more
resistant.

Decrease of compressive strength:

The decrease of compressive strength has been extensively studied by several researchers (Diederisch et al., 1989),
(Khoury, 1992) and (Noumowé, 1996). Their studies showed that the decrease of compressive resistance of
concrete is linked to the dehydration which causes the evolution of the microstructure. A concrete heated at 120°C
then left to cool down can recover its mechanical properties at ambient temperature. However, above 120°C, the
dehydration and microcracking are irreversible. Fig. 8 shows the evolution of the compressive resistance of
concrete according to Eurocode 2.
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Fig. 8: Evolution of relative compressive resistance of concrete as a function of temperature according to Eurocode 2
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Decrease of tensile strength:

The decrease of tensile strength is quasi-linear and plays a decisive role in the cracking mechanism. Very few
researchers took an interest in this property and neglect it mostly for security purposes, especially at high
temperature. (Noumowé, 1996) studied this property by conducting axial tension and splitting tests on an ordinary
concrete (OC) and a high-performance concrete (HPC).

Unlike compressive resistance (Fig. 8), moderate heating (1 to 10°C/min) decreases the residual tensile resistance
(after cooling). Fig. 9 shows the evolution of concrete tensile resistance as a function of temperature according to
Eurocode 2.
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Fig. 9: Factor k. .(6) applicable for concrete tensile strength £, . reduction at high temperature

Concrete spalling:

This phenomenon occurs especially for HPCs. Humidity and water vapour migrate because of temperature increase
and this migration is restrained by the low permeability of concrete. (Msaad et al., 2005) proposed two explications
for this phenomenon :

o Hydraulic spalling by pressure: here spalling is explained by the presence of a zone which is rich in water
(plug) provoquing gas pressure increase on the hot side of the saturated face.

e Spalling by restrained thermal expansion: on one hand the thermal expansion caused by heating leads (when
it is restrained) to compressive stresses parallel to the fire exposed surface.

According to (Khoury, 2000) there are four different forms of spalling: aggregates spalling, explosive spalling,
surface spalling and edge spalling. This phenomenon is linked to several factors depending on the material
properties (permeability, size and mineralogical nature of aggregate). According to (Khoury, 1992), elevated
heating rate, low concrete permeability, pore saturation corresponding to water content above 2-3%, the presence
of reinforcement and the applied force are the principal factors which generate concrete spalling.

According to (Mindeguia et al., 2015), spalling cannot be expressed solely by the development of an elevated
intersticial gas pressure. During 1SO 834 fire tests, spalling was observed on slabs despite their low intersticial gas
pressure. For tests on small samples at a slow heating rate, an elevated intersticial gas pressure was observed
without spalling. Concrete spalling can be linked to the apparition of a “critical zone”, an interpretation proposed
by (Jansson et al., 2013) and confirmed by (Mindeguia et al., 2015) consisting of a water saturated zone. It can be
localized at a few centimeters from the fire exposed surface. If this water succeeds in escaping rapidly and easily
from the first exposed centimeters, there will be a low risk of spalling. Concrete spalling under fire near the critical
zone can be caused by a deterioration of the mechanical properties of water saturated concrete (Jansson et al.,
2013) and (Lankard et al., 1971). According to the critical zone hypothesis, no spalling can be observed when the
creation of the water saturated zone is avoided. A more pronounced spalling can be observed for fast fires (more
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aggressive temperature-time curves), for example: spalling is more occurent for hydrocarbon fire which is more
aggressive compared to 1ISO 834 fire (Pimienta et al., 2010).

3.2. Steel

Steel used in the world of anchors varies between reinforcement and fastening applications.

Reinforcement bars:

The European standard (NF EN 10080, 2005) defines the term “steel” for reinforced concrete: a steel product with
a circular or practically circular cross-section which is suitable for the reinforcement of concrete. The geometry
and adherence of reinforced bars covered by the previous European standard vary depending on the product (ribbed
and indented reinforcement steel). The product is characterized by its geometry, by means of which bond with
concrete is achieved.

Ribbed steel bars have different configurations of transverse and longitudinal ribs. The product must have at least
two rows of transverse ribs uniformly distributed around the perimeter with uniform spacing between the ribs
within each row. Fig. 10 gives an example of a ribbed steel with two rows of transverse ribs (NF EN 10080, 2005).
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Fig. 10: Geometry of two rows transverse ribs (NF EN 10080, 2005)

Indented steel bars have different configurations of indents. The product must have at least two equally distributed
rows of indentations. The indentations form an angle of inclination with the bar axis. Fig. 11 gives an example of
an indented bar with three rows of indentations.

Fig. 11: Geometry of three rows of indentations (NF EN 10080, 2005)

Reinforcement can also exist under the form of smooth rods for a diameter varying from 5 to 50 mm. In reinforced
concrete structures, reinforcement bars are generally implemented to support the tensile forces in the section.

Annexe D of the standard (NF EN 10080, 2005) specifies the evaluation method for assessing bond resistance of
ribbed and indented bars used for reinforcement in concrete. The tension test is called “pull-out test” and gives a
basis for comparison between bars for reinforced concrete which present approximatively the same diameter but
have different surface configurations.

The principle of the pull-out test consists in loading the bar with a tensile force. The bar must be incorporated in a
concrete cube with a defined embedment length. No stresses are applied on the other end of the bar. The relation
between the tensile force and the slip (relative displacement between steel and concrete) is measured up to failure.
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The force continues to increase until the failure of the bond or the steel itself fails. Fig. 12 illustrates the principle
of the test.
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Fig. 12: Illustration of the principle of a pull-out test (NF EN 10080, 2005)

Where: 1 is the part of the bar up to the point of the application of the displacement measuring device, 2 is the
bond length, 3 is the free part pre-length, 4 is the part of the bar up to the point of application of the tension force,
5 is the reinforcing bar, 6 is concrete, 7 is a plugging, 8 is a plastic sleeve and 9 is the grip of the testing machine.

The bar is located in the center of the cube with an effective bond length of 5d corresponding only to a part of the
specimen. Bond is prevented on the other end of the bar. The bar extends beyond the two sides of the cube. The
tension force is applied to the longer end and the slip measurement device is set on the shorter end. The sleeves
must fit about 1 mm tolerance around the bar and their thickness must not exceed 2 mm.

Threaded rods:

Part 1 of the standard (NF EN ISO 898, 2013) specifies the mechanical and physical carachteristics of bolts, screws
and studs in carbon steel and alloy steel at ambient temperature. The standard (NF EN 10269, 2013) describes the
specifications for anchors in steels and nickel alloy at high temperatures. Fig. 13 shows the geometry of a threaded
studs and rods according to the international standard (NF EN ISO 888, 2018).
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Fig. 13: Threaded stud (NF EN ISO 888, 2018)
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The symbols and descriptions of geometrical dimensions in the figure above, according to the standards (NF EN
ISO 4753, 2012) and (NF EN ISO 888, 2018), are:

d: nominal diameter of the thread (mm).

b, : thread length of one end for double end studs (mm).

b, thread length for the other end for double end studs.

[: nominal length.

The steel of the anchor is designed depending on the type, diameter, steel grade, yield strength and ductility class
of the anchor.

The tensile strength of anchors with an embedment depth > 2.5d shall be determined according to the international
standards (NF EN ISO 6892, 2016) and (NF EN 1SO 898, 2013). A minimal threaded length equal to at least the
nominal diameter of the thread is subjected to tension. The failure shall occur inside the free threaded length [, or
the unthreaded shank (Fig. 14). The failure must be avoided in the head of the anchor and in the transition section
between the head and the threaded length. An exception is made for this case when failure originates in the threaded
length.
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Fig. 14: Example of testing device for tensile test on full-size threaded rods (NF EN ISO 898, 2013)

Steel has an elastic modulus equal to 210 GPa at ambient temperature (20°C). Fig. 15 shows the simplified stress-
strain diagram for steel according to Eurocode 2, Part 1-1 (NF EN 1992-1-1, 2005), with:

*  fykiyield strength (MPa).
e k- fy tensile resistance for steel (MPa).
e &, steel elongation at failure.

k and &, depend on steel ductility.
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Fig. 15: Simplified stress-strain diagram for steel according to Eurocode 2, part 1-1 (NF EN 1992-1-1, 2005)
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Density:

Steel density can be considered temperature independent (NF EN 1993-1-2, 2005). A value of 7850 kg/m? can be
adopted.

Thermal expansion:

Thermal expansion of steel is temperature dependent and given in Fig. 16 according to Eurocode 3, Part 1-2 (NF
EN 1993-1-2, 2005).
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Fig. 16: Relative elongation of carbon steel as a function of temperature (NF EN 1993-1-2, 2005)

Specific heat:

The variation of the specific heat for steel as a function of temperature is illustrated in Fig. 17 according to
Eurocode 3, Part 1-2 (NF EN 1993-1-2, 2005).
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Fig. 17: Specific heat of carbone steel as a function of temperature (NF EN 1993-1-2, 2005)

Thermal conductivity:

The variation of thermal conductivity for steel as a function of temperature is illustrated in Fig. 18 according to
Eurocode 3, Part 1-2 (NF EN 1993-1-2, 2005).
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Fig. 18: Thermal conductivity of carbone steel as a function of temperature (NF EN 1993-1-2, 2005)

3.3. Adhesive resin

Components of adhesive resins:

The used adhesive resins in the field of construction are generally polymer based (for example: epoxy) to which
other adjuvants are added to enhance their mechanical properties, durability, chemical stability, conservation, ease
of implementation and product appearance (Pinoteau, 2013).

Polymer, from a chemical point of view, is a macromolecule composed of carbon and other elements such as
hydrogen, nitrogen, chlorine and fluorine. According to (Pinoteau, 2013), adhesive resins used in anchors belong
to the family of thermosetting polymers. A thermosetting polymer is composed of cross-linked linear chains. The
chains are linked in space with strong covalent bonds. Thus, they present a three-dimensional insoluble and
infusible (can not be melted) network.

Structural adhesive resins are composed of three principal families (Lahouar, 2018):

1. Methacrylic: based on acrylic and methacrylic esters. They are formed by mixing Methyl methacrylate with
peroxide.

2. Polyurethane: thermosetting bicomponents formed by mixing polyols with an isocyanate hardener.

3. Vinyl ester and epoxide: thermosetting bi-components formed by esterification of an epoxide pre-polymer
with an insaturated carboxylic acid such as acrylic acid or methacrylic acid in the case of vinyl ester adhesive
resins, and with an acid anhydrite or amine in the case of epoxy adhesive resins (M. Allenbach Patrick, 2014).

The cohesion of the adhesive resin is ensured by two type of bonds:

1. Inter-atomic bonds that ensure the cohesion between the atoms of the same molecule.
2. Inter-molecular bonds that ensure the junction between different molecules.

Fillers:

They represent up to 60-65% of the final mass of the adeshive resin. They are generally mineral substances (silica,
alumina and graphite). The price of silica and its mechanical performances makes it the most used component.
Silica procures the best mechanical performances and it is very economical which explains why it is found in most
of the applications. Alumina gives a certain self-extinguishing property (the capacity of a substance to burn in a
flame and automatically extinguish itself after removing the flame) and a better resistance to tracking index (the
capacity of an insulating material to resist to an electric field beyond its capacity). All the fillers contribute not
only to the decrease of the price, but they are also essential on the technical plan. They allow to reinforce the
material by increasing the mechanical properties of composites (tensile, compressive and bending strength). They
also decrease the stresses linked to the shrinkage of the polymerization and compensate for the elevated thermal
expansion coefficient of the matrix phase.
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Flexibilizers and plasticisers:

The aim of these products is to enhance the resiliance of the adhesive resin (shock resistance) by slightly decreasing
its viscosity. Flexibilizers are present at a proportion that should not exceed 25% in a bisphenol resin to avoid
significantly decreasing the mechanical resistance at high temperatures. For epoxy adhesive resins, flexibilizers
integrate the three-dimensional molecular network of the cross-linked polymer because of the presence of an epoxy
group. The latter is not present in the plasticisers, making it incapable to integrate the molecular network, leading
to their migration and causing a premature aging of the adhesive resin.

Reactive thinners:

These components aim to increase the fluidity of the product. In general, the used quantity depends on the wanted
thermal properties. The bigger the dosage is, the lesser the glass transition temperature. This is why they are not
used for fixing ceilings to avoid leakage of the adhesive resin. If the thinners exceed 10% of the product, the drop
of the properties is significant.

Dyes:

They can be composed of mineral or organic pigments. Certain colors are difficult to obtain, like light colors for
epoxy adhesive resins with a heavy dose of silica (Bardonnet, 1992a).

Solvants:

They are added to the formula to delay the cross-linking reaction of the resin/hardener mixture. They extend the
expiration date of resine pot and allow to adjust the viscosity of the mixture. The most known solvants are ketones,
alcohols and aromatic compounds.

Exothermicity of the reaction:

The installation of the adhesive resin requires to mix the mother resin with the hardener, creating a chemical
reaction called “cross-linking”. This reaction releases heat (exothermic). It increases the temperature of the
adhesive resin during its cure. (Bardonnet, 1992a) explains that the mass entering the reaction plays an essential
role. Indeed, the molecules that started to cross-link give away their heat from the reaction to the neighboring
molecules. He also explains that a poorly controlled reaction between the mother resin and the hardener can lead
to thermal peaks that can reach up to 250-300°C.

It is then important that the heat dissipates sufficiently with time to avoid the apparition of exothermic peaks that
can generate internal stresses and cracks. (Bardonnet, 1992a) listed several parameters that have to be taken into
account to avoid high exothermiciy:

e The presence or absence of metal inerts capable of evacuating heat.

e The presence or absence of amineral filler capable of increasing the conductivity of the adhesive resin towards
the wall of the mold.

e The mass concentration: a concentrated mass is more difficult to treat than the hollow body of the same thin-
walled mass.

The influence of hardening time on the temperature of the mother resin/hardener mix for the same mixture in two
different configurations is shown in Fig. 19. In case I, the initial temperature of the stove was 120°C and in case
Il it was 160°C. In the first case, there is a slight exothermic peak (slight increase of temperature compared to that
of the stove), wheras for the second case the higher temperature of the stove caused a viloent exothermic reaction
with a peak of 280°C (160°C stove + 120°C increase). Naturally, the amount of heat released does not depend on
the reached temperature but on the surface under the curve. The hatched surface under both curves of Fig. 19 is
the same. This means that for the same sample of a given mixture, the heat quantity released by the reaction must
be the same.
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Fig. 19: Thermal analysis of the hardening of an epoxy resin (Bardonnet, 1992a)

Thermosetting adhesive resins are subjected to shrinkage (decrease in volume) during their cooling-down from the
cure temperature to ambient temperature. This shrinkage is a consequence of the overheating due to the cure. The
intensity of the shrinkage depends on the chemical structure of the adhesive material and on the type of attraction
forces appearing during the cure (Marques, 2014).

(Coppendale, 1977) showed by using a two-dimensional finite element model analysis, that for failure loads
between 10 and 20 kN for a uniform adhesive joint, the contribution of shrinkage is not significant in the
deformation (around 0.5%). This means that for adhesive joints it is not necessary to take shrinkage into account.
Other research works focused on compression with thermally induced stresses.

(Mallik, 1989) studied the stresses inside a unique adhesive joint fastening a carbon fibre reinforced polymer
(CFRP) to aluminium. The shrinkage had very little influence on the total state of stresses inside the adhesive joint.
(Yu, 1999) investigated an adhesive layer-lined metallic strip and showed that the stress caused by the difference
in the thermal expansion coefficients of the materials were much greater than shrinkage stress. In order to properly
design an adhesive joint, it is important to reduce the thermal expansion stresses of the adhesive material.

Thermal post-cure:

During the installation of the adhesive resin, the mother resin and the hardener blend by doing a cross-linking
reaction which progresses at certain speed. The speed of cross-linking is directly proportional to the number of
chemical groups that have not yet reacted.

The freezing time is the moment at which the reactive mixture between the mother resin and the hardener begins
to set. Shortly after the freezing point, the mixture increases its volume, but generally it is far from complete
hardening and there is only about half of the molecules that are cross-linked (Bardonnet, 1992a). Once the freezing
point is reached, the structure freezes because of the weak mobility of the chains preventing the continuation of
the reaction.

Any subsectent increase in the temperature of the mixture leads to a mobility of the unreacted chains. This leads
to the resumption of the progression of the reaction and consequently to the further densification of the three-
dimensional network and the modification of the mechanical properties of the mixture. For the case of polymers
formed at ambient temperature, this phenomenon occurs when a large number of molecules has not yet cross-
linked after freezing.

In Fig. 20 (Rekik Medhioub, 2009) has brought together the different stages leading to the formation of an epoxide
polymer:

e Stage A: reaction between the mother resin and the hardener has not yet begun (low viscosity).
e Stage B: beginning of the polymerization between the components of the mixture (mother resin + hardener).
e Stage C: cross-linking of the adhesive resin (insolubility and total infusibility).
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Fig. 20: Evolution of viscosity with time showing the different stages leading to the formation of an epoxide polymer (Rekik
Medhioub, 1992)

Epoxy adhesive resins:

There are many types of epoxy adhesive resins in the market. The most used is diglycidylether of bisphenol A
(DGEBA). It accounts for 95% of the world’s tonnage (Barrére et Dal Maso, 1997). Its structure is presented in
Fig. 21.
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Fig. 21: Structural formula of diglycidylether of bisphenol A (DGEBA)
Where: n is the degree of polymerization.

Diglycidylether contains a certain quantity of diphenylpropane (bisphenol A) which reacts with epilchlorohydrin
in the presence of sodium hydroxide. The degree of polymerization n depends on the molar ratio between
epichlorohydrin and bisphenol A. The viscosity of the product depends on the degree of polymerization. For a
value of n between 0 and 1, the polymer is liquid. Beyond this, the polymer becomes solid at ambient temperature
(Dessertenne, 2012).

Epoxy adhesive resins are heavily used in the field of civil engineering because of their following advantages:

e (Good fatigue resistance.

e Long service life.

e Good adherence and high shear modulus.
e Good thermal insulation.

e Good water and chemical agent resistance.

But they present certain disadvantages:

e Low fire resistance (creep, loss of adhesion).
e Toxicity.
e Low adaptability to installation at low temperatures and high humidity.
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e  Sensitivity to ultraviolet radiation.
¢ High influence of the installation quality, forcing certain countries to impose a qualification for installers.

Glass transition:

It is the passage of the polymer, during heating, from the glass state to the liquid melted state (rubbery) (Teyssédre
et Lacabanne, 1997). During the passage of polymers by the glass transition temperature (Ty), they are subjected
to a drop of mechanical properties (Young and Coulomb moduluses). This consists of a thermodynamic transition
of the second endothermic order requiring energy supply.

According to (Tamulevich et Moore, 1980), the postcure (after hardening of the adhesive resin) influences the
glass transition. Glass transition depends therefore of the advancement degree of the crosslinking reaction between
the mother resin and the hardener.

For rigourous measurements, it is necessary to specify not only the determination method of T, but also the
temperature sweep degree and, more generally the thermomechanical history of the sample (Rekik Medhioub,
2009). There are three main methods for the determination of T,,:

1. Differential scanning calorimetry (DSC):

It depends in the energetic effect. T is determined by the variation of the specific heat of the polymer during
heating compared to a reference sample.

Thermosetting resins form a solid material under heat action. This crosslinking procedure is exothermic. Therefore,
DSC is a well adapted method for the study of the polymerization-crosslinking parameters of this type of adhesive
resins. DSC allows to study not only the temperatures and heats of the reactions, but also the kinetics of these
reactions because the heat flux is proportional to the reaction speed (Gernet et Légendre, 2010).

2. Thermomechanical analysis (TMA):

It depends on a physical effect. T, is determined by the change in the expansion coefficient during heating. Indeed,
the thermal expansion coefficient increases significantly at the glass transition temperature T,,.

Likewise, the physical aging can be caracterized by these techniques (Struik, 1978). It is also possible to determine
Young’s modulus in tension as a function of temperature by knowing the deformation component linked to the
expansion (Teyssedere et Lacabanne, 1997). This type of measurements is found in mechanical tests on materials
(Francois, 1984) et (Pabiot, 1991).

3. Dynamic mechanical thermal analysis (DMTA):

It consists of recording the response of the tested material under a dynamic mechanical load of sinusoidal form as
a function of time and temperature. The complexe variations of Young’s modulus and damping factor allow to
determine the transitions of the polymer as a function of temperature (for example: glass transition) (Isselmou
Mohamed Habib, 2013). DMTA is heavily used for the aging characterization of polymer materials (Aref-Azar et
al., 1996), (Berthumeyrie et al., 2013) and (Larché et al., 2011).

(Lahouar et al., 2018) performed tests at the material scale on bonded anchors. They focused on the influence of
temperature on the studied adhesive resins. Stabilised temperature and constant load tests were performed
(procedure detailed in chapter 3 section 4). They noticed that when the glass transition temperature (T;) is reached,

a significant decrease in the stiffness of the anchor occurs, along with a change in the failure mode. It was
demonstrated that:

e When Tein < Ty failure of bonded anchors occurs at the steel/adhesive resin interface.
e When T, = Tyt @ mixed failure mode is observed (beginning of the glass transition).
e When Ty > Ty failure of bonded anchors occurs at the adhesive resin/concrete interface.

Water resistance:

Water is likely to diffuse inside a polymer adhesive resin. Exposure to water causes a loss of bond adherence and
can cause corrosion of the metallic rod (Nguyen et al., 1996). The physical properties of polymers depend on
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several factors such as their absorption capacity of little molecules (for example: water). Absorped water molecules
change freezing and glass transition temperatures (Wu et al., 2003).

According to (Apicella et al., 1985) polymer adhesive resins absorp moisture from surrounding environement.
According to these authors, there are three sorption modes:

Mass dissolution of water in the polymer network.
Absorption of moisture at the surface of vacuoles (central cells), because of an excess of free volume in the

glassy structure.
Formation of bonds between the hydrophilic groups of the polymer and water.

The plastification of the adhesive resin by water occurs, according to (Verdu, 2000), when water molecules
integrate the macromolecular network and break the secondary bonds between polar groups carried by

neighbouring chains to establish preferential links with water (Fig. 22).
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Fig. 22: Plastification effect in a macromolecule of a polymer resin due to water exposure (Verdu, 2000)

One of the consequences of the plastification of the adhesive resin is the destruction of the mechanical cohesion

of the netwrok and the increase of molecular mobility. A characteristic study was conducted by (Verdu, 2000) on
the same polymer adhesive resin presented in Fig. 22. After conditioning of samples at different humidities, tension

tests were conducted.
Flow stress and modulus of elasticity decrease significantly with increasing humidity (Fig. 23).
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Fig. 23: Tension curves of a 6-6 polyamide for différent water saturation states (Verdu, 2000)

Creep behavior:

Creep is the irreversible long-term deformation of a material subjected to a constant stress below its yield strength
for a sufficient time. The creep of the adhesive resin may occur, like in the case of the Boston Big Dig Tunnel
(National Transportaion Safety Board, 2006), the Sasago tunnel in Japan (Umehara et al., 2014) and the bridge
barrier in Atlanta (Canopy Failure Investigation, 2011). The expertises carried out after these disasters have shown

that the failure mechanism corresponds to a long-term slip of the bonded anchor.

(Chin et al., 2010) conducted a study on the creep behavior of two epoxy adhesive resins. They proposed an
experimental method capable of predicting the long-term creep behavior in service conditions from short-term
tests, by using the time-temperature superposition principle. Two adhesive materials were made by the same
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manufacturer and had a similar chemical form. One of them contained accelerators to obtain a faster curing time.
(Chin et al. 2010) conducted DSC tests (Differential Scanning Calorimetry), TGA (Thermogravimetric Analysis)
and sorption moisture analysis. The time-temperature superposition principle is based on the hypothesis that for
certain polymer materials, the mechanical behavior at high temperatures is the same at ambient temperature for
long-term. This hypothesis allows to determine the long-term creep behavior by varying the temperature or the
excitation frequency during a dynamic test, by applying a “shift factor” as proposed by (Hunston et al., 1981).

(Lahouar, 2018) adopted this method for an experimental study on a polymer adhesive resin, by combining the
portions of the curves, obtained from tests at different temperatures or different frequencies (Fig. 24). He
highlighted the fact that the creep behavior of polymer adhesive resins can be the second most important factor for
the determination of their behavior after the glass transition temperature T,. He demonstrated the existence of a
relationship between temperature and delayed displacement of polymer adhesive resins. Fig. 24 shows that creep
increases non-linearly with temperature increase. This proves the importance and risk of the association of
temperature and creep to the durability and the mechanical resitance of bonded anchors.
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Fig. 24: Prediction of the creep behavior of a polymer adhesive resin with temperature increase (Lahouar, 2018)

Poisson’s coefficient increases with temperature (Theocaris, 1979) and (Pandini and Pegoretti, 2008). (Chin et
al., 2010) showed that a glass transition (T,) below 60°C may occur for certain structural adhesive resins and

consequently it is concluded that the governing material for the design of bonded anchors under fire is the adhesive
resin.

4. Guidelines and standards

4.1. Assessment of anchors in concrete at ambient temperature

Generally, the requirements of the assessment of anchors in concrete at ambient temperature are described in
Eurocode 2 — Part 4 (EN 1992-4, 2018).

Anchors can be loaded in tension, shear and combined tension and shear situations, or shear load by lever arm
(Fig. 25).
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Fig. 25: Actions on anchors

For an anchor loaded in tension, four failure modes can be distinguished (Eligehausen, 2006) (NF EN 1992-4,
2018):

Concrete failure (characteristic cone failure or concrete splitting failure).

Bond failure (loss of adhesion).

Steel failure.

Mixed failure, only for bonded anchors (partial concrete cone + loss of adhesion at the concrete/ adhesive
resin interface + potential bond failure by tension at the end of the embedment depth)

el A A

These failure modes are presented in Fig. 26.
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Fig. 26: Failure modes associated to an anchor loaded in tension (Eligehausen et al., 2006)
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Pull-out or pull-through failure of the anchor consists of the anchor being pulled out of the hole, this failure can
also cause the damage of the surrounding concrete (Fig. 26a;,a; ). This failure mode can occur for expansion
anchors and plastic anchors when the expansion force is insufficient to hold the anchor at the installed embedment
depth for the load corresponding to concrete cone failure. This failure mode can also occur for screws, studs and
threaded rods if the resisting area is insufficient, and also for bonded anchors.

In addition to the failure modes cited above, the following distinctions are observed for the case of bonded anchors:
failure at the steel/ adhesive resin interface (Fig. 27a), failure at the adhesive resin/concrete interface (Fig. 27b) or
mixed failure (Fig. 27c). In all of these cases, a concrete cone with a depth of 2d to 3d (d = diameter of the
threaded rod) is formed around the adhesive layer and the failure by loss of adhesion of the adhesive resin occurs
for the rest of the embedment depth.
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Fig. 27: Pull-out failure modes for bonded anchors (Cook et al. 1998)

Fig. 28 shows schematic load-displacement curves for non-prestressed bonded anchors loaded in tension exhibiting
pull-out failure (Meszaros, 1999). The load-displacement behavior depends on the stiffness and adhesive
properties of th adhesive e resin. For good adhesive properties, bonded anchors present a good elastic behavior
nearly up to failure (Fig. 28a). Post-peak behavior depends on the interface at which the failure occurs. If bond is
lost at the concrete/ adhesive resin interface (Fig. 28b), the anchor rod and adhesive layer of resin are pulled out
of the non-uniform surface of the drilled hole and frictional resistance is generated. If the frictional resistance is
lower than the adhesion strength, then he resisted load shows steady decline with displacement increase (Fig. 28a).
If the adhesion strength is lower than the frictional resistance between the adhesive resin and the surface of the
hole, the ultimate load is reached at relatively large displacements. The ratio of adhesion resistance to ultimate
load can be relatively high (Fig. 28b) or for low robust systems quite low (Fig. 28c). If bond failure occurs at the
steel/ adhesive resin interface (Fig. 28c¢), the resistance will drop rapidly with displacement increase (Fig. 28d) due
to the shrearing of the adhesive resin projections into the threads of the rod at the small displacements followed
by the pull-out of the anchor. After the shearing off of the adhesive resin between the threads, the surface of the
adhesive resin is relatively smooth, and the frictional resistance tends to be small. The load-displacement behavior
in Fig. 28 is clearly more favorable than that of Fig. 28d because it allows load redistribution.
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Fig. 28: Schematic load-displacement curves of single loaded bonded anchors for pull-out failure (Meszaros, 1999)

Concrete splitting failure occurs typically when the dimensions of the concrete element are limited (Fig. 26b;),
when the anchor is situated very close to an edge (Fig. 26b,), or when several anchors are installed close from one
to another (Fig. 26bs).

Concrete cone failure is characterized by the splitting of a cone-shaped concrete chunck from the deepest part of
the anchor (Fig. 26¢1). Individual concrete cones for a group of anchors can overlap (Fig. 26¢;). The cone may be
truncated if the anchor is situated near the edge of the concrete element (Fig. 26¢3). Anchors situated very close to
an edge which generate a high load-bearing capacity can cause a local splitting of the concrete element near the
head of the anchor (blow-out). Unconfined tests with a minimal embedment depth (4d to 5d) can lead to concrete
cone failure. If these tests are used to charterize the load-bearing capacity of the bonded anchor, the approach is
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conservative (EAD 330499-01-0601, 2019). More precise results can be obtained if the embedment depth is chosen
in a way to ensure a mixed failure mode (pull-out + concrete cone).

Anchors with a sufficient edge distance and embedment depth, loaded in shear exhibit steel failure, whereas a
small conical spalling of concrete at the surface could occur before steel failure (Fig. 29a). If the anchor is loaded
in shear toward a proximate free edge (Fig. 29b1,b2), or a corner (Fig. 29bs), failure occurs by the development of
a surface fracture in the concrete originating at the point of loading oriented to the free surface. This failure mode
is similar to concrete mode under tension. For concrete elements with limited thickness (Fig. 29b4) or limited width
(Fig. 29bs), splitting of concrete can be truncated.

Anchors with a relatively shallow embedment depth can reach concrete cone failure on the side of the anchor
opposite to the direction of the applied shear load (pry-out) (Fig. 29¢y,c2).

Mechanical expansion anchors loaded in shear can exhibit pull-out failure if the expansion force ensured by the
anchor is insufficient to resist the tension forces induced by shear loading (Fig. 29d).

Fig. 29: Failure modes associated to an anchor loaded in shear (Eligehausen et al., 2006)

Reinforced concrete structures are generally subjected to cracks under service load due to the tensile stresses on
the tension side caused by loads or by the restraint of the imposed deformations. Therefore, in general, the design
of anchors should be based on the assumption that concrete is cracked (Eligehausen, 2006). Several studies showed
that the behavior of mechanical anchors in uncracked concrete can be different compared to anchors in cracked
concrete (Cannon, 1981), (Eligehausen & Balogh, 1995). The behavior difference can manifest by a change in
rigidty, ultimate load-bearing capacity and the potential failure mode of the anchor (Fig. 30).

Post Installed Reinforcment bars (PIRs) are only influenced locally by flexural cracks perpendicular to the
embedment depth causing an unsignificant impact on the load-bearing behavior. Unlike PIRs, the load-bearing
behavior of anchors is significantly influenced by cracks depending on the type and design of the anchor.
Furthermore, very little information exists on the behavior of anchors in cracked concrete at high temperatures.
The only available data lead to the development of the empirical crietria for the design of anchor in cracked
concrete under fire in Eurocode 2 - Part 4. Most of the research done on the behavior of anchors in cracked concrete
was carried at ambient temperature. Therefore, the general requirement for evaluating anchors in cracked concrete
needs to be further investigated for the case of high temperatures (i.e. in case of fire exposure).
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Fig. 30: Schematic load-displacement curves of mechanical anchors tested in tension in cracked and uncracked concrete
(Rehm, Lehmann, 1982): a) anchors suitable for use in cracked concrete and b) Anchors not suitable for use in cracked
concrete (inadequate or non-existing follow-up expansion)

A large number of anchors designed for use in uncracked concrete is not adapted for use in cracked concrete. The
criteria for the determination of the influence of crack existence are: anchor type and design, anchor position inside
the crack, load applied on the anchor and crack width.

Tests on several types of anchors under tension with static cracks (non-cyclic loading) showed a reduction in the
load-bearing capacity up to 30% or more in relatively small crack widths (w = 0.3 mm). Fig. 31 shows the ratios
of the load-bearing capacity in cracked and uncracked concrete obtained by experimental tests, and the tendencies
of the reduction due to crack existence for three typical anchor types.
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Fig. 31: Ultimate load-bearing capacity of anchors loaded in tension in cracked concrete: a) expansion anchors and
threaded rods; b) Torque controlled expansion anchors; c) bonded anchors (Eligehausen & Balogh, 1995)

Fig. 32 compares load-displacement curves for bonded anchors in cracked and uncracked concrete. As with other
anchor types, anchor stiffness is lower in cracked concrete. Inadequate hole cleaning may lead to further reductions
in the ultimate tension capacity (Eligehausen, Mallée, Rehm, 1997).
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Fig. 32: Schematic load-displacement curves of bonded anchors loaded in tension in cracked and uncracked concrete
(Eligehausen, Mallée, Rehm, 1997)

The assessment of the load-bearing capacity of bonded anchors in cracked and uncracked concrete without fire is
described in the European Assessment document (EAD 330499-01-0601, 2019).

European Assessment Document for bonded anchors (EAD 330499-01-0601)

The EAD (European Assessment Document) 330499-01-0601 “Bonded fasteners for use in concrete” defines the
rules for the technical assessment of bonded anchors in concrete without fire. It covers a variety of bonded anchors
for fastening applications and describes the guidelines to be followed by the Technical Assessment Body (TAB)
to control the assessed product from its manufacturing phase to its utilization in the structure. This EAD assesses
the performance of bonded anchors for all failure modes indicated here-above, in uncracked concrete and cracked
concrete with controlled crack width. In general, it covers concrete strength class from C20/25 (low strength
concrete) to C50/60 (high strength concrete).

Technical assessment according to this EAD must respect certain criteria according to the associated failure mode
and testing configuration: confined test setup for bond failure (characterization of bond strength), unconfined to
favorize concrete failure...etc. In cracked concrete, a reduction coefficient is applied to determine the relationship
between the resistance in uncracked and cracked concrete. However, this document does not cover the assessment
of bonded anchors under fire.

4.2. Fire assessment of anchors in concrete

Until this day, tests on anchors in concrete under fire follow the guidelines of the Technical Report (EOTA TR
020, 2009) which is integrated today as annex in the European Assessment Document for mechanical anchors in
concrete (EAD 330232-01-0601, 2019). The current state of the technical report is suitable for the evaluation of
mechanical anchors (i.e. with mechanical interlock or expansion) but does not allow proper evaluation of bonded
anchors under fire especially for the pull-out failure mode (loss of adhesion). Indeed, bonded anchors use adhesives
that are significantly influenced by temperature increase. Therefore, the thermal influence of the current testing
conditions on the load-bearing behavior of bonded anchors under fire should be assessed, and more precise
provisions and guidelines should be provided before integrating them in the European Assessment Document for
bonded fasteners in concrete (EAD 330499-01-0601, 2019). Meanwhile, the technical repor gives two different
methods for the determination of the load-bearing capacity under fire:

Simplified design method in cracked and uncracked concrete:

This method deals with failure modes under tension (steel failure, bond failure and concrete failure in cracked and
uncracked concrete), under shear (steel and bond failure modes) and combined tension and shear loading. The
duration of the fire resistance is calculated as a function of the reference values at ambient temperature and no fire
tests are required.
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Steel failure values were determined by conducting a large number of tests on steel mechanical anchors. Table 3
contains the values for anchors made of carbon steel according to (NF EN 10025-1, 2005). Table 4 contains the
values for anchors made of stainless steel of at least grade A4, according to (NF EN 1SO 3506-1, 2010).

Characteristic tension strength of an unprotected anchor made

Anchor Embedment depth of of C-steel in case of fire exposure in the time up to:

diameter the anchor
ORissi [N/mm?]
[mm] [mm]
30 min 60 min 90 min 120 min

»6/ M6 >30 10 9 7 5

»8/ M8 >30 10 9 7 5
$10/M10 >40 15 13 10 8
$12/ M12 > 50 20 15 13 10
and greater

Table 3: Characteristic tension strength of an anchor made of carbon steel under fire exposure

Characteristic tension strength of an unprotected anchor made
Anchor Embedment depth of stainless steel in case of fire exposure in the time up to:
diameter of the anchor
Orissi [N/mMm?]
[mm] [mm]
30 min 60 min 90 min 120 min

»6/ M6 >30 10 9 7 5

»8/ M8 >30 20 16 12 10
$10/M10 >40 25 20 16 14
$12/M12 > 50 30 25 20 16
and greater

Table 4: Characteristic tension strength of an anchor made of stainless steel under fire exposure

For special anchors such as bonded anchors and bonded undercut anchors, the determination of fire resistance with
the simplified method is not possible. Therefore, the second method has to be applied. For these anchors (principle
shown in Fig. 33), the resistance of the anchor is obtained by the “friction force” and the adhesion of the bond.
Likewise, the resistance of bonded anchors is highly product dependent and changes from one product to another
depending on the used adhesive, type of steel and concrete strength class. These parameters change differently
with temperature increase. Therefore, Eurocode 2 — Part 4 (NF EN 1992-4, 2018) states clearly that the fire
resistance of these products should be determined experimentally from fire tests.
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Tensile force

Friction AA
force

Fig. 33: Principle of a bonded undercut anchor

The experimental method:

There are many existing methods today for the determination of the load-bearing capacity of bonded anchors under
fire. Some of these methods use mixed methods (fire tests + numerical simulations). This paragraph only describes
the pure experimental method detailed in (EOTA TR 020, 2009). The anchor is tested experimentally under fire.
Then, the values of the duration of fire resistance for the tested failure modes and/or loading directions can be
taken into account in the homologation. A carbon-steel fixture has to be installed according to the dimensions of
the guide as a function of the load category. The load must be transferred to the anchor similarly to Fig. 34.

Distance cube (10/10/10 mm)

10/10/10

Square base plate of attachment

Flange of attachment

Threaded rod

[

Tension member

Fig. 34: Test setup for the determination of failure under tension according to (EOTA TR 020, 2009)

Table 5 presents the details of the metallic fixture (adapter) transferring the applied load to the anchor according
to (EOTA TR 020, 2009).
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Length of the . Distance
Load square base Flange Profile between the
Type of categories q ot height/width thickness ﬂ
adapter plate anges
Npissi [KN] a [mm] h/b [mm] t [mm)] z [mm]
>1<3 90 100/90 15 60
|
>3<5 90 100/90 15 60
>5<7 110 120/110 20 70
1
>7<9 110 120/110 20 70
>0<11 120 120/120 25 70
I
>11<13 120 120/120 25 70

Table 5: Dimensions of the load-transfer fixture for fire tests on anchors according to (EOTA TR 020, 2009)

The lower side of the test setup (anchor + fixture + concrete element) are then exposed to the combustion curve of
the fire depending on the fire type. Usually, the (ISO 834-1, 1999) fire time-temperature curve is adopted. The
results of fire tests are a resisting duration for a constant applied load. Fire tests must respect the guidelines in (NF
EN 1363-1, 2020). More details are provided in (EOTA TR 020, 2009).

In order to have a good representation of the fire resistance vs. fire exposure time relationship, five tests must be
conducted for the smallest and medium diameter of the tested anchors. At least four of these tests have to report a
fire resistance duration above 60 min. Then, the applied loads on anchors are converted to steel stress values o,
and plotted as a function of the corresponding failure time t,. The results are then described by the following
relationship [Eq. 3]:

051 = C1 + Cz/tu [Eq 3]

The tendency curve must be shifted with a factor c; (lower than 1) at the lowest point of the experimental results.
By replacing time in the equation of the obtained tendency curve, the fire resistance values are obtained for fire
exposure times of 60, 90 and 120 min. On a secant of this curve passing by the values at 60 and 90 min, the fire
resistance value for 30 min is obtained. Fig. 35 shows an example of the procedure.

o, [Nmm?]

40
/ regression curve: og1 =Cq +Co/

30 4
\{ lower limit value curve: 6 = C3 (C1 + G / 1)

.

20 O—

0

t, [min]

I
|
|
|
|
0 10 20 30 40 50 60 70 80 90 100 110 120 130

Fig. 35: Determination of the characteristic steel stress according to (EOTA TR 020, 2009)

4.3. Fire resistance tests according to NF EN 1363-1

The conduction of fire resistance tests in Europe is governed by the standard (NF EN 1363-1, 2020). Part 1 of this
standard describes the general requirements, especially the heating curve. In general, the temperature of the furnace
is regulated as a function of the time-temperature curve of the 1SO 834 fire.
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The temperature of the furnace must be measured and controlled by at least one plate thermometer by burner. The
plate thermometers must be in accordance with the structure illustrated in Fig. 36.

1

-

50

100

/
/
.|

o~

b

- 50 - - 10 —

- 100 —
Fig. 36: Illustration of a plate thermometer in front of a burner to control the furnace (ISO 834-1, 1999)

Where: 1) sheathed thermocouple with insulated hot junction, 2) spots welded or screwed steel strip, 3) hot junction
of thermocouple, 4) insulation material, 5) nickel alloy strip (0.7 = 0.1) mm thick, 6) face A. The dimensions of
Fig. 36 are in mm.

The internal pressure inside the furnace is also controlled during the fire test. Therefore, we can suppose a pressure
gradient of 8.5 kPa by meter of height of the furnace.

4.4. European Assessment document for post-installed rebars (EAD 330087-00-0601)

The EAD n° 330087-00-0601 “Systems for post-installed rebar connections with mortar” handles the assessment
of post-installed rebars at ambient temperature and at high temperatures. Post-installed rebars (PIRs) are not
directly exposed to fire in fire situations. These elements are subjected to heat via the concrete element (if no
spalling occurs). In order to qualify a PIR for use in concrete, it must ensure a performance equal or greater than
cast-in rebars.

The resistance of post-installed rebars decreases with temperature increase due to the degradation of the
mechanical properties of the bond. This EAD gives a reduction factor of the bond strength as a function of
temperature. This reduction is obtained from pull-out tests on PIRs at high temperatures. This guide describes tests
on PIRs installed in cylindrical concrete specimens heated on the lateral side. The test setup is illustrated in Fig.
3.
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7 0
T fommh [ Designation:
» / | 1 Concrete
, E 2 Steel cylinder
» 2| || 3 Confinement 1,5 dy to 2 do
8 7 ) 4 Bond
’ ,’ «g 5 Rebar
, S 8 Thermal loading
/ Niest Mechanical loading
» ' ‘ TC1  Thermocouple 1
" 1 , TC2  Thermocouple 2
>, |-

150 mm

Fig. 37: Test setup of PIRs at high temperature according to (EAD 330087-00-0601)

Where: 1) concrete, 2) steel cylinder, 3) confinement from 1.5d, to 2d,, 4) bond, 5) rebar, 6 thermal loading, N
mechanical loading, TC1 thermocouple 1 at 10 mm from the head of the anchor, TC2 thermocouple 2 at the end
of the anchor.

In this test, a PIR consisting of an adhesive resin and a steel rebar, is installed in the middle of the cylinder
(according to the manufacturer’s instructions). Two thermocouples are placed near the head and at the end of the
anchor. The thermocouple near the head is placed at 10 mm from the confined surface (from the exterior of the
cylinder). The second thermocouple is placed at the deepest part of the embedment depth of the anchor. A constant
tensile load N is applied. A steel confinement plate is placed at the extended part of the anchor (outside of the
cylinder), with a hole in the middle slightly larger than the diameter of the rebar (hole diameter from 1.5d, to 2d,,
with d,, the diameter of the hole of the anchor). The thermal loading 6 is applied on the external lateral sides of
the cylinder at a minimum heating rate of 5°C/min.

The temperature inside the embedded part of the anchor at the moment of failure is determined by a weighted
average between the measures of the two thermocouples. The weighted average is calculated at 1/3 of the highest
temperature and 2/3 of the lowest temperature between TC1 and TC2. A maximum temperature difference between
TC1land TC2 of 10°C is accepted up to 50°C. This criterion is not mandatory above 50°C due to the phenomenon
of water vaporization at the outer layers of the concrete specimen which unsettles temperature measurement.

A minimum of 20 tests with different load levels has to be carried out. The average temperature and bond strength
(corresponding to the applied constant load) at failure are plotted. In addition, the following rules must be
respected:

1. A maximum interval of 1 N/mm?2 between two neighbouring data points on the f,,, (N/mm?2) axis.
2. A maximum interval of 50°C between two neighbouring data points on the temperature axis.
3. A maximum test duration of 3 hours.

Furthermore, three tests must be conducted for a bond stress of 0.5 N/mm2. The diagram below (Fig. 38) shows an
example of a series of tests results and the associated tendency curve. According to the tendency curve, a reduction
factor is then deducted as a function of temperature (Fig. 39).
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Fig. 38: Example for the determination of bond strength f,,,, as a function of temperature 6
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Fig. 39: Reduction factor k¢; (@) for concrete strength class C20/25 for good bond conditions

The reduction factor kg must be determined from the following [Eq. 4,5]:

ki(0) = Lm@_ <1 for 21°C < 0 < Oppy ... [Eq. 4]
fomrqdd
ke (6) =0 for 0 > 00y ... [Eq. 5]

No extrapolation of test temperature is authorised. For temperatures higher than the highest measured temperature

in the tests (6,.x), the reduction factor kg is zero.

In the research of (Pinoteau, 2013), different heating types (gas furnace and electrical heating) and different
heating rates were tested and compared. The conclusion was that electrical heating using a constant mechanical
load gives the most consistent results (repeatable with more controllable testing conditions from one test to
another). Therefore, it was authorized to use electrical heating for the characterization of bond strength at high

temperatures.
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It should be noted that in the framework of this EAD, CSTB has provided experimental data showing that test
results are independent from rebar diameter and rebar geometry (i.e. as well as from heating rates > 5°C/min. This
work was done on several adhesives to also eliminate the effect of different types of adhesive resins. Hence, these
tests can serve for design of all PIR geometries.

5. Design models for bonded anchors under fire

5.1. Pinoteau’s Resistance Integration Method

This method was initially developed by (Pinoteau, 2013) at CSTB for the design of post-installed reinforcement
(PIR) under fire conditions. For simplicity purposes, this method does not account for the strain distribution
(described by the term “shear-lag™). Its principle is the same as its name; the pull-out resistance of the anchor is
designed by integrating the resistances along the embedment depth. The design method takes into account the
thermal gradient along the embedment depth of the anchor to modify the bond strength. This method is analogous
to the design method of piles embedded in different soil layers (DTU 13.2, 1992), where the resistance is calculated
by the sum of the shear stresses taken by the different geological layers in which the pile is embedded.

The pull-out capacity of the anchor under fire conditions is then calculated based on the resistance profiles along
the embedment depth of the anchor. In order to determine the resistance profile, two entry data are reauired:

1. The thermal distribution along the embedment depth of the anchor at any time of exposure to fire conditions:
this can be determined by thermal calculations using numerical methods.

2. The relationship between the temperature and the bond strength: determined by pull-out tests at high
temperature (see §4.4).

By knowing the thermal distribution along the anchor at any time of exposure to fire conditions, it is then possible
to convert the temperature profiles to resistance profiles. This is done by dividing the anchor into relatively little
segments (allowing to assume uniform temperature along the segment). Then, the temperature dependant bond
strength associated to each segment of the anchor (using the bond strength vs. temperature relationship obtained
from 84.4), allows to convert the temperatures to resistances. (Pinoteau, 2013) illustrated in Fig. 40 how the
resistance at a certain depth x; is determined at a time t; from the thermal distribution.

Entry Data

Bond depth (x)

A
1
1
1
1
1
1
1
1
1

Bondstrength (

Bondstrength profiles
g
X

Fig. 40: Schematic representation of Pinoteau’s Resistance Integration Method
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Once the resistance profile is determined at any time of exposure to fire conditions, the pull-out resistance of the
anchor is calculated by integration along the embedment depth of the anchor:

Fo=mn-d [ t(6(x1)- dx ... [Eq. 6]

Where: T is the bond strength (MPa).
6 is the temperature (°C).
d is the diameter of the anchor (mm).
L is the embedment depth of the anchor (mm).
F; is the pull-out resistance at the time t (N).

This method allows to determine the evolution of the pull-out resistance of the anchor with fire exposure time.

By integrating the resistances, this method does not take into account the real stress distribution along the anchor.
When a tensile load is applied on the anchor, a distribution of the bond strength is induced by the “shear-lag”
effect. This stress profile is equal to, or less than the resistance profile. When the temperature of the anchor
increases under an applied constant tensile load, the resistance profile decreases until reaching a certain bond
strength value at a certain depth. The saturation of the bond strengths at certain depths leads then to the
redistribution of the stresses to the parts (segments) of the anchor where the applied stresses are less than the
resistance of the segment. The surface under the stress profile, however, remains unchanged to ensure the load-
bearing capacity of the anchor. The pull-out occurs when all the stresses along the embedment depth of the anchor
are saturated, i.e. when the stress profile is equal to the resistance profile. This is the justification that allows the
determination of the pull-out capacity of the anchor by only considering the resistances using Eqg. 6.

(Pinoteau, 2013) illustrated in Fig. 41 the evolution of the resistance profile (bond strength) and bond stress profile
at three different times t, t, and t5. In this case, the profiles are represented for a constant tensile load applied on
the head of the anchor, and the resistance profiles are represented for non-uniform heating applied near the head
of the anchor. At the time t,, the stress profile is smaller than the resistance profile because the temperature is still
not high enough. At the time t,, the heating near the head of the anchor leads to a decrease of the resistance profiles
and induces the saturation of the stresses. At time t5, all the stresses are saturated along the embedment depth and
the pull-out of the anchor occurs if the temperature increases further.
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Fig. 41: Schematic representation of the stress redistribution at different times during heating

The standardization efforts for Pinoteau’s Resistance Integration Method have only begun recently at the ACI
committee for the design of post-installed reinforcement (PIR), but they are yet to see the light in Europe.
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5.2. Lahouar’s non-linear shear-lag model

(Lahouar, 2017) developed a model capable of describing the distribution of bond stresses along the embedment
depth of bonded anchors at high temperature, called the non-linear shear-lag model. The model was based on the
work of Volkersen (1938) applicable to the adherence of reinforcement or threaded rods embedded in a bearing
material (concrete, timber, mortar). The calculation of the stress distribution can be conducted based on either the
properties of the material components of the anchor (general adhesion models) or based on the overall properties
of the anchor (bond strength models).

Two methods can be considered to take into account the influence of temperature increase on mechanical behavior
of the bonded anchor. The first method comes from the family of general adhesion models and consists in injecting
the variation of the shear modulus of the adhesive as a function of temperature in the constitutive equations of the
model, passing by Hooke’s law. The variation of the shear modulus of the adhesive can be obtained from Dynamic
Mechanical Analysis (DMA) tests. However, the use of Hooke’s law is only valid in the elastic phase.
Consequently, the use of such a law implicates that the model is not capable of describing the behavior of bonded
anchors beyond the elastic phase. Such a model does not allow to predict the failure of the anchor and therefore
does not allow to describe the stress profiles at the moment of pull-out failure. This method was then excluded
from the study.

The second method comes from the family of bond strength models and is based on solving equations describing
the overall mechanical behavior of the anchor as a function of temperature. The overall behavior of the anchor is
described based on the variation curves of the bond stress as a function of the slip of the anchor, obtained from
pull-out tests at stabilized temperature (similar to the approach in §4.4, but with stabilization of the temperature
along the anchor and increased displacements at the desired time/temperature of characterization), see (Lahouar,
2017). In order to facilitate the mathematical resolution of such curves, adhesion models are used.

(Lahouar et al., 2018) have investigated the validity of the shear-lag model by comparing the outcome of the
method to a large-scale test on a cantilever wall-slab connection using adhesive post-installed rebars (Fig. 42). To
further investigate the validity of the model, the Resistance Integration Method was introduced to the comparison.
The final conclusion was that both methods were reliable for the prediction of the pull-out failure of the PIRs in
wall-slab connection.

Vertical lines of
Horizontal lines of thermocouples
thermocouples

Post-installed
rebars

Concrete frame
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Partition wall of the
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Wire displacement
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Fig. 42: Large-scale cantilever wall-slab adhesive PIR connection at Vulcain furnace at CSTB

The main differences between Lahouar’s shear-lag (Lahouar et al., 2018) model and Pinoteau’s Resistance
Integration Method (Pinoteau et al., 2013) are the main entry data and the test method used to produce this entry
data. In the Resistance Integration Method, the bond stress vs. temperature curve is obtained using a constant load-
increased temperature method, whereas in the shear-lag model the load-displacement curves are obtained using a
stabilized temperature-increased displacement method (see (Lahouar et al., 2017) for the comparison between
both methods).
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Conclusion of the literature study

The literature study highlights the different evaluation methods for assessing the load-bearing behavior of bonded
anchors under fire: i) by studying the mechanical properties of the adhesive based on chacaterization tests of the
used materials separately (concrete, steel and adhesive), and ii) by studying the behavior of the assembly of all
materials (fixing system/i.e. the bonded anchor product) by fire tests.

Anchor elements in concrete are not regulated by NF or EN standards. Consequently, these non-regulated elements
have to be qualified by a Eropean Technical Assessment (ETA). There is a variety of European Assessment
Documents (EADs) covering all types of anchors. These standards are completed by Technical Reports which
specify their particular rules of application.

Fire evaluation of mechanical anchors (functioning by mechanical interlock or expansion in the embedment part)
is governed by the European Assessment Document (EAD 330232-01-0601, 2019). However, the assessment of
bonded anchors under fire is not covered by any EAD and is treated ineadequatly in the Technical Report (EOTA
TR 020, 2009). The current situation does not allow the publication of ETAs for bonded anchors under fire. This
research project aims to develop an evaluation and design method for bonded anchors in fire situations.

Based on the current state of the literature, the following scientific plan was adopted for the research conducted in
this thesis to provide a better understanding of the behavior of bonded anchors under fire:

1. On the fire test method: The current testing method was developed almost two decades ago and adapted to the
case of mechanical anchors. In order to understand the influence of the current method and if it needs to be
reviewed/adapted for testing bonded anchors under fire, a thourough study must be conducted to investigate
the influence of each parameter of the tesing apparatus (Anchor size and embedment, loading system, concrete
bearing element...).

2. On the design method: the current design method for PIRs consists a good basis and yields reasonably precise
predictions of their behavior under fire. The method must be reviewed and adapted to the case of bonded
anchors under fire. This method should be validated against experimental data (fire tests). Comparison of test
results to other existing models for the design of bonded anchors under fire must also be conducted to verify
their suitability. The scope of the design method should also allow design of different anchors sizes and
embedments, therefore a wide check against fire test results should be carried out. In order for this method to
be considered satisfactory, its representativeness of temperature profiles along the embedment depth of
bonded anchors under fire, and the conservativeness of the design values should be compared to fire tests.

3. Finally, the case of bonded anchors in cracked concrete should be investigated at high temperature in terms
of mechanical and thermal influence of crack existence. The general assumption of cracked concrete on the
tension side of reinforced concrete elements imposes the evaluation of the load-bearing behavior of anchors
in cracked concrete.
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Chapter 11: Experimental protocols for fire tests on bonded anchors

Chapter 11 resumes the paper entitled “Influence of testing conditions on the behavior of bonded anchors
under ISO 834 fire” published on April 30, 2019 in the Journal of Engineering Structures. This paper focuses
on the parameters influencing the behavior of bonded anchors during fire tests.

Objectives

This chapter focuses on the current experimental protocol for testing anchors under fire. EOTA Technical Report
020. The testing method allows suitable characterization of the fire resistance of mechanical anchors under
sustained load. However, its suitability for the case of bonded anchors under fire has never been investigated.
Indeed, many parameters of the tested configuration can influence the outcome of test results. The influence of
any element acting as an obstacle to the external thermal exposure in the furnace (base plate of the loading adapter
possibly protecting the anchor from direct exposure to fire) should be studied. Furthermore, the boundary
conditions of the concrete bearing element might influence the thermal diffusion and must be accounted for.

This chapter has two main objectives:

1.

Identify the test parameters influencing the thermal distribution along the anchors used in Pinoteau’s method
(Resistance Integration Method):

The testing procedure was developed in principle for the assessment of mechanical anchors under fire (EOTA
TR 020, 2005). The procedure in the context of TR 020 covers bonded anchors. However, ilts influence on
bonded anchors is still uninvestigated, especially when certain testing configurations allow insulation of the
fixture and anchor (i.e. tests in cracked concrete). However, the latter was only investigated in uncracked
concrete.

Fill the gap in the literature on the influence of the configuration of fire tests on their outcome and their
representativity of different configurations of an anchor in fire tests:

Three different configurations were identified: anchors directly exposed to fire, anchors with metallic fixtures
and anchors with insulated fixtures. The first configuration can be encountered for cases similar to drop
ceilings and hangers installed using long wires and anchors (Fig. 43). The second configuration is more
common and can be encountered for anchors with steel plates like the configuration shown in EOTA TR 029
or Eurocode 2 — Part 4. The last configuration can be encountered when insulating materials are used as fire
solutions or retardants (foam spray, fire resistant paint, rock whool...). Fig. 44 shows examples of thermal
insulation of concrete. In the case where an anchor is installed in such configurations, it penetrates the
insulating material to reach the fixed object. It is less common in buildings but in this study, it has proven to
be an efficient solution to enhance the resistance of bonded anchors under fire by delaying the thermal
degradation of the adhesive.

Fig. 43: Example of anchors that can be directly exposed to fire
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Fig. 44: Examples of thermal insulating solutions of concrete using spray-on coating (left) and rock whool panels (right)

Paper reference:

Al-Mansouri O, Mege R, Pinoteau N, Guillet T, Rémond S. Influence of testing conditions on thermal distribution
and resulting load-bearing capacity of bonded anchors under fire. Eng Struct J 2019;192:190-204.
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Abstract

This paper aims to experimentally apply the existing method for evaluating the pull-out capacity of mechanical
anchors under fire, to bonded anchors. Due to the absence of sufficient guidelines for evaluating bonded anchors
directly exposed to fire, this experimental work studies the influence of the existing evaluation method on the
prediction of the bond resistance and failure time. Different testing conditions and possible configurations for
anchors in buildings are explored. The studied influencing parameters are: presence of fixtures, insulation of
fixtures, thickness of the concrete bearing element, diameter of the anchor, concrete/steel temperature. The
influence of each parameter on the predicted bond resistance and failure time, determined with a design method
based on resistance integration is studied. Results show that parameters such as concrete element thickness and
attaching metallic fixtures on anchors have a negligible influence on the predicted load-bearing capacity and failure
time. However, adopting concrete temperature instead of anchor steel temperature in the resistance integration
method, and putting insulation around fixtures may lead to a false estimation of the load-bearing capacity and
failure time.

Keywords: bond, resin adhesive, bonded anchor, pull-out, fire tests, thermal distribution.

1. Introduction

One of the techniques used in the field of construction consists in anchoring steel elements in concrete by using
adhesive resins for structural purposes. This technique allows for an easy and rapid installation of anchors in pre-
existing structural elements. Installed anchors can be loaded in tension and/or in shear situations. Chemically
bonded anchors can either ensure a junction between two structural elements such as post-installed rebars, in this
case they are not directly exposed to fire due to concrete cover, or they can be directly exposed to fire such as
chemically bonded threaded rods which are studied in the work presented in this paper. The advantages of these
bonded anchors are their ease of implantation and their high load-bearing capacity at ambient temperature for deep
embedment depths. However, when exposed to an accidental increase of temperature such as a fire, these structural
elements show a rapid decrease in bond resistance.

Chemically bonded anchors can be bonded using polyester, vinylester and epoxy resins [1]. Research studies on
the influence of temperature on the elastic modulus and flexural strength of polymer mortars using a thermostatic
chamber have shown that the deformation and strength decrease of mortars are temperature dependent [2]. These
studies have also shown that for a temperature range from room temperature up to 60°C, temperature effect is
limited. However, for temperatures above 60°C, the decrease of mortar strength becomes drastic. Other research
studies on adhesive-joints for a temperature range from -60°C up to 200°C have shown that stress/strain properties
of polymer adhesives change a lot with temperature. Many studies have focused on the contrast of structural
performance of connectors at ambient and elevated temperatures [3]. At high temperatures, the strain capability of
these adhesives is high whereas their load capacity is low [4]. It was also shown that epoxy mortars are more
sensitive to temperature than polyester mortars [5]. Moreover, mechanical properties of resins have been found to
be highly susceptible to resin type and reinforcement employed as well as their quantities in the bearing structural
element [2]. Glass transition is considered as the limiting factor of the state of a polymer and as an indicator of
durability [6].

The design and assessment of the structural integrity of anchors under fire are defined in EOTA TR 020 [7]. This
document defines the guidelines to perform fire tests on anchors in order to establish the bond resistance vs.
exposure time relationship. This relationship gives the duration of fire-resistance for a certain applied load.
However, pull-out assessment of bonded anchors under fire is not mentioned in this technical report [8]. Bonded
anchors are only covered for steel failure, whereas steel resistance could be greater than bond resistance under fire.
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Furthermore, no guideline exists for the design of bonded anchors under fire while ta reliable method exists for
the design of bonded rebars at high temperature.

The resistance integration method is based on the good knowledge of temperature profiles along the embedment
depth of the anchor. The obtained temperature profiles are used then to establish the relationship between bond
resistance and temperature by dividing the anchor into little segments. Each segment gives a certain resistance as
a function of temperature using tests described in EAD 330087-00-0601 [9]. This finally allows plotting the
relationship between bond resistance and exposure time. The resistance integration method presented promising
results for pull-out failure under fire of chemically bonded post-installed rebars indirectly exposed to fire in the
works of Pinoteau et al. [10] and Lahouar et al. [11], [12]. Furthermore, this method was also adopted in the
numerical work of Lakhani and Hofmann [13] to determine the pull-out strength of bonded anchors directly
exposed to fire.

Experimental parametric studies on different types of resins have shown that a maximum adhesive shear strength
is reached for a resin thickness of 2 mm around the rod. Beyond this value the shear strength decreases until a
certain value which remains constant. Moreover, increasing the embedment depth leads to an increase in the
tension capacity of the anchor until a certain point beyond which the capacity remains constant [14].

Studies conducted by means of pull-out tests on adhesive joints [15] and on cast-in and post-installed rebars [16],
have shown that the performances of chemical bonds and steel/concrete connections are comparable at ambient
temperature. Studies have shown that the mechanical behavior is very similar with a slight advantage for bond
resistance over cast-in rebars. However, at high temperature, such as in a building fire scenario, mechanical
properties of adhesive resins assuring the connection between steel and concrete decrease rapidly due to
temperature gradients and the increase of temperature along the member. This capacity reduction is faster in the
case of bonded anchor systems using polymeric mortars, which can cause safety issues [13]. Thus, a good design
of these bonded anchors under fire is needed to ensure the safety of lives and properties in burning buildings.

The European technical report EOTA TR 020 [7] covers the evaluation of mechanical anchors under fire for
different failure modes. Possible failure mechanisms for bonded anchors under tensile loads are: a) concrete cone
failure (manifested either as the characteristic cone failure or concrete splitting), b) steel failure, c) combined
failure (concrete cone failure + bond failure at the adhesive-concrete interface + possibly tensile failure at the
lower part of the adhesive) and d) bond failure of the anchor [17]. However, the European technical report EOTA
TR 020 [7] covers the evaluation of bonded anchors under fire only for steel failure mode. Failure of bonded
anchors may occur for pull-out more frequently than other failure modes during fire exposure due to the rapid
degradation of mechanical properties of the resin. Thus, for safety reasons, it is the most decisive failure mode for
bonded anchors under fire. Therefore, it is most interesting to evaluate bonded anchors by performing pull-out
tests under fire to predict bond capacity in accidental situations such as a building under fire [18].

The required testing method to determine the fire-resistance of bonded anchors under fire and the obtained data
must allow subsequent classification. This classification must be based on fire-resistance duration of tested bonded
anchors. For this duration, the performances of tested anchors for a standard fire exposure scenario need to satisfy
specific criteria. Thus, the method described in Part 1 of ISO 834 [19] was adopted in the work presented in this

paper.

Studies on anchor rods and polyester base adhesives were conducted by Paterson [20] with 10 mm diameter rods
and 75 mm effective depth. These studies have shown that pull-out failure of anchors exposed to standard fire is
within 10-15 min of fire and the anchor temperature is between 330-440°C, for temperatures measured near the
fixture (between bolts assuring the connection between the fixture and the rod). Paterson also alerted that under
fire the adhesive anchor may reach failure earlier than the structural element in which it is installed and thus
creating a major issue putting the life of occupants at risk.

The mechanical properties of adhesive resins at high temperature were investigated by Pinoteau [21]. His work
highlighted that the glass transition temperatures (Tg) of the used epoxy products ranged between 80°C and 130°C
and their tension capacity became lower than 2.5 MPa above 140°C. Furthermore, Lahouar et al. [22] showed that
temperature profiles of bonded anchors vary depending on the adopted test procedure for evaluating their pull-out
capacity at high temperature. Indeed, Lahouar et al. studied two approaches: by applying a constant tensile load to
the anchor before heating and keeping it while progressively heating the specimen until failure (constant load
tests), and by stabilizing bond temperature then applying pull-out (stabilized temperature test). Their theoretical
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work allowed obtaining stress profiles for a thermal distribution along the embedment depth of the anchor using
experimental entry data from the characterization of the anchor. Researchers have shown that the stress distribution
along the embedment depth of adhesive anchors cannot be considered uniform for long embedment depths (larger
than 7.5d) [23-25].

In order to get a better understanding of the load-bearing behavior of chemical anchor systems under fire, the
research project “Bonded anchors in case of fire” conducted by Reichert & Thiele [8] studied a combination of
different types of fire tests and simulations. This project demonstrated that the existing guidelines of fire tests on
bonded anchors are not clear till today. The Technical report TR 020 [7] contains no regulation for the evaluation
of chemical anchor systems. Test execution and evaluation have to be determined thereby.

Similar testing conditions in EOTA TR 020 [7] were studied by Lakhani and Hofmann [13] by means of finite
element numerical modeling. These conditions were applied on an anchor rod with 12 mm of diameter and 110
mm of embedment depth. The differences between the thermal distribution of the configuration where the anchor
in itself was exposed to fire (acting as heat transfer path) and the configuration where the anchor was insulated
(along with a fixture) were large. The pull-out capacity obtained from the thermal distribution highlighted a drastic
reduction in case of unprotected anchors (without fixture and insulation). This large difference may lead to a pull-
out failure for non-insulated anchors which would occur faster than the failure for insulated anchors.

The influence of existing testing conditions in EOTA TR 020 [7] for bonded anchors under fire on the precision
of failure prediction using the resistance integration method is highlighted in the work presented in this paper.
Pull-out fire tests were carried out on several possible configurations of bonded anchors in concrete beams
submitted to elevated temperatures. Temperature profiles along the embedment depth of bonded anchor during
fire were thus measured. These profiles are the thermal data needed for the resistance integration method in order
to predict bond strength vs. exposure time of anchors. EAD 330087-00-0601 [9] allows predicting bond resistance
vs. temperature relationship for bonded rebars at high temperature. In this paper, tested bonded anchors were
threaded rods installed with an epoxy resin. Fasteners were installed according to the manufacturer’s indications
(hole diameter, cleaning method, injection system...etc.). The rods were directly exposed to fire. In order to obtain
a good prediction of the resistance of these bonded anchors under fire, the integration method requires a good
knowledge of temperature profiles along the embedment depth of the anchor during fire. Knowing precisely the
temperature profiles allows a precise prediction of failure time for an applied load. Due to the lack of European
guidelines to perform pull-out fire tests for bonded anchors, the only applicable evaluation method for non-uniform
temperature profiles along the embedment depth is the one for mechanical anchors cast-in concrete without resin

[7].

Many parameters of testing conditions may influence temperature profiles. Hence, it is difficult to precisely
calculate the bond resistance vs. fire exposure time relationship which affects the precision of the predicted failure
time for a given load. The influence of the following parameters was explored by conducting fire tests under a
standard 1SO 834 fire:

e Anchor’s diameter and adopting concrete temperature instead of steel temperature in the resistance integration
method.

e Thickness of the concrete beam in which the anchor was installed.

e Existence of a fixture on the anchor.

e Insulation of fixtures.

In this paper first, the existing testing method for the evaluation of pull-out strength of mechanical anchors is
presented. Then, pull-out fire tests were conducted using the same method on chemically bonded anchors.
Furthermore, a parametric study was conducted to determine the influence of each parameter on the predicted bond
strength and failure time by conducting fire tests without pull-out.

2. Testing procedure and design method

This section describes the existing experimental method for the determination of pull-out resistance duration under
fire for bonded anchors in uncracked concrete. It also recalls a design method (the resistance integration method),
for the determination of bond strength of these anchors under fire. Furthermore, it presents a first application of
this method on experimental data exploited from pull-out fire tests. This application is based on thermal profiles
along the embedment depth of the anchor as entry data for the resistance integration method.
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2.1. Existing procedure for assessing the structural integrity of anchors under fire

According to EOTA TR 020, part 4 [7], tests have to be carried out according to the general rules for structural
fire design in [26]. For fire tests on bonded anchors, pull-out failure is more decisive in general conditions than
other failure modes such as concrete cone and steel failure [13]. In order to favor pull-out and avoid other failure
modes, the degree of reinforcement and the concrete element thickness must respect certain precautions [7].

According to EOTA TR 020 (Fig. 45), a fixture has to be attached to the anchor to transfer the tensile load from a
tension member. The fixture must ensure a steel stress of 2-4 N/mm2 in the flanges of the fixtures. This is due to
the fact that the loading system is connected to the fixtures via the flanges. Fixture dimensions have to be chosen
depending on load categories. However, the tension member linked to the fixture is not described in this technical
report. Fire tests have to be carried out according to the general requirements of the determination of fire-resistance
of different structural elements in EN 1363-1:1999-10 [27]. In order to perform pull-out fire tests, EOTA TR 020
[7] requires insulation around the fixture. Only details in Fig. 46 are presented in the technical report. This
insulation in the case of bonded anchors may hugely influence thermal distribution leading to lower temperature
profiles and a significant delay in failure time.
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Fig. 46: Test set-up for the determination of the characteristic resistance under fire exposure to pull-out failure [7]

2.2. Design method for the determination of the pull-out resistance of bonded anchors under fire

Pinoteau [21] [10], Lahouar [12] [28] and Reichert & Thiele [8] proposed a method for the determination of the
load capacity of anchors at a given time during fire exposure. The resistance integration method was used to
determine the pull-out capacity of bonded anchors under fire. The thermal data necessary for the resistance
integration method was obtained using various methods, one of which was experimental pull-out fire tests at
constant load on bonded anchors installed in cylindrical concrete specimens according to EAD 330087-00-061
[9]. The cylindrical tested specimens were heated laterally. Concrete surface and extended parts of anchors were
not heated directly, thus obtaining an acceptable uniform temperature profile along the embedment depth. In these
works, bond resistance vs. temperature relationship was obtained by pull-out tests according to [9]. This
relationship served later to predict the bond resistance vs. fire exposure time for non-uniform temperature profiles
during fire tests. This was obtained by dividing the anchor into discrete elements (Fig. 47). By making the
hypothesis that every discrete element has a uniform temperature, the bond resistance of each element is obtained
from the bond resistance vs. temperature relationship. By integrating the bond resistance of the discrete elements,
the total load resistance is obtained for a given time (Eq. 7 in Fig. 47).

This prediction method works very well for post-installed rebars in concrete, while an anchor directly exposed to
fire has a more aggressive thermal diffusion. However, it is reasonable to say that the non-uniform temperature
profiles of anchors directly exposed to fire can be used to calculate the bond resistance vs. fire exposure time.
Hence, to predict failure time as long as the resin is not subjected to fire directly. This confirms that temperature
profiles must be well known at every time during fire test in order to obtain good failure prediction.

The resistance of the anchor is calculated according to Eq. 7:

Nra fire =1 d folufbd,o k(6(x)) - dx ... [Eq. 7].
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Fig. 47: Principle of the resistance integration method

Where: Ngg fire 1S the fire design load resistance (kKN).
d is the diameter of the anchor (mm).
foa,0 is the design bond resistance at ambient temperature (N/mm?).
k(0) is a reduction factor that depends on temperature.
1, is the length of the anchor (mm).
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The advantage of this design method is that it can be applied on different configurations of pull-out fire tests which
provide the thermal data of the bond. The configurations presented in EOTA TR 020 [7] do not cover pull-out for
bonded anchors without insulation. Whereas, in the event of a real fire inside a building or on a building site, an
anchor may be subjected directly to the thermal exposure while being subjected to tensile loads. This could cause
failure more rapidly than for insulated cases [13]. Moreover, anchors could exist in thinner concrete elements.
Boundary conditions of this problem influence temperature profiles along the anchor. Many shapes of fixtures
could be applied on anchors where some may cover completely the anchor insulating it from a direct thermal
exposure to fire.

The design method was experimentally validated in this paper. This was done using failure time obtained from
loaded tests and the predicted time obtained from the resistance integration method.

2.3. Details of the experimental application for validating the design method

Fire tests were carried out on concrete beams of 230 mm of width and 1500 mm of length and different beam
thicknesses (150 mm, 180 mm and 300 mm). Concrete beams were carved from slabs reinforced with HA10 rebars.
The obtained beam sections were reinforced with different degrees of reinforcement according to the number of
rebars in each section. The carving procedure ensured at least two rebars in the section of each beam so that the
surface exposed to fire could resist to cracking and thermal expansion. A typical cross section of one of the concrete
beams is shown in Fig. 48. In these beams, some bonded anchors were equipped with coax thermocouples to
measure temperature profiles along the embedment depth. ISO 834 fire was applied using a gas furnace at CSTB
with the following dimensions: 1.4 m length, 1 m width and 1.05 m height. A loading system was put in place for
the three loaded tests (Fig. 49). The loading system used hydraulic jacks powered by hydraulic pumps, applying a
downward mechanical load on a system of tubes surrounding the concrete beam. Metallic tubes transferred the
applied load to fixtures connected to the anchor facing the inside of the furnace. Tube dimensions were 40 mm x
40 mm x 400 mm. Dimensions described in EOTA TR 020 [7] were adopted for the fixtures.
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Fig. 48: Typical cross section of one of the concrete beams

In order to ensure a one-dimensional heat-transfer inside the beams and along the bond, the lateral faces of the
beams were insulated using a glass wool-based material (50 mm thickness). The bonded anchors were fastened
using a polymer-based resin. In order not to influence the bond surface between adhesive resin and steel of the
rod, no thermocouples were positioned on the mechanically loaded anchors. This would result in a decrease of
adherence between resin and steel leading to a false measurement of bond resistance. In order to measure
temperature profile along the embedment depth without influencing the bond of the anchor, another unloaded
anchor rod was instrumented with at least 4 thermocouples and installed in the same beam as the loaded one (Fig.
50 and Fig. 51). This aimed to emulate the same temperature profile in the loaded anchor. The instrumented anchor
did not interact mechanically with the loaded one, because it was not loaded. Thus, choice of 150 mm distance
was taken between the loaded anchor (centered above the furnace) and the unloaded anchor.

As recommended in EOTA TR 020 [7] and in order to reuse the metallic parts transferring the load to the fixture
and the tension member, insulating material was put in place to protect the steel of the loading system from
reaching failure before pull-out.

It is required to take a minimum of 2 mm of resin around the anchor diameter. Fire tests were performed on 2
beams at a time. The furnace was left at least one day to cool before performing the next test.
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Fig. 50: View B of the gas furnace and the loading system
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Fig. 51: Positioning of thermocouples along the embedment depth of unloaded anchors.

The composition of the C20/25 concrete used for the manufacture of beams is presented in Table 6.

Designation Origin Q(ukzr;:rl]tgl)es
G 0/8 Sand Siliceous-Limestone Bouaffles (27) 880
(Morillon-Corvol factory)
G4/14 Gravel RC Labrosse Labrosse (77) 792
G4/20 Gravel RC Labrosse (Sabliéres de la Seine factory) 33
Calcia
CEM II/B-LL 32.5R CE CP2 NF 320
(Couvrot factory)
Water - 227

Table 6: Composition of concrete used for the manufacture of beams

Threaded rods of grade-8.8 were used. The details of the threaded rods are presented in Table 7.

Major Minor Pitch Thread Tensile
diameter diameter diameter Pitch (mm) angle Helix angle | strength
(mm) (mm) (mm) (MPa)

8 7.188 6.647 1.25 60° 3.17°
800-980
12 10.863 10.106 1.75 60° 2.93°

Table 7: Details of threaded rods provided by the manufacturer of the resin

In order to reach a maximum bond strength for the three different rod diameters (8 mm, 12 mm and 16 mm), the
adopted thickness for the adhesive material was 2 mm as recommended by the manufacturer of the resin.

The adhesive resin presents a bond stress up to 25 MPa at ambient temperature for threaded rods with diameters
below 16 mm. Resin properties at high temperatures according to EAD 330087-00-0601 [9] are presented in Fig.
52.
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Fig. 52: Bond stress vs. Temperature relationship of the used polymer resin

The furnace satisfies the requirements for fire resistance studies in the international standard ISO 834 [19].
Therefore, thermal exposures are uniform on all samples. Temperature profiles were used as entry data to calculate
the bond stress vs. temperature and bond stress vs. fire exposure time curves in order to predict the same failure
time. Pre-existing data was available on the tested resin by performing pull-out tests according to EAD 330087-
00-0601 [9] for the characterization of the mechanical properties of adhesives at high temperature (Fig. 52).

The resistance integration method used to calculate bond failure and failure time is based on temperature profiles
measured experimentally. In this paper, load application was only used to validate the prediction obtained from
the resistance integration method. The parametric study of the influence of the loading system did not need load
application but only temperature profiles to compare failure between different test configurations.

The work on loaded tests went as following: First, temperature profiles at all times of fire exposure are obtained
by performing fire tests. Then, bond stress vs. temperature relationship is plotted allowing, thanks to the
discretization of the anchor, to attribute a resistance as a function of temperature to each discrete element. Finally,
the load-bearing capacity of the anchor is obtained by integrating the resistances of all the discrete elements
obtaining the resistance of the anchor at all times of fire exposure. The bond resistance vs. fire exposure time curve
can be plotted and a comparison can be done between the applied load and load-bearing capacity of the anchor
(Fig. 53).
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Fig. 53: Steps of the Resistance Integration Method

The conducted loaded fire tests are summarized in Table 8.

Bond geometry Beam dimensions (m) Experimenta | Predicted
Fire Tes Load . . .
type | tn° 0 hos N° of Length x width x (kN) | failure time | failure
(mm) | (mm) TC thickness (min) time (min)
1 12 110 8 1.5%0.23x0.18 9 29 28
<
g 2 12 110 4 1.5x0.23 x0.18 1.8 60 48
2 3 8 70 4 1.5x0.23 x0.18 0.75 75 96

Table 8: Details of mechanically loaded pull-out fire tests

Three fire tests were performed with one loaded and one unloaded anchor per beam to validate this method. Tests
were conducted on beams with 180 mm of thickness. The 1% test was loaded at 8.7% of the load-bearing capacity
at ambient temperature and reached failure at 29 min while the estimated failure time using the resistance
integration method was 28 min. The 2" test was loaded at 1.7% of the load-bearing capacity at ambient temperature
and reached failure after 60 min while the estimated failure time was 48 min. The 3' test was loaded at 1.7% of

the load-bearing capacity at ambient temperature as well, and reached failure after 75 min while the estimated
failure time was 96 min (Fig. 54).

These load levels were chosen in order to compare the precision of failure prediction of bonded anchors under
high and low load levels. Fig. 52 shows the bond stress vs. temperature relationship of the adopted adhesive resin.
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According to this relationship, failure temperature for low load levels presenting a bond stress below 6% of the
load-bearing capacity at ambient temperature may vary significantly for a very minimal increase in bond stress.
Thus, the 1t anchor was loaded under a bond stress larger than 1.5 MPa, and the remaining two loaded tests were
conducted for bond stress below 6% of the load-bearing capacity at ambient temperature. Only one test was
conducted per series. The repeatability of these tests could not be shown. The presented results and predictions are
only indicative of the adopted experimental protocols and research practices detailed in this study.
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Fig. 54: Bond resistance vs. Time relationship for the loaded tests

Fig. 55 shows an illustration of pull-out failure of loaded bonded anchors after fire tests. The pull-out of the anchor
clearly manifested at the steel/adhesive interface.

Fig. 55: Illustration of pull-out failure at the steel/resin interface of loaded bonded anchors under fire
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It is concluded that for high load levels, the predicted time has a higher accuracy than for low load levels (< 6% of
the reference bond stress at ambient temperature). A comparison between average temperatures of anchors shows
that failure at low load levels is reached for a temperature at which the adhesive resin doesn’t resist or has minimal
resistance due to the degradation of its mechanical properties. It is supposed that large differences obtained for
low load levels are due to the poor knowledge of temperature profiles. The hypothesis that temperature profiles of
unloaded anchors are similar to those of loaded anchors in (Fig. 50) gives uncertain results for failure time
prediction. This requires further investigation in order to determine the influence of the loading system on thermal
distribution and the precision of the prediction method.

3. Thermal influence of different parameters of pull-out fire tests

Studies on other types of anchors in concrete at high temperatures have shown that anchor geometry and thermal
boundary conditions of test setup have a significant influence on the prediction of the anchor’s resistance [29].
Concrete beams in which the anchors where installed were subjected only to their weight and to thermal loading
due to fire exposure. Each test was composed of two concrete beams on top of the furnace. In each beam, two
bonded anchors were installed. The configuration of these anchors varies from one test to another according to the
tested parameter. During these parametric thermal tests, bonded anchors were not subjected to pull-out loads.
Thermal data obtained from temperature profiles along the embedment depth of anchors served to determine the
bond resistance vs. fire exposure time by using the resistance integration design method presented earlier.

In order to assess the thermal influence of test configurations described in TR 020 [7], additional tests were
conducted without mechanical loading. Tested bonded anchors were instrumented with 4 thermocouples per rod
(Fig. 51).

Table 9 describes the positioning of thermocouples in the tested specimens.

TCn® TC position
1to4 Embedment depth of the anchor
5-6 Bolt tightening the fixture
7-8 Exposed surface of the concrete beam
9-10 Flange of the fixture at mid-height
11 Unexposed surface of the beam

Table 9: Positioning of thermocouples

Temperatures of fixtures at mid-height, bolt tightening the fixture on the threaded rod, and applied 1SO 834 fire
were recorded in order to ensure the same testing conditions for compared anchors. Thermocouples from TC5 to
TC11 were protected with a thin, small layer of insulation at the measuring head of the thermocouple in order to
measure the surface temperature instead of that of the radiation of the furnace or of surrounding ambient gaz.

EOTA TR 020 [7] provides very little information on how to perform these tests. The application of the existing
method of performing pull-out fire tests requires the study of its influence and limitations on thermal distribution.
The limitation of the existing method is that in a real fire case scenario, the load may be applied on the bonded
anchor without any insulation or fixtures (Configuration 1 in Fig. 56). Furthermore, the influence of different
configurations on the precision of the method is linked to the difference between temperature profiles due to the
presence of the parts of loading system that consist of fixtures (Configuration 2 in Fig. 56) and insulation around
fixtures (Configuration 3 in Fig. 56).

Conducted thermal investigation tests are summarized in Table 10. Some tests were conducted several times for
repeatability purposes. Details are presented in the following sections.
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Anchor Concrete element dimensions
Fire type | Testn°® confi-gssr;tion Q)geomet:/ ()
(mm) (m‘:]) Length x width x thickness
4 1 8 60 1.2x0.45x0.10
5 1 12 60 1.2x0.45x0.10
6 1 16 60 1.2x0.45x0.10
7 2 8 70 1.5%x0.23x0.15
% 8 2 8 70 15x0.23x0.18
2 9 2 8 70 1.5x0.23x0.30
10 2 12 110 1.5%x0.23x0.18
11 2 12 110 1.5%x0.23x0.18
12 3 12 110 1.5%x0.23x0.30

Table 10: Details of thermal investigation fire tests

Ll

Configuration 1. Threaded rods only Configuration 2. Threaded rods + fixtures only
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Fig. 56: Positioning of thermocouples in different configurations of unloaded fire tests.

3.1. Influence of anchor diameter and adoption of steel/concrete temperature in the resistance

integration method

In order to determine the influence of anchor diameter on thermal distribution, three anchors with different
diameters (8 mm, 12 mm and 16 mm) were installed with 60 mm embedment depth in a slab with the following
dimensions: 1.2 m x 0.45 m x 100 mm. The anchors had the same configuration as presented in Configuration 1
in Fig. 56. The anchors were directly exposed to fire without any insulation or fixtures. Cast-in coax thermocouples
were positioned along the thickness of the slab. These thermocouples were placed on a steel wire tightened in
place on its upper and lower sides with wooden boards before pouring the concrete.

Fig. 57 shows the temperature of thermocouples vs. fire exposure time for each rod. For the M16 rod,
thermocouples were positioned at 5, 19, 29 and 60 mm of the embedment depth. For the M12 rod, thermocouples
were positioned at 7, 17, 31 and 55 mm of the embedment depth. For the M8 rod, thermocouples were positioned
at 5, 12, 28 and 59 mm of the embedment depth. Afterwards, data from Fig. 57 were used to plot temperature
profiles for specific exposure times (i.e. 15, 30, 60 and 90 min). A reduction of the temperature of thermocouples
was noticed from TC1 to TC4 in all cases. This is due to the increase of distance between the thermocouple and
the fire exposed surface. Indeed, as shown in Fig. 51, TC1 is the closest to the fire exposed surface and TC4 is the
furthest. Sudden fluctuations in Fig. 57 are due to the movement of insulation around the beams during fire tests.
A rapid homogenization of furnace temperature is noticed.

The relationship between temperature profiles vs. the embedment depth is then obtained in Fig. 58.

1100 ' = 1100
1000 1000
900 900
800 800
700 700
600 600
500 500
400 400
300 300
200 200
100 100

0

in

rofile 15 min

P

profile 15 min

rature profile0 min

peralyre

Temperature pkofile 30 min
Temperature prifile 30 min
mRerature profile §0 min

- _Temperd|

Temperature (°C)
Temperature (°C)

/

0 10 20 30 40 5 60 70 80 90
Fire exposure time (min)

0 10 20 30 40 5 60 70 8 90
Fire exposure time (min)

— TC1 — T C2
— TC1 s TC2
TC3 TC4 TCs . TC4 i
e Theoretical 1SO curve Applied 1SO e Theoretical 1SO curve Applied 1ISO

Temperature of thermocouples vs. exposure time for the M16 rod Temperature of thermocouples vs. exposure time for the M12 rod

61



Behavior of bonded anchors in concrete under fire

1100
1000
900
800
700
600
500
400
300
200
100

min

=

£ :
£

=) =
2 g
B s
&

o =
E E}
< s
= D
£

5

k]

£
£
o
&,
2
=
2
2
o
kol
=4
£
3
it

__ Temperatyre profile 15
el

Temperature (°C)

0 10 20 30 40 50 60 70 80 90
Fire exposure time (min)

— T C1 — T C 2
TC3 TC4
s Theoretical 1SO curve Applied 1ISO

Temperature of thermocouples vs. exposure time for the M8 rod

Fig. 57: Temperature of thermocouples vs. exposure time for three different diameters of threaded rods

900 eeecleeee M16-15 min M16-30 min M16-60 min M16-90 min
800 e M 12-15 min M12-30 min M12-60 min M12- 90 min
= = g = = M8-15 min M8-30 min M8-60 min M8-90 min

700

w b~ O o
o O O O
o O O O

Temperature (°C)

200
100

Embedment depth (mm)

Fig. 58: Comparison of thermal profiles along the anchor for three different anchor diameters (Configuration 1 in Fig. 56)

The comparison in Fig. 58 shows that a bigger diameter gives a slightly higher temperature at the same point of
observation. The difference of temperature between the smallest and the biggest diameter is 9% after 90 min of
fire exposure and only near the exposed area (10 to 20 mm from the exposed surface). This difference of
temperature profiles between different diameters increases with fire duration. It also decreases towards the bottom
of the embedment length.

The temperature profiles plotted in Fig. 58 show that the bigger the diameter of the rod is, the higher the
temperature is, especially near the exposed surface. Only points in the figure (thermocouples at four different
depths) were measured. Temperature profiles are plotted by connecting the points using straight lines. This could
be explained by the fact that for anchors with bigger diameters, steel quantity is larger, which increases the effect
of heat transfer through the steel rod.

In order to quantify the influence of this parameter, the resistance integration method was applied to the three
cases. For a stress of 0.43 MPa (same as loaded anchor n°2 and 3) applied to the three cases, the predicted failure
times were 51 min for the M8 rod, 64 min for the M12 rod, and 43 min for the M16 rod. This does not necessarily
mean that a larger diameter leads to a faster failure, because a larger diameter increases the bond surface around
the rod. This could mean that for a given stress, there is an optimal diameter/embedment depth ratio leading to the
best resistance vs. time curve.

The previous fire test, with cast-in thermocouples along the thickness aimed also to compare the temperature along
the concrete thickness and the steel of the anchor. The anchor with a diameter of 12 mm was considered for
comparison. The comparison was studied along the first 60 mm of the test.
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Fig. 59 shows that the temperature profile measured at the steel-resin interface gives higher temperatures than the
temperature of concrete for the first 15-20 min, except for the part of the rod near the exposed surface. The steel
of the anchor tends to homogenize the temperature along the embedment depth. This explains why steel
temperature is higher than concrete temperature in the deep part of the anchor after 15-20 minutes. Steel at the
beginning of the fire test is hotter than concrete near the exposed side then the curves of temperature vs. depth for
both materials cross at a certain moment. This point of crossing advances towards the unexposed side with fire
exposure. This is due to the fact that steel behaves as a temperature vector compared to concrete.
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Fig. 59: Comparison between the thermal gradient of the beam and the temperature profile of the anchor (Configuration 1 in
Fig. 56)

The resistance integration method was applied to the first 60 mm of concrete and steel of Fig. 59 to calculate the
bond resistance of the anchor vs. fire exposure time, for a bond stress of 0.43 MPa (same as loaded anchor n°2 and
3) for example presented in Fig. 60.

In the work of Pinoteau [21] and Lahouar [30] on rebars in concrete, the effect of steel was not taken into account
to calculate thermal profiles along the bond. Concrete temperature in the same position was adopted instead. This
may be valid for steel cast in concrete because the thermal diffusion occurs via concrete. In the case of an anchor
directly exposed to fire, the thermal attack occurs via the steel of the anchor and the concrete of the beam
simultaneously.

In the results presented in Fig. 60, there is a 27% difference in the ratio between the resistance calculated based on
concrete temperature and the resistance calculated based on steel temperature for low load levels (< 6% of the
load-bearing capacity at ambient temperature) for bond stress. This difference is not negligible. The dependence
on concrete temperature instead of steel temperature in the resistance integration method for bonded anchors
directly exposed to fire may lead to a false estimation of failure for both low and high load levels.
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3.2. Influence of concrete element thickness

The thickness of the tested concrete beam plays a role in influencing the temperature profiles. In order to assess
this influence of the change in boundary conditions for the unexposed surface, three different beam thicknesses
were tested: 150 mm, 180 mm and 300 mm. The temperature of the unexposed surface was recorded using cupper
disks thermocouples. Fig. 61 shows that the temperature of the unexposed surface is inversely proportional to the
thickness of the beam. This result can be explained by the fact that thinner beams have higher temperature gradients
along a shorter thickness and hence they homogenize temperature along the thickness faster than thicker beams.
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Fig. 61: Comparison between the temperatures of the unexposed surface vs. Fire exposure time for different beam
thicknesses

The same comparison was done for temperature profiles for two threaded rods with a diameter of 8 mm and an
embedment depth of 70 mm in two different beams with a thickness of 180 and 300 mm. The anchors had the
same configuration as that presented in Configuration 1 in Fig. 56. For the rod installed in a 180 mm beam,
thermocouples were positioned at 5, 25, 40 and 70 mm of the embedment depth with a margin up to £ 3 mm. For
the rod installed in a 300 mm beam, thermocouples were positioned at the same distances of the embedment depth
with a margin up to £ 2 mm. Fig. 62 shows a comparison between temperature profiles vs. embedment depth for
both cases. A thinner beam shows a higher temperature profile for the same diameter and the same embedment
depth, but the differences are rather small. However, this slight difference seems to decrease towards the foot of
the anchor.
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Fig. 62: Comparison between temperature profiles vs. Embedment depth for two anchors in different beam thicknesses
(Configuration 1 in Fig. 56)

In order to quantify the influence of this parameter, the resistance integration method was applied on both cases.
For a stress of 0.43 MPa (same as loaded anchor n°2) applied on both cases, the predicted failure times were 75
min for the anchor installed in a 180 mm beam, and 71 min for the anchor installed in a 300 mm beam. This means
that thicker slabs result in a slightly faster failure for low load levels. For this small difference, the influence of
beam thickness is most likely negligible for both low and high load levels.

3.3. Influence of fixtures

In EOTA TR 020 [7] only fixtures are represented with details. Due to the absence of requirements, inside a
building an anchor may be exposed to fire without having steel plates attached to it, leading to a thermal transfer
via the rod directly. Anchors with and without the existence of fixtures were tested.

Fig. 63 shows temperature profiles vs. the embedment depth for two anchors with a diameter of 12 mm in beams
with a thickness of 300 mm, with and without fixtures (Configurations 1 and 2 in Fig. 56). The anchor without
fixture had 8 thermocouples whereas the anchor with fixture had 4 thermocouples along the embedment depth. A
slight difference is observed between the two cases. The difference decreases after 90 min of fire exposure. This
could be caused by the homogenization of fixture temperature with furnace temperature. The existence of fixtures
interferes with the thermal transfer mode and limits it to conduction. In the absence of fixtures, thermal transfer is
mostly done by radiation. Fig. 63 shows that the temperature difference between the profiles of configurations 1
and 2 decrease with time, which is linked to the kinetics of the heating inside the furnace.

Fig. 64 shows temperature evolution of thermocouples vs. fire exposure time for both cases with and without
fixture.
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Fig. 63: Comparison between temperature profiles vs. Embedment depth for anchors with/without fixture (Configurations 1
and 2 in Fig. 56)
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Fig. 64: Temperature evolution of thermocouples for test configurations 1 (left) and 2 (right) of Fig. 56

In order to quantify the influence of this parameter, the resistance integration method was applied on both cases.
For a stress of 0.43 MPa (same as loaded anchor n°2) applied on both cases, the predicted failure times were 74
min for the rod without fixture, and 80 min for the rod with fixture. This means that the existence of the fixture
delays failure for low load levels. However, for a stress of 2.17 MPa (same as loaded anchor n°1), the predicted
failure times were 27 min for the rod without fixture, and 28 min for the rod with fixture.

Fig. 65 shows that the existence of fixtures has a slight influence on failure time prediction for high load levels.
The difference between the precision of results for low and high load levels, despite of its negligence, could be
attributed to the fact that for high load levels, the fitting curve of the bond stress vs. time relationship varies very
little on the abscissa (time axis) during the first 30 min due to its slope. However, for low load levels, even the
slightest difference between the fitting points (in this case at 30 min) can cause a significant change of slope at the
end of the curve causing a noticeable difference of failure time between the two cases.
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3.4. Influence of insulation

Insulation of the steel parts is required to perform pull-out tests in EOTA TR 020 [7]. It was also necessary to
prevent the steel parts of fixtures from reaching failure before the anchor. In order to assess the influence of
insulation around fixtures, four beams with a thickness of 300 mm were tested. Each beam had 2 bonded anchors,
with a diameter of 12 mm (Configuration 3 in Fig. 56). Fig. 66 shows insulation around fixtures with 50 mm of
glass wool before testing.
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Fig. 66: Insulation of the fixtures and the lateral sides of beams (view B defined in Fig. 50)

Results presented in Fig. 67 show a significant reduction in temperature profiles for the insulated case, compared
to the non-insulated case (Configurations 2 and 3 in Fig. 56). Fig. 68 shows that insulation also affects parts located
inside the fixture. For example: the temperature of the bolt ensuring the connection between the fixture and the
anchor is reduced by almost 500°C after one hour of heating in the insulated case. Temperature at mid-height of
the fixture’s flange is also reduced by almost 400°C after the same time of heating. This confirms that the thermal
diffusion is reduced significantly due to insulation around fixtures
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Fig. 69 shows temperature evolution of thermocouples vs. fire exposure time for insulated and non-insulated
fixtures.
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Fig. 69: Temperature evolution of thermocouples for test configurations 2 (left) and 3 (right)

In order to quantify the influence of this parameter, the resistance integration method was applied on both cases.
For a stress of 0.43 MPa (same as loaded anchor n°2) applied on both cases, the predicted failure times were 80
min for the case without insulation, and 160 min for the case with insulation. For a stress of 2.17 MPa (same as
loaded anchor n°1), the predicted failure times were 28 min for the case without insulation around the fixture, and
69 min for the case where the fixture was insulated with glass wool. This means that insulation delays predicted
failure significantly for both low and high-load levels.

Table 11 summarizes all the results for unloaded thermal investigation tests on bonded anchors in concrete under
fire.
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Concrete Estimated
Supposed .
Anchor geometry element X failure
Tested Test dimensions applied stress time
parameter configuration
hes .
@ (mm) (mm) (mm) (MPa) (min)
8 60 51
Anchor 1 12 60 | 1.2x0.45x0.10 0.43 64
diameter
16 60 43
Concrete 1.5x0.23x0.18 75
element 2 8 70 0.43
thickness 1.5%x0.23 x0.30 71
0.43 80
1
2.17 28
Fixture existence 12 110 1.5x0.23 x 0.30
0.43 74
2
2.17 27
0.43 80
1 12 110
: 2.17 28
'”53'?.“2” 1.5 x 0.23 x 0.30
around fixtures 043 160
3 12 110
2.17 69

Table 11: Summary of results for unloaded thermal investigation tests

4. Conclusion

This paper aimed to study and highlight the influence of testing conditions described in the existing guidelines for
evaluating anchors in concrete under fire on the evaluation of pull-out strength of bonded anchors. Thanks to the
strong bond between concrete and steel, mechanical anchors are lightly influenced by these test conditions.
However, for bonded anchors, pull-out is more likely to occur at high temperatures. This is due to the rapid
degradation of the mechanical properties of the bond. Thus, the variation of temperature profiles has a significant
influence on the resistance of bonded anchors. In order to assess the mechanical behavior of bonded anchors, pull-
out tests under 1SO 834 fire were performed in this study. These tests were conducted on concrete beams with two
bonded anchors in each: one loaded until pull-out and another unloaded but instrumented with thermocouples
along the embedment depth to measure the same temperature profiles as the loaded one (Fig. 50). The unloaded
anchor was not insulated and was left directly exposed to fire. Measured temperature profiles were used later to
predict pull-out failure with the help of the resistance integration method. The predicted bond resistance vs. fire
exposure time curves gave a reasonably precise accurate failure time for high load levels (> 6% of the load-bearing
capacity at ambient temperature) at 28 minutes for the predicted failure and 29 min for the experimental failure
(97% precision). However, for low load levels (< 6% of the load-bearing capacity at ambient temperature) the
prediction was not accurate and needed further investigation of the influence of each parameter separately on the
precision of this prediction.

In order to study the influence of these parameters, thermal investigation fire tests were conducted on different
configurations (Fig. 56). The investigated parameters were: anchor diameter, replacement of steel temperature
with concrete temperature for the prediction in the resistance integration method, beam thickness, fixture existence
and insulation of the loading system. Testing derived the following conclusions:
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e The diameter of larger anchors results in higher temperature profiles but not necessarily to faster failure time
because of the increase of the bond area around the rod.

e The use of concrete temperature instead of steel temperature, for bonded anchors directly exposed to fire, in
the resistance integration method may result in a non-conservative estimation of bond resistance and failure
time consequently.

e The thickness of the concrete beam has low influence on the predicted bond resistance and failure time.

e The existence of the fixture has low influence on the predicted bond resistance and failure time.

e The insulation around fixtures significantly influences thermal distribution. Insulation decreases temperature
profiles along the embedment depth of the anchor. This delays the decay of the mechanical properties of the
bond hence the failure time by 30-60 min for load levels below 6% of the load-bearing capacity at ambient
temperature MPa for bond stress.

¢  When designing bonded anchors directly exposed to fire, boundary conditions must take into account whether
the metallic fixture transferring the load from the loading system to the rod is insulated or directly exposed to
fire. This is associated to the intended configuration for the anchor inside the building.

The experimental work in this paper focused on two load ratios: 1.7% and 8.7% of the load-bearing capacity at
ambient temperature. Since load ratio is one of the parameters most affecting the structural performance of bonded
anchors under fire, other load ratios are advised to be undertaken in other studies to assess the influence of the
studied parameters on the precision of failure prediction.

The current design method for bonded anchors under fire based on the resistance integration method was adopted
in this paper. The predicted bond resistance and failure time for bonded anchors directly exposed to fire are
influenced by insulation around the loading system. In order to precisely evaluate pull-out strength under fire of
chemically bonded anchors, a second bonded anchor may be installed in the same concrete element as the loaded
rod which is being tested. Furthermore, this anchor must be instrumented along the embedment depth of the anchor
and must replicate the same testing conditions as the loaded one. Finally, more detailed guidelines are needed for
performing pull-out tests on bonded anchors directly exposed to fire.
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Discussion and analysis

Prior to the study conducted in this paper, a review of the literature was done to assess the influence of adopting
tests on PIRs as entry data for design of bonded anchors under fire. Reichert and Thiele (2017) piloted a research
project on the behavior of bonded anchors under fire at the university of Kaiserslautern. This project addressed the
question in hand by means of tests according to EAD 330087-00-0601 (2018) on PIRs and bonded anchors using
the same product for both applications. A nominal diameter of 12 mm was used as required in the EAD. There
were two differences in installation parameters between PIRs and bonded anchors: 1) for PIRs, ribbed bars with a
relative rib area of 0.076 were used whereas threaded rods were used for bonded anchors, 2) diameter of drilled
hole was 16 mm (2 mm clearance between the rebar and the hole) for PIRs whereas it was 14 mm (1 mm clearance
between the rod and the hole). Results indicated that a negligible difference was observed between both curves,
where bonded anchors showed a slightly higher bond strength compared to PIRs (Fig. 70). The same tests were
repeated using GEWI (high yield screwable steel with rolled on threads on both sides) rebars compared to PIRs
(Fig. 71) with a slight advantage for the bond strength vs. temperature relationship of GEWI rebars. Therefore, it
was concluded that adopting tests on PIRs for design of bonded anchors has a negligible influence. Should this
influence be considered, the results would be on the conservative side due to the lower values of bond strength
obtained from PIRs.
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Fig. 70: Comparison of the bond strength vs. temperature relationship between PIRs and bonded anchors according (tests
acc. EAD 330087-00-0601 using the same adhesive) Reichert and Thiele (2017)
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Fig. 71: Comparison of the bond strength vs. temperature relationship between PIRs and GEWI bonded anchors according
(tests acc. EAD 330087-00-0601 using the same adhesive) Reichert and Thiele (2017)
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The study conducted in the paper allows to conclude which test configuration is more suitable for fire tests of
bonded anchors. If the objective is a product evaluation of the anchor, Configurations 1 in Fig. 72 is recommended
to solely assess the fire resistance of the anchor. Nonetheless, it was shown that Configurations 2 in Fig. 72 can be
very beneficial in terms of delaying the fire degradation of the bond due to the presence of the insulating material.
Therefore, if a system qualification is the objective (anchor + fixture + insulation), it is recommended to precise
the installation instructions of the insulating material in addition to the regular installation instructions of the
anchor. Indeed, the behavior under fire may vary depending on the applied type of insulation, its thermal properties
and its thickness. In addition, it is recommended to insulate all extended parts of the anchor rod and steel fixture
to maximize insulation and minimize the effect of high diffusivity of steel. Additional insulation can be applied
on the concrete surface near the anchor but as a second measure as the insulation of steel parts is more effective.
Finally, it is clear that the current text stated in the TR 020 leaves the door open for several interpretations of the
fire test configuration. Therefore, any future guidelines should be clear enough to avoid this type of controllable
difference.
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Configuration 1. Threaded rods + fixtures only Configuration 2. Threaded rods + fixtures only

Fig. 72: Different configurations for fire tests on bonded anchors
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Chapter I11: Development of a 3D numerical model for the design of bonded anchors in
uncracked concrete under 1SO 834 fire

Chapter 111 resumes the paper entiteled “Numerical investigation of parameters influencing fire evaluation
tests of chemically bonded anchors in uncracked concrete” published on January 27, 2020 in the Journal of
Engineering Structures. This paper focuses on the development of a numerical model first for the design of
bonded anchors under fire, then after validation, for numerical investigation of parameters influencing fire tests.

Objectives

After considering the right configuration of the bonded anchor to be tested according to the previously presented
results in Chapter I, the testing method can be applied on fire evaluation tests on bonded anchors. The obtained
fire resistance from standard fire tests can be considered as a reference for validating any design method. Therefore,
this chapter proposes a design method based on the existing knowledge on the testing configuration and the
numerical modelling approach for the design of PIRs under fire (i.e. thermal calculations coupeled with Pinoteau’s
method). First, the design method should provide representative temperature profiles along the embedment depth
of the bonded anchors compared to fire test measurements. Only then, these temperature profiles can be used as
entry data for Pinoteau’s method (Resistance Integration Method). Indeed, stress profiles are obtained based on
previous characterization of the adhesive at high temperatures. Therefore, any uncertainty or unconservativeness
on temperature profiles can be reflected in the calculated stress profiles, hence the fire resistance.

This chapter has two main objectives:

1. Propose a model for the design of bonded anchors under fire using thermal calculations (FE simulations) used
as entry data for Pinoteau’s method (Resistance Integration Method):
This paper presents different approaches for thermal modelling of anchors. In the literature, 2D plane
modelling is very common but was never validated. The validation can be conducted through comparison of
temperature profiles measured along the embedment depth of anchors in fire tests to those calculated by FE
simulations. It was found that 2D plane modelling is not in agreement with experimental measuraments. 3D
modelling is proposed as a more representative solution. Both 2D plane and 3D approaches were coupled with
Pinoteau’s method to calculate the fire resistance of bonded anchors for the 2 main test configurations evoked
in the previous chapter. 3D modelling was found better representative of temperature profiles and yielded less
conservative fire resistance than 2D plane modelling.

2. Investigate additional parameters influencing fire tests of bonded anchors:
Some parameters were left univestigated in the previous chapter. Therefore, a parametric study was conducted
after validation of the 3D model on the remaining untested parameters.

Paper reference:

Al-Mansouri O, Mége R, Pinoteau N, Guillet T, Piccinin R, McBride K, Rémond S. Numerical investigation of
parameters influencing fire evaluation tests of chemically bonded anchors in uncracked concrete. Eng Struct J
2020;209:110297.
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Abstract

European guidelines for fire performance evaluation of post-installed anchoring systems are limited to mechanical
(e.g. expansive, undercut) mechanisms of load transfer and the steel failure mode, whereas the adhesive bond
mechanism remains unaccounted for in chemically bonded anchors. Furthermore, current evaluation methods do
not account for the influence of practical testing conditions on temperature profiles along the bonded depth. This
paper presents 3D finite element thermal simulations of chemically bonded anchors in uncracked concrete exposed
to 1ISO 834 fire conditions with comparisons to experimental specimens. Five parameters representing application
and testing conditions are investigated to assess their influence on temperature profiles along the embedment depth
of bonded anchors. A numerical model is proposed based on the results of the numerical simulations to determine
thermal data necessary for predicting the load-bearing capacities of bonded anchors using the Resistance
Integration Method. The model adopts Eurocode material properties for concrete and steel, with 3D analysis
yielding conservative capacity prediction compared to physical fire tests. 3D and 2D simulation results are
compared, demonstrating that modelling using 2D heat transfer analysis yields inaccurate temperature profiles
compared to 3D modelling. After experimental validation of the proposed model, additional parameters are
explored in a numerical parametric study: embedded depth, external length of the anchor element, insulation of
the anchor element, and insulation of the concrete element. Results show that the embedded depth has a significant
influence on temperature profiles along the bond. Moreover, the external length of the anchor influences
temperature profiles, but not beyond 20 mm from the concrete surface.

Keywords: adhesive resin, bonded anchor, fire tests, thermal distribution, numerical model, Resistance Integration
Method.

1. Introduction

Post-installed anchoring systems may be split into two categories: (1) mechanical and bonded anchors used to
transfer the combination of tensile and shear loads from a steel fixture to a concrete substrate and (2) post-installed
reinforcement (PIR) used to connect new reinforced concrete elements to existing concrete. Post-installed
chemically bonded anchoring systems are used in new and existing reinforced concrete structures as an alternative
to cast-in-place solutions and where an anchoring location is unplanned or requires remediation. The bonding
material may consist of combinations of polymeric resin, cement, other admixtures, and filling materials. Resins
used in post-installed bonded anchors include polyester, vinylester, and epoxy resins [1]. Load is transferred to
concrete through adhesive bond and friction, producing bond stresses that are nearly uniformly distributed along
the bonded embedment depth, in contrast to headed and post-installed mechanical anchors where load introduction
into concrete is concentrated at the end of the anchorage [2]. Resins used in bonded anchors are viscoelastic and
therefore demonstrate creep deformation under sustained loads [3].

Studies have demonstrated that the mechanical behavior of bonded anchors is influenced by many factors including
geometry, material properties, installation procedure, and environmental factors such as moisture and temperature
[4-7]. The mechanical properties of adhesive resins are particularly temperature dependent [8]. In fire conditions,
structural members are exposed to rapid temperature increases, producing temperature gradients along the
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embedment of the bonded anchors. Elevated temperatures degrade material properties of steel [9], concrete [10,
11], and resin [12], thus reducing the load-bearing capacity of the connection.

Different resin types exhibit varying sensitivities to increases in temperature. Investigations have shown, for
example, that epoxy resins are more sensitive to temperature than polyester mortars [13]. In general, the effect of
temperature on polymeric materials can be quantified by the glass transition temperature (T,) [14], beyond which
a reduction in stiffness and ultimate capacity are observed [15]. Studies on bonded PIR (post-installed
reinforcement) showed that temperature increases to values below the glass transition temperature lead to an
enhancement of the material properties of the resin. This is linked to the accelerated curing of the resin. When the
glass transition temperature is exceeded in a loaded anchor, changes in physical state and viscosity occur, leading
to a different stress distribution along the bonded embedment [16, 17]. Another investigation focused on the effect
of heating rates [18], where it was found that high heating rates can lead to an initial thermal gradient along the
steel member and therefore to a redistribution of bond stress.

Presently, the guidelines in EOTA TR 020 [19] address fire evaluation of mechanical anchors for all failure modes,
but bonded anchors are only evaluated for the steel failure mode. Design failure modes for bonded anchors under
tensile loading are concrete cone failure, steel failure, pull-out failure of the anchor, splitting failure of concrete
and combined cone/pull-out failure [20]. Research studies [21, 22] showed that under fire conditions, pull-out may
occur more frequently than other failure modes for common ranges of bonded anchor diameter and embedment.
Researchers have established that there is a need for an accurate evaluation and design method for bonded anchors
to complete the existing guidelines in EOTA TR 020 [19]. In these guidelines, it is permitted to insulate the steel
fixture that transfers loads to anchors preventing the fixture from failing before the anchor. In a previous
experimental work [24] the current authors presented three possible configurations of an anchor inside a building:
direct exposure to fire, presence of a metallic fixture, and presence of insulation around the fixture. It was shown
that, under I1SO 834 fire conditions [23], the insulated configuration may produce an unconservative estimation of
bond strength compared to the configuration where the anchor was directly exposed to fire.

Prediction of the load-bearing capacity of bonded anchors has been investigated in multiple research studies. Thiele
and Reichert [21] investigated different configurations of bonded anchors under fire conditions, also concluding
that the current guidelines in EOTA TR 020 should be extended [19]. Lakhani and Hofmann [22] used finite
element simulations to study the behavior of bonded anchors at high temperatures with a 2D model. This study
recommended the Resistance Integration Method, which demonstrated promising results in the experimental work
of Pinoteau et al. [18] and Lahouar et al. [25, 26]. Lakhani and Hofmann [22] concluded that the thermal
distribution depends on the fire scenario under consideration (e.g. the ISO 834 fire and a cooling phase vs
Hydrocarbon fire).

Lakhani and Hofmann [22,27] proposed a model to determine the load-bearing capacity of bonded anchoring
systems (bonded anchors and PIR) under fire conditions. Their numerical results were compared to the
experimental work of Muciacia et al. [28] and Lahouar et al. [29]. The proposed model by Lakhani and Hofmann
is based on the resolution of transient heat transfer using an implicit finite element scheme and an iterative solver.
Only the concrete bearing element and the steel of the anchor were modelled and the adhesive resin was ignored,
although [21] demonstrated that when the resin acts as an insulating material (having higher insulating properties
than the insulating properties of concrete), it results in conservative calculations when it is not modelled. Their
work highlighted the influence of different configurations of bonded anchors on thermal diffusion (e.g. direct
exposure to fire, presence of an insulated fixture) and showed that the common modelling assumption of ignoring
the reinforcing steel during heat transfer analysis may not be realistic due to the difference of thermal properties
between steel and concrete.

Lakhani and Hofmann [27] performed 2D analysis with Cartesian coordinates on the failure of a post-installed
cantilever floor modeling the test conducted by Lahouar et al. [29]. The experimental test failed at 117 min,
whereas the predicted failure time by [27] was 80 min. For this example, temperature profiles calculated using 2D
analysis modelling both concrete and the steel of the PIR (model A) for early exposure periods (e.g. 15 min)
produce lower temperatures than 2D analysis accounting only for concrete and neglecting the modelling of steel
(model B). This could be attributed to the fact that 2D analysis implies an infinite length of steel in the unmodelled
3 dimension, whereas 2D analysis accounting only for concrete assumes that PIR has the same temperature as
concrete at the same distance from the fire exposed surface. Furthermore, the model A did not account for the
extended part of the anchor outside the concrete (see 82.1.).
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Given the absence of generalized data and methodologies for fire-resistive design of anchoring systems, practical
studies have been oriented toward providing solutions. Tian et al. [30] conducted an experimental study to enhance
understanding of the behavior of mechanical anchors loaded in shear close to an edge under fire conditions.
Bosnjak et al. [31] proposed a 3D model for the resistance of post-installed reinforcement in concrete after
exposure to fire for one-sided and three-sided fire exposure. Halvi¢ka and Lubldy [32] proposed a design method
for concrete cone failure of bonded anchors in thermally damaged concrete. Nevertheless, a general assessment
and design concept for fire-resistance of bonded anchoring systems remains absent from guideline documents.

This paper presents a numerical study of the temperature profiles of bonded anchors exposed to 1SO 834 fire
conditions [23] for use in predicting the load-bearing capacity. A heat transfer analysis was conducted using
ANSYS 3D finite element analysis to obtain the temporal and spatial distribution of temperature [Eq. (1)]. Using
the output data of temperature profiles with the existing bond stress vs. temperature relationship of the adhesive
resin, the load-bearing capacity of the anchor was computed by numerically integrating the temperature-dependent
bond stress capacity along the embedment depth of the anchor. The results of this model were compared to test
results from pull-out fire tests on bonded anchors with different configurations studied in [24]. After the validation
of the model, a parametric study was conducted to investigate the influence of other parameters on the precision
of evaluation tests of bonded anchors under fire conditions. The results of this 3D model were compared to a
commonly used 2D Cartesian coordinate system without modelling the part of the anchor extending above the
concrete surface.

Capacity prediction using the Resistance Integration Method depends on accurate knowledge of temperature
profiles along the bonded embedment. Testing under ISO 834 fire conditions [23] is influenced by many
parameters including fixture configuration and modelling assumptions. The 3D model was validated against
empirical results for the following configurations:

o Direct exposure of the anchorage to fire.
e Insulation of fixtures.

The model was then used for the investigation of additional parameters that may influence temperature profiles
along the embedment depth of the anchor under 1SO 834 fire [23] exposure:

Extended length of the anchor above the concrete surface.
Embedded length of the anchor inside concrete.
Concrete element insulation.

2. 3D model using ANSYS

This section describes the model used for the determination of the load-bearing capacity under 1SO 834 fire
conditions [23] for bonded anchors in uncracked concrete. Temperature profiles from this model are coupled with
the Resistance Integration Method (see §2.2) for the determination of bond strength.

2.1. Description of the 3D model

The model consists of solving 3D transient heat transfer equations to obtain temperature distribution at any given
time of fire exposure. Concrete and steel components are modeled, but the resin is conservatively ignored because
the thermal properties are product dependent. Because polymer materials possess insulating properties, a model
that takes only into account steel and concrete and ignores the resin yields higher temperature profiles. Material
properties of concrete and steel are obtained from Eurocode 2 [10]. The fire exposed surface is subjected to both
radiative and convective fluxes of the 1SO 834 fire [23].

The numerical model presented in this paper observes the following characteristics

The bonded anchor resin is not modeled.

Steel threads are not modeled.

The concrete remains uncracked.

Concrete spalling is ignored.

The fire exposed surface of all elements is subjected to convective and radiative fluxes of 1SO 834 fire
temperatures [23] on all sides.
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e The unexposed fire surface of concrete beams is subjected to convective and radiative fluxes of ambient air
at 20°C.
e  Slip of anchors is ignored.

During a fire, heat transfer occurs between fire and exposed elements at the boundaries via convection and
radiation. The heat propagates inside the members via conduction. ANSYS solves the governing differential
equation for 3D transient heat conduction using implicit scheme and iterative solver [Eq. 8].

9*T  9*T 9T

T
pCa = k(ax2 +6y2+§) [Eq 8]

The 3D model represents the anchor as a cylinder inside a concrete beam with modelling of the extended and
embedded length of the steel anchor element (Fig. 73).

Fig. 73: Anchors directly exposed to fire using 3D modelling in ANSYS

Eq. 9 describes the Neumann boundary condition satisfied at the fire-exposed surface:
aT
_ka = hfire ) (Ts - Tfire) +eo- (Ts4 - Tfire4) [Eq 9]
Eq. 10 describes the Neumann boundary condition satisfied at insulated surfaces:
oT
_kE =0... [Eq. 10]

Eq. 11 describes the Neumann boundary condition satisfied at the upper surface of the beam exposed to ambient
air at 20°C:

(:Itotal = hair ) (Ts - Tair) +éeo- (Ts4 - Tair4) [Eq 11]

Where:

diotal 1S the total heat flux applied to the surface.

k is the thermal conductivity (W/m.K).

p is the mass density (kg/mq).

c is the specific heat (J/kg.K).

Rfire is the convective heat transfer coefficient for the fire exposed surface (25 W/m2.K).
Rair is the convective heat transfer coefficient for the surface exposed to air at 20°C (4 W/m2.K).
€ is surface emissivity (0.7).

o is the Boltzmann constant (5.667x108 W/m2.K#).

T is the solid surface temperature (K).

Ttire is gas temperature inside the furnace as a function of time (K).

Tair is ambient air temperature (293 K).

t is time.
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Boundary conditions are represented in a profile view of the 3D model in Fig. 74.
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Fig. 74: Boundary conditions applied in the 3D heat transfer analysis for anchors directly exposed to fire.

Numerical studies of bonded anchors commonly model transient heat transfer in 2D using Cartesian coordinates
and neglect the portion of the anchor outside the concrete surface. Eq. 12 is the governing equation solved to obtain
the spatial and temporal temperature distribution in 2D.

T a%r  a’r
pcl = k(ﬁ+ﬁ) ... [Eq. 12]

The 2D model implies that the anchor is a long plate inside the concrete beam as illustrated in Fig. 75, which
overrepresents the quantity of steel in the concrete member.

[ Anchor
B Concrete

Fig. 75: Anchor directly exposed to fire using 2D modelling in ANSYS with Cartesian coordinates

Boundary conditions are represented in a profile view of the 3D model in Fig. 76.
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Fig. 76: Boundary conditions applied in the 2D heat transfer analysis for anchors directly exposed to fire.

Concrete and steel were modelled as solids in ANSY'S. A bonded interface was chosen for the connection between
steel and concrete. The bonded option in ANSYS allows no sliding or separation between faces or edges, resulting
in perfect contact between the inner surface of the hole/concrete and the outer surface of the anchor/steel. No gaps
are allowed with this option and the nodes of the mesh at the interface are superimposed from both concrete and
steel surfaces. Thermal properties of concrete and carbon steel (conductivity, specific heat and mass density) are
a function of temperature. The properties according to the French national annex in Eurocode 2 [10] for both

materials were adopted in this study (Fig. 77). The mass density of the steel (7850 kg/m?®) [9] is considered constant
with respect to temperature.
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Fig. 77: Variation of thermal properties of concrete and steel according to NF EN 1992-1-2 [10]

2.2. Prediction of the load-bearing capacity using the Resistance Integration Method

The transient heat transfer analysis conducted in the previous step produces the temperature profiles used by the
Resistance Integration Method. In both 2D and 3D models, threads are ignored, and the nominal diameter is used.
The bonded length is divided into 5-mm segments, where each segment is assigned a uniform temperature. The
second input needed for the calculation of bond stress inside each segment of the anchor is the variation of bond
stress capacity vs. temperature according to EAD 330087-00-0601 [33], for which bond stress capacities of the
bonded anchor system are determined as a function of temperature. Each segment is therefore attributed an
individual bond stress capacity based on the temperature associated with the segment. Numerical integration of

the temperature-dependent bond stress capacity of all segments yields the predicted load-bearing capacity at any
given moment of fire exposure.
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Fig. 78: Configurations of tested specimens in Al-Mansouri et al. [24]
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Fig. 79: Steps of the Resistance Integration Method

The bond capacity of the anchor at any given time is calculated according to Eq. 13:

Nrafire =7 d - foheffbd,o ) k(g(x)) ~dx ... [Eq. 13]
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Where: Npq sire IS the capacity under fire conditions (N).
d is the diameter of the anchor (mm).
foa,0 is the design bond resistance at ambient temperature (N/mm2).
k(6) is a reduction factor that depends on temperature.
0(x) is the temperature distribution along the embedment depth of the anchor.
h.r is the embedment depth of the anchor (mm).

3. Validation of the model

To validate the numerical model, experiments on loaded and unloaded specimens from [24] were selected. The
experimental specimens consisted of post-installed bonded anchors with M12 threaded rods and a commercial
resin in C20/25 uncracked concrete beams with 230 mm width, 1500 mm length and 300 mm beam depth. The
experimental configurations were 1) anchors directly exposed to fire, 2) metallic fixtures attached to anchors, and
3) insulated fixtures (metallic fixtures filled and surrounded by 50 mm insulating material). Because fixtures
without insulation demonstrated no significant influence on temperature profiles and the resulting predicted load-
bearing capacity, only configurations 1) and 3) were used for the validation of the model.

For validating load-prediction using thermal results from 3D modelling, the Resistance Integration Method was
applied on temperature profiles obtained from experimental pull-out tests under fire conditions in accordance with
EOTA TR 020 [19]. Fig. 78 shows a side view of the studied configurations and Fig. 79 shows the steps of the
bond Resistance Integration Method based on temperature profiles of the experimental tests adopted for validating
the model. Fig. 80 shows the bond stress capacity vs. temperature relationship for the epoxy chemical resin
obtained for the bonded anchor product used in the experimental specimens.
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Fig. 80: Bond stress vs. temperature relationship for the bonded anchor product according to EAD 330087-00-0601 [33]

3.1. Anchors directly exposed to fire

For Configuration 1 in Fig. 78, M12 anchors directly exposed to fire were modelled with 110 mm embedment
depth and 40 mm extended length outside the concrete surface. The numerical 3D model presented in Fig. 73 and
Fig. 74 and the numerical 2D model presented in Fig. 75 and Fig. 76 represent configuration 1 in Fig. 78.

Fig. 81 shows a comparison between numerical (2D and 3D analysis) and experimental temperature profiles for
anchors directly exposed to 1SO 834 fire conditions [23]. Temperature profiles obtained numerically by 3D
analysis are in agreement with experimental results. Numerical results of the 3D model produced higher
temperatures due to several factors. The numerical model accounts for Eurocode conservative fire conditions
which are represented at a homogeneous close distance from the exposed surface. In case of a real fire test,
temperature measurement at concrete surface gives lower values than the numerical 3D model (1% thermocouple
in experimental values in Fig. 81). The difference near the exposed surface of the anchor between numerical and
experimental values is linked to the overestimation of temperature profiles in this area by the numerical model. In
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addition, this difference could be explained by the absence of resin, which may serve as an insulator, in the model.
Temperature measured at the deeper segments of the embedment, where fire conditions applied on the exposed
surface and heat transfer occurs via conduction only, are in better agreement with the 3D model.

Simulation using 2D transient heat analysis yielded more homogeneous temperatures along the steel component
compared to 3D analysis (Fig. 81). Compared to experimental results, this resulted in lower temperatures near the
exposed surface and higher temperatures at the deeper parts of the anchor. The temperature inaccuracies are
attributable to the inability of the geometry of 2D analysis to model the cylindrical anchor.

Comparison between the load-bearing capacity vs. fire exposure time relationships obtained numerically (both 2D
and 3D analysis) and experimentally are plotted in Fig. 82. Four points were used to plot the bond strength vs. fire
exposure time relationship, after which a power trend curve was fitted to the data. The numerically obtained curve
based on 3D analysis yielded conservative results compared to the experimentally obtained curve. For example:
for an applied load of 9 kN on M12 bonded anchor, the experimental result reached pull-out failure under ISO 834
fire conditions [23] at 29 min. The Resistance Integration Method predicted a failure time of 28 min using
experimentally derived temperature profiles, 25 min using temperature profiles derived from 3D numerical
analysis, and 19 min. using temperature profiles derived from 2D numerical analysis.
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Fig. 81: Comparison between experimental and numerical (2D and 3D analysis) temperature profiles for M12 anchor
directly exposed to fire
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3.2 Anchors with insulated fixtures

For Configuration 3 in Fig. 78 (anchors with insulated fixtures), the insulating material consisted of glass wool
with a thickness of 50 mm. Thermal properties of the insulating material are plotted in Fig. 83. The M12 anchor
was modelled with an embedment depth of 110 mm and extended length of 40 mm.
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Fig. 83: Variation of thermal properties of the used insulating material

Fig. 84 shows a comparison between numerical and experimental temperature profiles for anchors with insulated
fixtures. The Resistance Integration Method was applied to calculate the predicted load-bearing capacity vs. fire
exposure time relationships. Comparison between load-bearing capacity vs. fire exposure time relationships
obtained numerically (2D and 3D analysis) and experimentally are plotted in Fig. 84. The numerically obtained
curve from 3D analysis is conservatively in agreement with the experimentally obtained curve. The small
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difference observed between numerical (3D modelling) and experimental temperature profiles is due to
conservative Eurocode material properties as described earlier in this section.

The presence of insulated fixtures is represented using 2D heat transfer analysis based on Cartesian coordinates
by the same geometric configuration in Fig. 75. The difference between the two cases is that boundary conditions
are only applied on the concrete surface beyond the insulated fixture and the fixture is not explicitly modelled.
Therefore, Eq. 10 is applied on the surface where the insulated fixture is supposed to be. Fig. 85 represents
boundary conditions applied in the 2D heat transfer analysis for anchors with insulated fixtures.

The presented model was used to study the case of anchors along with insulated fixtures based on the previous
assumptions. Temperature profiles derived from 2D analysis produced lower temperatures than experimental
results, which results in an unconservative prediction of the load-bearing capacity vs. fire exposure time using the
Resistance Integration Method. The calculation of temperature profiles using 3D analysis modelling, both with
fixture directly exposed to fire and with insulation, yields more accurate results (Fig. 86).
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Fig. 84: Comparison between experimental and numerical (2D and 3D analysis) temperature profiles for M12 anchor with
insulated fixtures
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Fig. 85: Boundary conditions applied in the 2D heat transfer analysis for anchors with insulated fixtures

Comparisons between the load-bearing capacity vs. fire exposure time relationships obtained numerically (2D and
3D analyses) and experimentally are plotted in Fig. 86. The numerically obtained curve based on 3D analysis gave
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safe results compared to the experimentally obtained curve. This may be attributed to the fact that the numerical
model only takes into account steel and concrete, but in physical tests, the bonding material has an insulating effect
on temperature profiles and reduces the thermal exchange between concrete and steel. Load prediction based on
2D analysis yielded unconservative results compared to experimental results.
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Fig. 86: Comparison between experimentally and numerically (2D and 3D analysis) predicted bond strength vs. fire
exposure time relationships for M12 anchor with insulated fixtures

4. Parametric study

After validation of the proposed model, an expanded parametric study was conducted to investigate the effect of
other parameters that may influence temperature profiles along the embedment depth of the anchor under ISO 834
fire [23] conditions. For the parametric study, material properties and specimen dimensions were identical to those
used for the validation. For maximum influence of the boundary conditions of the 1SO 834 fire, all studied
parameters were conducted on anchors with configuration 1 in Fig. 78.

4.1 Extended part of the anchor

To assess the influence of the extended length of the anchor outside the concrete on the temperature distribution
of bonded anchors under 1SO 834 fire conditions [23], the proposed model was used to conduct simulations for
multiple extended lengths (from no extended length to 15 diameters of extended length from concrete surface) for
M8 and M12 diameters.

First, a series of simulations was conducted on an embedment depth of hs = 10d. Radiative and convective fluxes
were applied on all the surfaces of the extended length. Results are shown in Fig. 87 for M8 and M12 diameters.
The extended length of the anchor demonstrated a significant influence on temperature profiles from 0 mm (no
extended length modelled, i.e. the steel of the anchor is flush with the concrete surface) to 20 mm for both
diameters, then negligible influence beyond 20 mm. When modelling the steel of the anchor flush with the
concrete surface, a reduction in temperature profiles was obtained, especially near the exposed part of the at the
concrete surface. This could be attributed to the fact that the deeper embedded parts of the anchor are subjected to
conduction with concrete, whereas embedded segments near the exposed surface are influenced by the absence of
the extended length, which is subjected to radiation and convection from the 1SO 834 fire [23].

88



Behavior of bonded anchors in concrete under fire

1000 M8
900
800 |
700
600
500
400
300
200
100

Temperature (°C)

Embedment depth (mm)

----- 0 mm-15 min e 20 MmM-15 min e 120 MM-15 min
----- 0 mm-30 min et 20 mm-30 min e 120 mm-30 min
0 mm-60 min 20 mm-60 min 120 mm-60 min
0 mm-90 min 20 mm-90 min 120 mm-90 min

900 | M12

Temperature (°C)

w b A
o
o

v ., =

rAvvhs A hcae i L 11 X T

0 10 20 30 40 50 60 70 80 90 100 110 120
Embedment depth (mm)

----- 0 mm-15 min e 20 mm-15 min e 180 mm-15 min
----- 0 mm-30 min e 20 mm-30 min e 180 Mm-30 min
0 mm-60 min 20 mm-60 min 180 mm-60 min
0 mm-90 min 20 mm-90 min 180 mm-90 min

Fig. 87: Temperature profiles for M8 and M12 anchors with h,; = 10d for different extended lengths

4.2 Embedded depth of anchors (hgs)

To assess the influence of the embedment depth on the temperature profiles, simulations on anchors with
embedment depths of 4d, 10d, and 20d were conducted for M8 and M12 anchor diameters. An extended length
outside the concrete of 10d was chosen for both diameters. Dimensions for the concrete beam were the same as
used for the validation. Fig. 88 shows temperature profiles for M8 and M12 anchors, respectively, for the studied
embedment depths. At any given time of observation, temperatures near the exposed surface of the anchor were
consistent between the three different embedment depths. However, significant temperature differences were
observed between the 4d specimen and deeper specimens at the same location inside the concrete, with the
maximum difference at the end of the 4d embedment. Higher temperatures were observed for shorter embedment
depths within the concrete. For embedment depths between 10d and 20d, difference in temperature were
insignificant at the same measurement locations. The significant differences between 4d and deeper embedments
at the same location within concrete may be attributed to the lower quantity of steel, where smaller thermal bridges
are created and heat transfer between steel and concrete is lower. In addition, for shorter anchors there is a smaller
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exchange surface between steel and concrete, leading to less thermal interaction between both materials and,
therefore, higher temperatures.
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Fig. 88: Temperature profiles for M8 and M12 anchors with extended length of 10d for different embedment depths
4.3 Concrete element insulation

To assess the influence of insulating the side surfaces of the concrete element, simulations on beams exposed to a
radiative and convective flux of ambient air (20°C) on lateral sides were conducted. Results were compared to
anchors in beams insulated on the lateral sides. Studied anchors are M8 and M12 anchors with embedded and
extended lengths of 10d. As with all other experiments, beam dimensions were 1500 mm length by 300 mm depth,
but the width was reduced to 90 mm, resulting in approximately 40 mm cover on both sides for stronger influence.
Fig. 89 shows that temperature profiles for insulated beams vs. exposed beams were nearly identical up to 30 min.
Beyond 60 min, small differences were observed with the same initial conditions, wider beams will be less
influenced by the existence/absence of insulation on the lateral sides of the beam.
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Fig. 89: Temperature profiles for M8 and M12 anchors in insulated beams and beams exposed to ambient air on all sides

5. Conclusions

This paper presents validation and parametric study of a numerical model for calculating the load-bearing capacity
of bonded anchors in uncracked concrete under 1ISO 834 fire conditions [23]. The model employs 3D transient
heat transfer equations to obtain temperature profiles along the embedment depth of anchors without considering
the properties of the bonding material. The temperature profiles then serve as input for the bond Resistance
Integration Method, in which bond strength contributions of discrete segments along the embedment depth of
anchors is computed during fire exposure. In this study, the model was validated with experimental results obtained
in a previous experimental study [24] resulting in conservative calculations of load-bearing capacities at various
fire exposure times compared to experimental results.

Results of common assumptions for the modelling and design of bonded anchors with 2D transient heat transfer
analysis based on Cartesian coordinates were compared with the proposed 3D model. 3D heat transfer analysis
demonstrated better agreement with experimental results than 2D analysis results, resulting in the following
conclusions:
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e 2D analysis yields a rather a large margin of safety for the load-bearing capacity of anchors directly exposed
to fire.

e 2D analysis may yield unsafe predictions for anchors with insulated fixtures.

e 2D analysis does not account for the extended part of the anchor in the modelling procedure (with applied
radiation and convection on the extended part). This can lead to a significant reduction in temperature profiles
near the fire exposed surface.

A parametric study was also presented after experimental validation of the model. This study investigated variables
that may influence thermal evaluation of bonded anchors under fire conditions to produce temperature profiles,
resulting in the following conclusions:

o Insulated fixtures significantly reduce the temperature profile of anchors exposed to fire conditions compared
to uninsulated fixtures, which may lead to misrepresentations of product capacity assessed in accordance with
TR 020.

e The length of the anchor extended outside the concrete surface has a significant influence on temperature
profiles between no extended length and 20 mm of extended length. Beyond 20 mm, the influence is
insignificant.

e The embedded depth of the anchor has an influence on temperature profiles up to h.s = 10d. Beyond h.s =
10d of embedment depth the influence is insignificant.

e The insulation of the concrete bearing element’s lateral sides has no significant influence on load prediction.

This parametric study establishes a basis for variables to be considered in guidelines for the evaluation of bonded
anchors under fire conditions. Additional physical and analytical experimentation are recommended for further
validation of the proposed method.
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Analysis and discussion

Influence of modelling the adhesive resin

Prior to the study conducted in this paper, the effect of not modelling the adhesive layer in the 3D thermal model
was investigated. The adhesive resin has different thermal properties (diffusivity) compared to those of concrete,
therefore, neglecting the existence of the adhesive resin in the model should be proven to be conservative.
Furthermore, the thermal properties of adhesive resin materials vary from one product to another. Therefore, a
numerical investigation focused on the influence of modelling the adhesive resin and variation of its thermal
properties was performed.

Thermal properties consist of conductivity, heat capacity and density. In the heat equation they can be regrouped
in one term “diffusivity”. Concrete is considered as the reference material to which the adhesive resin’s thermal
properties should be compared. Indeed, the anchor is embedded in concrete and heat flows from the anchor towards
the concrete colder parts. The adhesive layer around the anchor was modelled for the case of an M12 with an
embedment length of 110 mm (similar to the previous study). The diffusivity of the adhesive resin was varied from
0.1 to 10 times the diffusivity of concrete. The presented and analyzed results herebelow show that a thin bond
layer around the anchor rod does not affect the calculation of temperature profiles significantly and can therefore
be neglected when modelling bonded anchors exposed to fire.

Advantages of thermal 3D modelling

In this chapter, the proposed model requires 3D FE simulations to calculate temperature profiles along the
embedment depth of anchors. Usually, 3D FE mechanical models are heavy in terms of calculation time and
consumed energy to build the model. However, thermal modelling is not the case. Using 3D instead of 2D plane
simulations requires slightly more calculation time and gives a better representativity of the problem. Moreover,
it does not reach the complexity and weight of 3D mechanical models. Indeed, the model solves the heat equation
numerically and the calculation time should not exceed a few minutes. For simplifications purposes, if the problem
is symmetrical, only % of it can be considered. Also, axisymmetrical modelling yields the same outcome as 3D
modelling and can be considered to alleviate the size of the model. Using different numerical approaches (e.g.
finite differences) should not change the outcome of the thermal model as long as the boundary conditions and
material properties are the same.

1. Reference model without adhesive resin

This first model does not take into account the presence of the adhesive resin and places the steel of the anchor in
direct contact with concrete. Hence, the temperature profile is measured at the steel/concrete interface. It assumes
constant thermal and physical properties for concrete and steel at high temperatures. The same properties at
ambient temperature were adopted.

Table 12 summarizes concrete properties:

Conductivity Density Specific heat Rsire hyir Emissivity
[W/m.K] [kg/m?] [J/kg.K] [W/m2.K] [W/m2.K] [-]
1.958 2500 900 25 4 0.7

Table 13 summarizes steel properties:

Table 12: Constant thermal and physical properties of concrete at ambient temperature

Conductivity Density Specific heat Rsire Emissivity
[W/m.K] [kg/m?] [J/kg.K] [W/m2.K] [-]
53.301 7850 440.51 25 0.7

Table 13: Constant thermal and physical properties of carbon steel at ambient temperature
2. Model with adhesive resin assumed having 0.1 times concrete diffusivity

This model takes into account the presence of a 1 mm adhesive resin thickness around the M12 anchor. It assumes
that the adhesive resin has 0.1 times concrete diffusivity. This assumption is represented by varying the thermal
conductivity in the heat equation at 0.1 times concrete conductivity. The remaining properties (density and specific
heat remain unchanged). Concrete and steel properties remain the same as before.
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Table 14 summarizes the adopted thermal properties for the adhesive resin:

Conductivity Density Specific heat Rsire h;, Emissivity
[W/m.K] [kg/m?] [J/kg.K] [W/m2K] [W/m2.K] [-]
0.1958 2500 900 25 4 0.7

Table 14: Constant thermal and physical properties of adhesive resin having 0.1 concrete diffusivity

3. Model with adhesive resin assumed having 10 times concrete diffusivity

This model assumes that the adhesive resin has 10 times concrete diffusivity. This assumption is represented by
varying the thermal conductivity in the heat equation at 10 times concrete conductivity. The remaining properties
(density and specific heat remain unchanged). Concrete and steel properties remain the same as before.

Table 15 summarizes the adopted thermal properties for the adhesive resin:

Conductivity Density Specific heat Rfire h;, Emissivity
[Wim.K] [kg/m?] [I/kg.K] [Wim2K] [Wim2.K] [-]
19.58 2500 900 25 4 0.7

Table 15: Constant thermal and physical properties of adhesive resin having 10 x concrete diffusivity

The comparison of temperature profiles of the three cases in Fig. 90 shows that when the adhesive resin has an
equal or greater thermal diffusivity than concrete, taking into account the adhesive resin in the model does not
change the outcome of the calculation. Indeed, the same temperature profiels are observed for both cases with 1
and 10 times the concrete diffusivity considered for the adhesive resin. However, in the case where the adhesive
resin has a lower thermal diffusivity than concrete, slightly higher temperature profiles are observed. This
difference is on the further conservative side compared to the fire resistance vs. fire exposure time curve (Fig. 82)
obrained without modelling the presence of the adheive. Therefore, neglecting the presence of the adhesive resin
remains conservative compared to fire test results.
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Fig. 90: Comparison of temperature profiles along the embedment depth of an M12 anchor using numerical modelling taking
into account different thermal diffusivity of the adhesive resin compared to concrete

In the framework of the research conducted in this thesis, two different adhesive resins used for bonded anchor
applications (epoxy and cimentitous/acrylate) were characterized in a lateral flux test to determine their
thermophysical properties.

The first adhesive resin is polymer based. Fig. 91 shows its thermophysical properties. The temperature
conductivity decreases up to 400°C. The thermal conductivity decreases to 100°C and then rises again slightly.
Because of the strong decomposition effects and shape change (shrinkage) of the sample, the measurement at
higher temperatures was not possible. Table 16 shows the values of the specified thermophysical properties. The
determined density values and the extrapolated cp values are used to calculate the thermal conductivity.
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Fig. 91: Thermophysical properties of an epoxy based adhesive resin used for bonded anchor applications

Temperature Conductivity Specific heat Density at 20°C Diffusivity
[°C] [W/m-K] [J/kg-K] [kg/m?] [m/s]

26 0.458 1281 2.41088107

100 0.359 1463 1.6546610”7

200 0.379 1694 1483 1.5086410”7

300 0.387 1949 1.3389310”

400 0.430 2182 1.3288410”

Table 16: Thermophysical properties of an epoxy-based adhesive resin used for bonded anchor applications

The second adhesive resin is a cementitious/acrylate-based mortar. Fig. 92 shows its thermophysical properties.
The thermal conductivity decreases to 500°C and then rises continuously to 900°C. The slightly stronger drop up
to 100°C is probably due to the water vapour flow (steam evacuation). Above 500°C, the radiation energy transport
within the porous structure of the cement sample presumably increases, as a result of which the temperature
conductivity increases again. The thermal conductivity shows two distinct levels at 100°C and 400°C, which refer
to the water vapour flow (steam evacuation) and can be attributed to the decomposition. Table 17 shows the values
for the thermophysical properties.
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Fig. 92: Thermophysical properties of a cementitious/acrylate based adhesive resin used for bonded anchor applications
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Temperature Conductivity Specific heat Density at 20°C Diffusivity

[°C] [W/m-K] [J/kg-K] [kg/m?] [m?/s]

32 0.908 1108 4.62991x1077
100 0.692 1199 3.26072x1077
200 0.601 1366 2.48571x107
301 0.514 1526 1.90298x1077
401 0.411 1752 1770 1.32536x107
501 0.218 1172 1.05089x1077
601 0.240 1167 1.1619x107
701 0.280 1160 1.36372x107
800 0.335 1161 1.63019x107
901 0.393 1158 1.91739x107

Table 17: Thermophysical properties of a cementitious/acrylate based adhesive resin used for bonded anchor applications

The previous characterization of the diffusivity of two different adhesive resins used for bonded anchor
applications allows a comparison with the diffusivity of concrete according to Eurocode 2 — French national annexe
(2008). Table 18 summarizes the thermophysical properties of concrete.

Temperature Conductivity Specific heat Density Diffusivity

[°C] [W/m-K] [J/kg-K] [kg/m®] [m2/s]

20 1.958 900 2500 8.70222x10”

99 1.77 900 2500 7.86667x10
100 1.7656 1500 2500 4.70827x107
115 1.735 1500 2500 4.62667x107
140 1.678 1312 2485.3 5.14611x10”
160 1.1576 1217 24735 3.84553x10”7
200 1.1108 1000 2450 4.53388x10”
300 1.0033 1050 24125 3.96072x10”
400 0.9072 1100 2375.1 3.47239x107
500 0.8225 1100 2353.1 3.17763x10”
600 0.7492 1100 2331.2 2.92163x10”
700 0.6873 1100 2309.4 2.70554x107
800 0.6368 1100 2287.5 2.53075x10”
900 0.5977 1100 2265.6 2.39832x10”7
1000 0.57 1100 2243.8 2.30939x10”
1100 0.5537 1100 2221.9 2.26546x10°7
1200 0.5488 1100 2200 2.26777x107
1500 0.5439 1100 2134.4 2.3166x10”7

Table 18: Thermophysical properties of concrete according to Eurocode 2 — French national Annexe (2008)

Fig. 93 plots a comparison between the diffusivities of both adhesive resins, as well as concrete diffusivity with
temperature. This comparison shows that the adhesive resins taken as example posess a lower diffusivity than
concrete. Indeed, the ratio between the mortar diffusivity and concrete diffusivity is higher than 0.1 for both cases

(Fig. 94).

Finally, this parametric study leads to conclude that the studied adhesive resins (used for bonded anchor products)
have a slight insulating effect. Indeed, the adhesive resins are less diffusive compared to the thermal properties of
concrete. This yields slightly higher temperature profiles compared to the case where the steel of the anchor in the

embedded length is modelled in direct contact with concrete.
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Conclusion:

The effect of neglecting the presence of the bonding material for a thin layer (1 to 2 mm of bond thickness) has a
negligible influence on the outcome of the calculation results (temperature profiles along the embedment depth of
the anchor). Therefore, for thin layers of bond around the anchor, the problem of bonded anchors exposed to fire
can be modelled without taking into account the existence and the thermal properties of the bonding material.
However, the evaluation guidelines do not set a limit for the thickness of the bonding material around the steel
insert. It is up to the manufacturer to specify the installation instructions (e.g. diameter of the hole). It is
recommended that such a parametric study as the one presented in this work be conducted on a case by case basis
to assess the influence of the bonding material on the calculated temperature profiles (by FE simulations) compared
to measured temperature profiles (in fire tests).

Furthermore, the proposed 3D FE model in this work was only validated for an M12 anchor size on one adhesive
resin. In order to extend the validity of Pinoteau’s method (Resistance Integration Method) for all anchor sizes,
more tests and calculations should be conducted on a larger population of anchor sizes with different embedment
depths. Indeed, Pinoteau’s method can be used for all rebar sizes following two full scale tests on a column-wall

99



Behavior of bonded anchors in concrete under fire

connection conducted at CSTB (Pinoteau, 2013). In order to have a validation of Pinoteau’s method, fire tests
should also provide the experimental data to be compared to calculation results. The next chapter in the thesis
concentrates on extending the validation of Pinoteau’s method for all anchor sizes from M8 to M30 for different
embedment depths and several adhesive resins.

100



Behavior of bonded anchors in concrete under fire

Chapter IV: Validation of Pinoteau’s method (Resistance Integration Method) for the evaluation
and design of bonded anchors in uncracked concrete under 1SO 834 fire

Chapter IV resumes the paper entiteled “Recommendations for design of bonded anchors under fire using
Pinoteau’s method (Resistance Integration Method)” submitted on February 2, 2021 in the Fire Safety
Journal. This paper attempts to validate the Resistance Integration Method for the design of bonded anchors on
a wide range of anchor sizes (diameter x embedment depth) of three different adhesive resins.

Objectives

Following the proposal of a design method in the previous chapter, which was validated on one anchor size (M12)
with a single embedment (110 mm) using an epoxy based adhesive resin. The design method should prove to be
applicable on all bonded anchor sizes/fembedments for pull-out failure mode under fire. This chapter proposes to
extend the validation of the design method by validating test results (i.e. calculated pull-out resistance under fire)
for different anchor sizes and different adhesive resins. Therefore, tests conducted at CSTB in addition to tests in
the literature were identified as reference for this validation. A thourough study was conducted on the level of
conservativeness of Pinoteau’s method (initially proposed for design of PIRs under fire) and how it can be
enhanced to allow more realistic design values (closer to fire test results), while remaining on the conservative
side.

This chapter has two main objectives:

1. Validate the Pinoteau’s Method (Resistance Integration Method) on a wide range of anchor sizes under fire.
Indeed, the previous studies in this thesis focused only on small anchor sizes (M8 and M12). This study
enlarges the scope of the method from anchor size M8 to anchor size M30, and embedments from 50 to 120
mm, for pull-out failure mode under fire.

2. Recommend lowering the level of conservativeness of Pinoteau’s method when used to design bonded anchors
under fire. Indeed, the current approach according to EAD 330087-00-0601 (2018) allows characterization of
the bond strength up to a temperature limit of around 300°C. Also, no extrapolation is allowed beyond this
limit, yielding zero bond strength resistances for the design method at higher temperatures. Fire tests for long
duration exposures showed that bonded anchors can retain a certain level of resistance, when the design
method predicted zero pull-out resistance under fire. This recommendation allows to design bonded anchors
for conservative fire resistance values closer to fire test results without penalizing the product by assuming no
resistance under fire.
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Abstract

Fire design of cast-in place and post-installed anchors in concrete under fire is covered by EN 1992-4, Annex D
[1], allowing to calculate steel and concrete related failure modes of anchors, under tension or shear loading. This
informative annex of EN 1992-4 is limited to cast-in place or mechanical (e.g. expansive, undercut) anchors,
whereas post-installed adhesive anchors remain out of its scope. This is due to the high probability of pull-out
failure of post-installed adhesive anchors under fire conditions. Furthermore, the fire design method provided in
EN 1992-4 is empirical, based on specific fire ratings (30, 60, 90 and 120 min) and is not temperature based (i.e.
by performing thermal and mechanical calculations). This paper presents a study of the applicability of the more
flexible Resistance Integration Method (RIM), proposed originally for the design of the pull-out resistance of Post-
Installed Reinforcement (PIR) by Pinoteau, on bonded anchors in uncracked concrete. This method is validated
from a comparison of test results obtained from two research projects conducted at CSTB and TU Kaiserslautern
on bonded anchors in uncracked concrete under 1SO 834-1 fire conditions. The data considered include tests
conducted on anchor sizes from M8 to M30 using three different adhesives (two epoxy adhesives and one
cementitious mortar). Design of the pull-out resistance under fire using RIM requires numerical calculation of
temperature profiles considering models of concrete and steel elements; different assumptions about modeling
these elements can produce vastly different end results. The influence of these assumptions on the outcome of the
method is also presented. Finally, recommendations for assessment procedures for bonded anchors under fire
conditions are provided as entry data for design.

Keywords: adhesive resin, bonded anchor, fire tests, thermal distribution, numerical model.

1. Introduction

Post-installed bonded anchors are commonly used for steel to concrete connections and offer flexibility compared
to other anchor types due to their range of embedment depths and relatively smaller required edge distances and
spacings. Bonded anchors transfer tensile load to concrete through adhesive bond and friction, exhibiting the
following possible tensile failure modes: concrete cone, steel, anchor pull-out (bond), and concrete splitting [1,2].
Many bonded anchors can be designed to similar or higher strengths than most post-installed mechanical anchors
at ambient temperature. However, bonded anchors are sensitive to several environmental factors [3-6]. To address
these sensitivities, the assessment of bonded anchors in European [7] and American guidelines [8] requires tests
on different anchor geometries accounting for dry and wet concrete, minimum curing time, freeze/thaw conditions,
high alkalinity, sulphurous atmosphere, installation in insufficiently clean holes, installation in freezing conditions,
and in-service temperatures. Accidents involving bonded anchors [9,10] have underscored the importance of
proper testing, assessment, design, and installation protocols for these systems. The mechanical properties of
adhesive resins are particularly temperature dependent [11]. Under fire conditions, research studies [12,13] have
shown that bond failure occurs more frequently than other failure modes for common ranges of bonded anchor
diameter and embedment due to exceedance of glass transition temperatures and material softening. As with other
sensitivities, use of bonded anchors in cases where fire ratings are required must be accompanied by proper
assessment and design procedures.
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Current assessment and design guidelines do not offer evaluation and design methods for bonded anchors under
fire conditions [7,14]. Existing guidelines in European Assessment Document (EAD) 330087 [15] for post-
installed reinforcement (PIR), however, provide criteria to produce bond stress vs. temperature curves for
adhesives at high temperature expected during fire events. In these guidelines, a temperature response curve is
obtained by a minimum of 20 tests on 12 mm diameter reinforcing bars installed with 120 mm embedment depths
in confined concrete cylinders. After curing of the adhesive, tests are subjected to different magnitudes of constant
load and increasing temperature until failure. The resulting curve allows design of PIR under fire conditions using
Pinoteau’s bond strength Resistance Integration Method (RIM) [16]. The load-bearing capacity of the PIR
connection is calculated using temperature profiles along the embedment depth for fire design, which is normally
determined though numerical calculations. Using the bond stress vs. temperature curve of the adhesive, resistance
contributions associated with the temperatures along the length of the connection can be integrated into an overall
connection resistance specific to temperature profiles. For standard fire conditions where the required capacity and
temperature distributions during fire exposure are known, the time to failure of the connection can be calculated.

The steps of the Resistance Integration Method were established first by Pinoteau et al. [16] and validated on a
large scale test at the fire resistance laboratory at CSTB on cantilever-wall connection using PIRs under 1SO 843-
1 fire conditions [17]. Another large scale validation was performed at CSTB on a slab-wall connection under 1SO
843-1 fire conditions by Lahouar et al [18]. Lahouar et al. [19] also proposed a non-linear shear-lag model taking
into account the displacement compatibility of PIR at high temperature (unaccounted for in RIM). Both approaches
yielded accurate predictions of fire resistance durations of cantilever connections. Reichert and Thiele [20] also
attempted to adapt the method for bonded anchors under fire conditions using axisymmetric thermal modelling of
the anchors, yielding conservative design values compared to fire tests. Lakhani and Hofmann [16, 21] presented
RIM results based on 2D thermal modelling of anchors, yielding higher design capacities than fire tests in some
cases (e.g. bonded anchors with insulated fixtures). Al-Mansouri et al. [22] validated RIM for the design of bonded
anchors by investigating the parameters influencing fire tests on bonded anchors (fixtures, insulation conditions,
concrete member thicknesses). The case of an anchor directly exposed to fire (i.e. using a metallic fixture and
without insulating material) was identified as the most conservative testing condition [23]. Al-Mansouri et al.
based the RIM on 3D thermal modelling and the example of M12 rods with 110 mm embedment depth yielding
conservative design values compared to fire tests.

In Reichert and Thiele [20], ISO 834-1 fire tests were conducted on bonded anchors in uncracked concrete using
two adhesives (one epoxy and one cementitious) and a large combination of configurations for anchor sizes from
M10 to M30. Their design calculations, based on 2D axisymmetric transient heat transfer, yielded conservative
results for most of the cases, but for some cases the calculation yielded higher resistances compared to fire tests.
At CSTB, a study was conducted on the thermal influence of testing conditions on the resulting load-bearing
capacity of bonded anchors (one epoxy adhesive) under fire conditions. This study is completed on the same
adhesive in this paper with loaded fire tests on two different anchor geometries (M8 and M12). Both testing
campaigns were performed according to the general requirements of fire tests according to [24]. This standard
gives a heating curve to be applied inside the furnace (i.e. measured temperature of hot gas inside the furnace
during heating). The heating curve is derived from the ISO 834-1 standard [17].

The objective of this paper is to regroup the data from Al-Mansouri et al [22, 23] and Reichert and Thiele [20] to
reevaluate the calculation method (based on 3D transient heat transfer and Eurocode material properties for steel
[25] and concrete [26, 27]) to test its sensitivity to the bond stress vs. temperature relationship adopted in the RIM
process. The aim is to extend the validity of RIM method for the design of bonded anchors under fire conditions
for all anchor sizes and propose recommendations for the evaluation method consistent with Eurocode design
requirements. The same methodology for determining bond stress vs. temperature curves for PIR in EAD 330087
is applied to bonded anchors using threaded rods. Unlike PIR, however, bonded anchors are not protected by a
concrete cover and are directly exposed to fire, resulting in significantly higher temperatures transmitted through
the steel element. The modified evaluation method is therefore assessed in this paper for bond stress vs.
temperature curves with the expectation of higher temperatures. The extension of the curve should be based only
on test results up to a maximum temperature respecting the 3 hour and 5°C/min heating rate (imposed on the
exterior of the specimen) in EAD 330087. To assess the beneficial effect (increase of calculated pull-out resistance
of the bonded anchor) of accounting for this extension of the bond stress vs. temperature curve, a study was
conducted based on the presented calculations in this paper.
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2. Description of test campaigns and properties of the materials

The testing campaigns in Al-Mansouri et al [22,23] and Reichert and Thiele [20] were conducted at Technical
Universitat Kaiserslautern (TU Kaiserslautern) in Kaiserslautern, Germany and Centre Scientifique et Technique
du Batiment (CSTB) in Paris, France, respectively. This section describes the configuration of fire tests on bonded
anchors adopted by TU Kaiserslautern and CSTB. In addition, relevant material properties are presented.

2.1. Description of fire tests

Fire tests were conducted at TU Kaiserslautern and CSTB according to the specifications of EOTA TR 020 [14].
Bonded anchors were installed according to manufacturers’ instructions and loaded with varying degrees of
constant tensile load at ambient temperatures. The fire scenario applied in the furnace on test specimens was 1SO
834-1 [17] until anchor failure. For each test, a fire resistance in terms of load and failure time were reported for
the failed anchor.

Testing conditions in both campaigns were similar, with slight differences in the load transfer system and concrete
bearing elements. The TU Kaiserslautern approach consisted of loading the anchors (installed in slabs) by dead
load or hydraulic jacks at the bottom (exterior) of the furnace, connected to the anchor with the help of a steel arm
and a metallic fixture (Fig. 95). The CSTB approach consisted of loading the anchors (installed in beams) using a
metallic frame connected to the fixture of the anchor inside the furnace and to a hydraulic jack outside the furnace
(Fig. 96).

Fig. 95: TU Kaiserslautern’s furnace and loading system for fire tests on bonded anchors [20]
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Fig. 96: CSTB’s furnace and loading system for fire tests on bonded anchors [23]

In a previous experimental work [23] the current authors investigated the influence of the loading system on
temperature profiles and resulting load-bearing capacity of bonded anchors and found it negligible. Details of load-
transfer fixtures were adopted from EOTA TR 020 [14] depending on the applied load of the anchor.

2.2 Summary of tested materials and test results

TU Kaiserslautern’s test campaign contained tests on two adhesives. The first adhesive was an epoxy resin (named
mortar B in their report and referred to as Adhesive-1 henceforth), and the second adhesive was a cementitious
mortar (called mortar C in their report and referred to as Adhesive-2 henceforth). CSTB’s test campaign was on
one epoxy resin (referred to as Adhesive-3 henceforth).

2.3. Prediction of the load-bearing capacity using Pinoteau’s Resistance Integration Method The
numerical model [22] is based on the following analytical procedures:

The bonded anchor adhesive is not modeled,

Steel threads are not modeled (i.e. cylindrical geometry for the anchor rod),

The concrete remains uncracked,

Concrete spalling is ignored,

The fire exposed surface of all elements is subjected to convective and radiative fluxes of 1SO 834-1 fire

temperatures [17] on all sides,

e The unexposed fire surface of concrete beams is subjected to convective and radiative fluxes of ambient air
at 20°C, and

e Slip of anchors is ignored.

During a fire test, heat transfer from hot gas inside the furnace to the exposed elements occurs via convection and
radiation. Inside the members, conduction transfers the heat from the fire exposed surface inside the elements
towards the unexposed surface. This problem can be solved by finite element modelling using ANSYS with the
governing differential equation for 3D transient heat conduction using implicit scheme and iterative solver
expressed in Eq. 14:

aT _ , (9%T | 9%T | 9T

105



Behavior of bonded anchors in concrete under fire

The 3D model represents the anchor as a cylinder inside of a concrete bearing element with modelling of the
extended and embedded length of the steel anchor element (Fig. 73).

Fig. 97: Anchors directly exposed to fire using 3D modelling in ANSYS

Eqg. 15 describes the Neumann boundary condition satisfied at the fire-exposed surface:

oT
_ka = hfire ' (Ts - Tfire) tero (Ts4 - Tfire4) [Eq 15]

Eqg. 16 describes the Neumann boundary condition satisfied at insulated surfaces:

ar _
—k3-=0... [Eq. 16]

Eqg. 17 describes the Neumann boundary condition satisfied at the upper surface of the beam exposed to ambient

air at 20°C:
Qtotal = hair ) (Ts - Tair) +eo- (Ts4 - Tair4) [Eq 17]
Where:
diotal 1S the total heat flux applied to the surface.
k is the thermal conductivity (W/m-K).
p is the mass density (kg/m3).
c is the specific heat (J/kg-K).
Rfire is the convective heat transfer coefficient for the fire exposed surface (25 W/mz2-K).
Rair is the convective heat transfer coefficient for the surface exposed to air at 20°C (4 W/mz2-K).
o is the Boltzmann constant (5.667x10-8 W/mz2-K#).
£ is surface emissivity (0.7).
T is the solid surface temperature (K).
Ttire is gas temperature inside the furnace as a function of time (K).
Tair is ambient air temperature (293 K).
t is time.

Boundary conditions are represented in a profile view of the 3D model in Fig. 98.
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Fig. 98: Boundary conditions applied in the 3D heat transfer analysis for anchors directly exposed to fire

Thermal properties of concrete and carbon steel (conductivity, specific heat and mass density) are a function of
temperature. The properties according to the French national annex in Eurocode 2 [26] for both materials are

adopted in this study (Fig. 77). The mass density of the steel (7850 kg/m?®) [25] is considered constant with respect
to temperature.
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Fig. 99: Variation of thermal properties of concrete and steel according to NF EN 1992-1-2 [26]

Knowing the thermal distribution along the anchor at each moment of heating, it is possible to associate a resistance
to each temperature using the resistance-temperature relationship. Pinoteau [16] illustrated schematically how the
resistance at a depth x; is determined at a time t; based on the thermal distribution (Fig. 100).
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Fig. 100: Schematic representation of Pinoteau’s method to obtain resistance profiles of bonded anchors at high
temperatures [16]

This method allows to determine the evolution of the load-bearing capacity of the bonded anchor during heating.
Knowing the applied mechanical force on the anchor during heating, failure time under fire conditions can be
determined.

The bond capacity of the anchor at any given time is calculated according to Eq. 18:
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Nrafire =7 d - fgthfbd,O ) k(G(x)) ~dx ... [Eq. 18]

Where: Npq sire IS the load bearing capacity under fire conditions (N).
d is the diameter of the anchor (mm).
foaire 1S the design bond resistance at ambient temperature (N/mm2).
k(6) is a reduction factor that depends on temperature.
0(x) is the temperature distribution along the embedment depth of the anchor.
h.r is the embedment depth of the anchor (mm).

By integrating the resistances, this method does not take into account the stress distribution along the anchor.
When a tensile force is applied on the anchor, a distribution of bond stresses occurs in a phenomenon called “shear-
lag”. This stress profile is equal or lower than the resistance profile. When temperature increases under a constant
mechanical load, the sum (integration) of the stress profile decreases until it reaches a maximum bond stress value
at a certain depth. The saturation of bond stresses at certain depths leads to a redistribution of these stresses towards
the deeper parts of the anchor where the stress is still less than the resistance. The area under the stress profile
remains unchanged in a way to ensure the integrity of the anchor. Pull-out failure occurs when all the stresses
along the anchor saturate, in this case the stress profile is equal to the resistance profile. Therefore, this justifies
the determination of the load-bearing capacity by only considering the resistances (Eq. 18).

Fig. 101 illustrates the evolution of temperature and bond stress profiles at three different times during heating t,,
t, and t5. Stress profiles are represented for a constant load applied at x = 0 (head of the anchor), and temperature
profiles are represented for a non-uniform heating applied near x = 0. At t, (low temperatures), the stress profile
is lower than the resistance profile because the temperature profile is still at low temperatures. At t, (higher
temperatures), heating at the head of the anchor decreases the resistance profile and leads to a saturation of stresses.
At t; (near failure point), all the stresses along the embedment depth have saturated and pull-out occurs if the
temperature continues to increase.
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Fig. 101: Representation of stress distribution along the anchor at different times during heating [16]
2.4. Bond stress capacity vs. temperature relationship

The bond stress capacity vs. temperature relationship was obtained from tests according to EAD 330087-00-0601
[15]. Fig. 102-Fig. 104 show test results for the three adhesives used in this study. It should be noted that the
evaluations of Adhesive-1 and Adhesive-3 have a large gap between test 150 and 200-250°C. This gap does not
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respect the maximum distance between neighboring points given in the guidelines of EAD 330087-00-0601
(50°C). However, the other criteria for maximum distance of 1 N/mm?2 is respected. The curves were therefore
considered beyond this gap for better representability of the adhesive’s behavior at high temperature. Placing an
additional data point would fill the gap and have a negligible statistical weight on the fitting curve.

Furthermore, the criterion for maximum bond stress corresponding to 10 N/mm2 for C20/25 concrete was not
adopted in this study. The 10 N/mm?2 criterion is set by EAD 330087-00-0601 for the design of PIRs, where a post-
installed rebar is designed for the ultimate bond stress of a cast-in bar at ambient temperature. Bonded anchors are
not governed by this criterion and the limit should be set therefore for their ultimate bond strength at ambient
temperature. In this study, the upper limit of the bond stress vs. temperature curves was set to the reference tests
at 20°C for Adhesives 1 and 3, and the highest bond strength obtained at the beginning of the curve for Adhesive
2, due to the lack of reference tests (Fig. 102-Fig. 104).
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Fig. 102: Bond stress vs. temperature relationship for Adhesive-1 according to EAD 330087-00-0601 [15]
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Fig. 103: Bond stress vs. temperature relationship for Adhesive-2 according to EAD 330087-00-0601 [15]

110



Behavior of bonded anchors in concrete under fire

12

10

Bond stress (N/mm2)
»

......... ...
o
’
H J
ie
®
o
@,
)
® "
0.
.‘ ...'""n-....-’..s,,*
0 100 200 300

Temperature (°C)

400

Fig. 104: Bond stress vs. temperature relationship for Adhesive-3 according to EAD 330087-00-0601 [15]

3. Validation of Pinoteau’s Resistance Integration Method (RIM) for fire design of bonded

anchors

To investigate the validity of Pinoteau’s RIM, pull-out fire tests were selected from two projects (Table 19). Fig.
105-Fig. 107 show a comparison between fire tests and the outcome of Pinoteau’s method for one example of each
of the three adhesives used in this study. The figures show calculated resistances using Pinoteau’s method
(Resistance Integration) at 15, 30, 60, 90, 120, 180 and 240 minutes of ISO 834-1 fire exposure in addition to the
times where pull-out failure in fire tests occurred.

Bond resistance (kN)

M10x50 Adhesive-1

Erreur au niveau de la courbe de tendance

30

Fig. 105: Fire resistance of M10x50 bonded anchor using Adhesive-1

60 90 120 150 180
Fire exposure time (min)
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240
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Fig. 106: Fire resistance of M12x70 bonded anchor using Adhesive-2
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Fig. 107: Fire resistance of M8x70 bonded anchor using Adhesive-3

From the previous results it can be concluded that Pinoteau’s method (Resistance Integration) can be used for the
design of bonded anchors under fire conditions. Pinoteau’s method yields conservative design values compared to
fire tests. However, some calculated resistances are too conservative where the design method shows that the
anchor possesses no resistance under fire conditions. This is due to the fact that Resistance Integration is based on
the bond stress vs. temperature curve. So far, this curve was only assessed through the approach in EAD 330087-
00-0601 up to a maximum temperature T,,.x for a maximum test duration of less than 3 hours, beyond which no
extrapolation is allowed. Therefore, in the Resistance Integration process, when the temperature of the anchor (in
a segment or over the whole embedment depth) exceeds the maximum temperature of the bond stress vs.
temperature curve, the segment is attributed zero bond stress, hence no contribution to the fire resistance. It should
be noted that for an anchor exposed directly to fire conditions, temperature profiles reach and exceed the maximum
tested temperatures in Fig. 102, Fig. 103 and Fig. 104 (usually chosen for fire evaluation of Post-Installed Rebars)
along the embedment depth very rapidly. This explains the difference between calculated resistances and fire test
results, where in reality the anchor still shows a certain resistance at these high temperatures (mostly by friction).

In order to minimize the difference between calculated resistances (Pinoteau’s RIM) and fire test results, a
parametric study was conducted to assess the influence of considering the remaining bond stress beyond Ty,ax in
the Resistance Integration Method. This study is only informative and is only based on test data points up to T,.«
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around 300°C. The curve is extrapolated beyond T,,.,. For design of anchors in reality, this extension of the bond
stress vs. temperature curve should be based on test data and not extrapolation. A study was conducted to assess

the effects of extending the bond stress vs. temperature curve up to 450°C on the design values of the studied
adhesives.

Fig. 108-Fig. 110 show an example for each of the three adhesives on the beneficial influence of considering the
bond stress beyond T, in the design method, on the calculated design values (fire resistance of the anchor).
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Fig. 108: Fire resistance of M10x50 bonded anchor using Adhesive-1 after consideration of bond stress beyond T, 4.
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Fig. 109: Fire resistance of M12x70 bonded anchor using Adhesive-2 after consideration of bond stress beyond T, 4.
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Fig. 110: Fire resistance of M8x70 bonded anchor using Adhesive-3 after consideration of bond stress beyond Ty, ..

It should be noted that Pinoteau’s RIM does not count as a predictive method for the fire resistance of bonded
anchors. It contains several safety factors:

The method is based on evaluation of PIRs according to [15]. The resulting bond stress vs. temperature curve
is slightly conservative compared to tests on bonded anchors (threaded rod inserts). Adopting a curve based
on tests with rods could have a beneficial impact on the calculated design values while still preserving the
inherent conservatism of the method.

The bond stress vs. temperature curve is obtained for a constant load and increased temperature applied on
the anchor until failure. Failure temperature is obtained by the weighted average of measurements of two
thermocouples (head and bottom of the anchor) = 1/3 of the higher measured temperature and 2/3 of the lower
measured temperature, yielding a conservative failure temperature value.

The stress (resistance) profiles are obtained based on temperature profiles calculated according to Eurocode
thermophysical properties of concrete and steel using numerical modelling. These material properties are
design properties. Calculation based on these properties yield conservative design values and not physically
representative values.

Table 19 summarizes the data of this study: fire test data (applied load and pull-out failure time under fire
conditions), Pinoteau’s RIM results considering the bond stress vs. temperature curve with/without considering
temperatures beyond Ty, .-

114



Behavior of bonded anchors in concrete under fire

Pull-out
Anchor . Pull-out resistance acc
Pull-out failure resistance acc. . N '
geometry . . . . , Pinoteau’s RIM
Adhesive (size x IApplled time un_d.er fire Pinoteau’s RIM results
oad [kN] conditions results
embedment [min] (cut at Tp,yy) (extended to
[mm]) max 450°C)
[kN] [KN]
0.50 41 0 0.45
0.50 53 0 0.20
M10 x 50 0.75 38 0 0.51
0.75 39 0 0.49
0.75 44 0 0.38
M10 x 60 1.00 38 0.50 0.95
. 1.00 45 0 0.50
A‘g:;;'(‘;‘;l M12 > 55 1.00 56 0 0.27
M16 x 70 0.75 61 0 0.74
1.00 82 0 0.75
2.50 52 0.68 1.71
M16 > 80 2.50 67 0 1.15
2.50 82 0 0.75
M24 x 95 2.00 75 0 1.77
M30 x 120 9.00 83 0 3.79
0.50 185 (no failure) 0 0
M10 x 60 1.00 66 0 0.38
1.50 60 0.20 0.49
M10 x 85 0.50 180 (no failure) 0 0
0.50 185 (no failure) 0 0
0.75 93 0 0.30
1.00 81 0 0.49
M12 70 1.50 81 0 0.49
1.80 72 0.28 0.65
2.00 56 0.81 1.08
Adhesive-2 M12 x 90 1.00 158 0 0.36
(cementitious) 1.00 101 0 0.32
M16 x 80 1.50 82 0 0.76
3.00 73 0.49 1.04
1.00 180 (no failure) 0 0.34
M16 > 100 2.50 118 0.64 1.27
M20 x 90 3.50 75 0.80 1.57
M20 x 110 2.50 137 0.20 1.32
2.00 106 0 0.64
M24 x 96 5.50 72 1.17 2.18
6.50 52 3.32 4.06
M24 x 120 2.50 142 0.13 1.70
0.60 80 0 0.17
0.70 69 0 0.23
M8 x 70 0.75 112 0 0.08
0.75 75 0 0.20
. 0.90 100 0 0.11
A?g‘;;'(‘;e)?’ 1.50 146 0 0.46
1.80 115 0.31 0.69
1.80 60 1.80 1.80
M12x 110 2.40 55 2.12 2.40
2.90 68 1.42 1.69
9.0 29 6.57 6.78

Table 19: Summary of the data of the study (fire tests and simulation results)
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Results in Table 19 show that there is a beneficial effect of accounting for the remaining bond stress at high
temperatures in the design calculations. This benefit remains nonetheless on the conservative side as the design
values do not exceed test results. Several factors could bring the design calculations closer to test results (reality).
In this work, as a continuity of what the authors initiated in previous publications, the work focuses on minimizing
the differences between reality and calculations (i.e. more realistic thermal calculations, better bond stress
temperature curve to be used as entry data). The discrepancy between design and test results can be linked to a
number of factors; of which the following can be noted:

1. The applied 1SO curve inside the furnace (allowing a certain tolerance of £ 100°C during the test). The
allowance of such tolerance has an impact on temperature profiles. In addition, there are other factors in play,
the objective of the authors was to remain on the conservative side.

2. The applied load on anchors (using dead loads or hydraulic jacks): using dead loads has proven to be more
accurate since using hydraulic jacks has shown that it is hard to compensate the loss in applied load due to
creep during the test (sometimes occurring very rapidly).

3. The population of the bond stress temperature curve obtained from EAD as entry data on PIRs, and its
representability of the curve obtained using rods (curve based on rods was shown to have a similar or better
behavior than curve on PIRS).

4. The lower limit imposed on the bond stress temperature curve (proposed to be increased to 450°C in this
paper): a residual resistance can still be found above this temperatures showing discrepancies for long
exposures to fire conditions (i.e. high temperatures along the embedment depth) between calculations and fire
tests.

4. Conclusions

This paper presents validation and parametric study of Pinoteau’s Resistance Integration Method (RIM) for
calculating the load-bearing capacity of bonded anchors in uncracked concrete under ISO 834-1 fire conditions
[17]. The method employs 3D transient heat transfer equations to obtain temperature profiles along the embedment
depth of anchors. The temperature profiles then serve as input for the RIM, in which bond strength contributions
of discrete segments along the embedment depth of anchors is computed during fire exposure. In this study, the
method was validated with experimental results obtained in two previous experimental studies [22, 23] on three
different adhesives (two epoxy based mortars and one cementitious based mortar) resulting in conservative
calculations of load-bearing capacities at various fire exposure times compared to experimental results for various
configurations and sizes of bonded anchors (sizes from M8 to M30, embedment depths from 50 to 120 mm).

A study was also presented after experimental validation of Pinoteau’s method. This study investigated the
influence of considering the bond stress vs. temperature curve beyond the maximum temperature allowed for the
assessment of post-installed reinforcement (PIR) in EAD 330087-00-0601, resulting in the following conclusion:
Extending the curve up to a temperature of 450°C yielded more advantageous and conservative design values (less
conservative than stopping the curve at ~ 300°C) for bonded anchors under fire conditions for the investigated
adhesives.

The authors therefore recommend adoption of Pinoteau’s Resistance Integration Method in assessment and
qualification documents for bonded anchors under fire conditions. Furthermore, the extension of the bond stress
vs. temperature curve by means of testing to benefit from the residual bond stress of the bonded anchor at very
high temperatures is recommended. Since bonded anchors are directly exposed to fire through the steel element,
they reach much higher temperatures in a short period of fire exposure time compared to post-installed
reinforcement. The extension of the curve can be achieved by increasing the heat rate imposed on the
characterization tests according to existing EAD 330087-00-0601 procedures while respecting the 3 hour and
5°C/min heating rate conditions. Another method to achieve this goal can also be by conducting bond strength at
increased temperature tests according to EAD 330087-00-0601 procedures using stabilized temperature and
increased displacement at the desired moment of characterization [15].
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Analysis and discussion

Applicability of Pinoteau’s method for the design of bonded anchors under fire:

The results presented in the previous paper provide an experimental proof that Pinoteau’s method is applicable for
the design of pull-out failure of bonded anchors under fire in uncracked concrete. These results show that for a
variety of anchor sizes from M8 to M30 with embedment depths from 50 to 120 mm, the calculation of the pull-
out resistance under fire using Pinoteau’s method yielded conservative values compared to fire tests.

In any future extension of the current guidelines to cover the evaluation of bonded anchors under fire, fire tests
should provide the experimental proof that Pinoteau’s method (the current experience) still applies and yields
conservative design values. Therefore, a minimum embedment depth shall be specified (usually by the
manufacturer) to induce the pull-out failure under fire in the fire tests. It is recommended that such a program be
limited to a few fire tests on a medium size and fewer on a small and large size. Reichert and Thiele (2017) have
proposed such a testing program for bonded anchors under fire. It is also recommended that such tests be used for
the validation of the applicability of Pinoteau’s method for the design of bonded anchors with variable embedment
depth. In other words, a reduced test program should be required to assess the pull-out resistance on a bonded
anchor configuration resulting in pull-out failure under fire. Following the validation of conservativety of
Pinoteau’s method on the tested adhesive resin, the design should be allowed for deeper embedment depths (higher
than the tested embedment). Indeed, the goal for any designer would be to get the maximum resistance of the
product, which in the case of bonded anchors under fire is the minimum of all resistances of all failure modes. By
increasing the embedment depth, the designers can increase the bond resistance of the anchor until it exceeds
another resistance for other failure modes (e.g. steel or concrete cone failure modes).

Repeatabilty and correction of fire test results

The (EN 1363-1, 2020) referenced in the European guidelines allows to conduct fire tests according to the ISO
834 standard curve. Fire tests on anchors in the literature and in this work were conducted in special gas furnaces
allowing to apply the thermal conditions (i.e. hot gas temperature) following the standard 1SO 834 heating curve
(Fig. 4). Inside the furnace, the applied heating curve shall not deviate from the theoretical curve by + 100°C at
any time starting from 10 min from the beginning of the test (beginning of fire exposure). In practice, the applied
heating curve is measured by different plate thermometers inside the furnace (Fig. 36) and its value is calculated
as the mean value of all measured temperature by plate thermometers inside the furnace. Such heating
configuration inside the furnace can result in local differences between different plate thermometers inside the
furnace within the + tolerence interval of the measurement of the furnace temperature (using plate thermometers,
see Fig. 36), but the whole test can still qualify for fire resistance. This leads to a mean measurement of the furnace
temperature following the theoretical standard curve but can also lead to a local difference (at the position where
the anchor is installed in the concrete element) with + or — 100°C from the standard curve. Fig. 111 shows an
example of furnace operating of a fire test on bonded anchors. According to the requirements of NF EN 1363-1
(2020) and the I1SO 834-1 (1999) standard, the test respects the requirements for the determination of fire
resistance. Although the temperature of the furnace (measured by the mean value of plate thermometers: TC no.
01F and TC no. 02F) follows the standard curve, anchors installed in the concrete element and positioned in front
of these plate thermometers are subjected to different heating. For example in Fig. 111, anchors positioned in front
of TC no. 01F are subjected to a heating curve very similar to the standard curve up to almost 70 min of fire
exposure. Beyond 70 min, these anchors can experiment a failure earlier than expected compared to the standard
curve due to excessive heating. On the other hand, for anchors positioned in front of TC no. 02F are subjected to
a heating curve very similar to the standard urve up to amost 35 min of fire exposure. Beyond 35 min, these anchors
can experiment a delay of failure time than expected compared to the standard curve due to insufficient heating.
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Fig. 111: Example of furnace operating of fire tests on anchors

These local differences between different locations inside the furnace can dissipate if the tested element is a
concrete beam or slab and the goal is to characterize the concrete element or a concrete-concrete connection (e.g.
testing a structural connection of post-installed rebars embedded in a concrete element). Indeed, the concrete
surface and the thermal resistance of concrete contribute to distributing the heat equally on the surface and
minimizing the effect of heating differences inside the furnace. However, such local differences can yield a
significant impact if the tested element is a small anchor embedded in a specific position in the slab exposed to a
different local temperature evolution inside the furnace during the fire test compared to the standard curve.
Therefore, the obtained test results (i.e. fire resistance vs. fire exposure time) correspond only to the applied heating
at the position of the anchor that can sometimes be different from the standard I1SO 834 curve by + 100°C. This
could lead to false reporting of test results by means of fire resistance as a function of a fire exposure duration.
Therefore, fire test results on anchors should be corrected using a correlation factor allowing by assessing the
amount of heating energy applied on the anchor compared to the theoretical amound of energy that should have
been applied on the anchor if the standard curve was applied all along the fire test.

The 1SO 834-1 (1999) standard does not allow such a correction. However, the American standard (ASTM E119,
2020) allows a correction factor taking into account such an effect: “When the indicated resistance period is 30
min or over, a correction factor shall be applied for variation of the furnace exposure from that prescribed (i.e.
standardizes curve), where it will affect the classification, by multiplying the indicated period by two thirds of the
difference in area between the curve for the first three forths of the time period and dividing the product by the
area between the standard curve and a base line of 20°C for the same part of the indicated period, the latter area
increased by 30°C-h or 1800°C-min to compensate for the thermal lag of the furnace thermocouples during the
first part of the test. For fire exposure in the test higher than the standard, the indicated resistance period shall be
increased by the amount of the correction and be similarly decreased for fire exposure below standard”. The
correction can follow the following [Eqg. 19]:
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C=2I/(A-As)/3(As + L) ... [Eq.19]

With: C is the correction in the same unit as I, I is the indicated fire resistance, A is the area under the curve of
indicated average furnace temperature for the first three fourths of the indicated period, A is the area under the
standard furnace curve for the same part of the indicated period and L is the lag correlation in the same unit as A
and A, (30°C-h or 1800°C-min).

It should be noted that the ASTM E119 standard provides the requirements for fire tests in North America. The
standard curve is very similar to the ISO 834 curve. However, it is not measured by the same type of thermometers.
In the 1SO 834 curve, plate thermometers are used allowing to measure directly the hot gas temperature with
negligible thermal lag. However, in the ASTM E119 curve the thermocouples are inclosed in protection tubes of
such materials and dimensions that the time constant of the protected thermocouple assembly lies within the range
from 5.0 to 7.2 min. Therefore, the correction proposed for fire tests in ASTM E119 can be used for correcting
fire test results on anchors in general (or bonded anchors specifically), by replacing the value of the term A in Eq.
19 by the area under the curve of the measured temperature by the closest plate thermometers or the mean measured
value of temperature by the surrounding closest plate thermometers. In addition, the thermal lag is expected to be
negligible in 1SO 834 fire tests. Hence, the coefficient L should be dropped out of the equation.

This correction was not taken into account in this work but is proposed for any future guidelines dealing with the
evaluation of fire tests on anchors.

In this thesis, all the presented data and fire tests on bonded anchors followed the standard curve very closely and
very small local deviations from the standard curve temperatyre during the fire test were observed in the
measurements. Therefore, no correction of test results was needed. Fig. 112 shows an example of furnace operating
following the standard heating curve with negligible tolerances between different plate thermometers inside the
furnace.
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Fig. 112: Example of furnace operating for conducted fire tests in this thesis
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Accounting for cracked concrete:

Fire design of anchors in general under fire should be conducted accounting for cracked concrete. It is supposed
that cracks in the concrete element might appear due to the tensile loads or thermal cracks might be created during
a fire event. These cracks are logically supposed to pass by the weakest path in the concrete element, where
concrete was removed of the section to create a local stress concentration area where the anchor is installed.

So far, the work in this thesis concentrated on the validation of the existing methods for the evaluation of bonded
anchors (based on the existing method for mechanical anchors) and design of bonded anchors (adapting Pinoteau’s
method that was initially developed for post-installed rebars). However, the influence of cracked concrete is still
unaccounted for. Cracks running through the embedment depth of bonded anchors have a significant mechanical
effect on the load-carrying capacity. Also, during heating crack width might change due to the thermal expansion
of the concrete element. Such influence should be assessed in order to provide a full view on the evaluation of
bonded anchors under fire by:

1- Starting by the characterization tests to determine the bond strength vs. temperature relationship according to
EAD 330087-00-0601 (2018).

2- Conducting fire tests in uncracked concrete on a reduced humber of samples with minimum embedment depth
to provoke pull-out failure. The results of these tests are used to validate the calculations based on Pinoteau’s
method to prove its applicability on the tested adhesive.

3- Assessing the influence of cracked concrete (the next chapter in this thesis) to provide a load-carrying capacity
reduction factor due to crack existence (reduction factor = pull-out resistance in cracked concrete/pull-out
resistance in uncracked concrete).
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Chapter V: Behavior of bonded anchors in cracked concrete at high temperature using electrical
heating

Chapter V resumes the conference paper entiteled “Behavior of bonded anchors in cracked concrete at high
temperatures” published on November 23, 2020 in the 2020 fib sumposium in Shanghai. This paper focuses
on the influence of cracked concrete on the bond strength of bonded anchors at high temperatures.

Objectives

Following the adaptation of the testing method and the validation of the design method for pull-out failure mode
of bonded anchors under fire on a wide range of anchor sizes/fembedments, the question of bonded anchors in
cracked concrete at high temperature should be addressed to fully cover the evaluation of its performance in
reinforced concrete elements. This chapter focuses on the influence of crack existence on the load-bearing behavior
of bonded anchors at high temperatures in comparison with its influence at ambient temperature. Indeed, the
current state of the art and evaluation standards allow proper evaluation of bonded anchors in cracked concrete at
ambient temperature.

Such influence should be studied at high temperatures to assess if it is expected to vary with increased heating.
Indeed, it could cause more degradation of the bond due to a direct exposure to temperature at various embedment
depth along the crack, or the crack might close due to the thermal expansion of the concrete element where
probably no influence of cracking can be noticed. Both thermal and mechanical aspects of crack existence at high
temperatures should be regarded as well. Therefore, a new testing method was developed at CSTB to test a large
number of anchor sizes in relatively small size slabs at high temperatures. This allows to increase the population
of test series to allow a more pronounced conclusion on the obtained test results (i.e. in order to reach a minimum
level of repeatability in the test results). Finally, the conclusions of this study open a window towards the
evaluation of bonded anchors in cracked concrete under fire without the actual testing under 1SO834 fire.
Nonetheless, the developed testing method allows to assess if crack existence might or might not have a more
severe influence at high temperature than at ambient temperature (i.e. more reduction on the load-bearing capacity
compared to the case without fire).

This chapter has two main objectives:

1. Assess crack influence on bonded anchors at high temperatures an its evolution with increased heating: the
reduction of the bond strength due to the existence of the crack is assessed for different heating scenarios
(heatin duration by radiant panels). The influence of crack existence without heating (i.e. at ambient
temperature) is taken as the reference reduction ratio.

2. Propose a new testing method allowing to test bonded anchors in cracked concrete with controlled heating
and more repeatability tests: conducting I1SO 834 fire tests offers less repeatability and controllability of the
applied fire inside the furnace (compared to the standard curve). The proposed approach using electrical
heating by radiant panels offers a more controllable heating scenario allowing more repeatability. The
obtained reduction of the bond strength due to crack existence at high temperature from such tests is therefore
more reliable than the one obtained by standard fire tests.
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Abstract

Post-installed bonded anchors are commonly used in steel-to-concrete connections that demand high load-carrying
capacities and flexible and/or unplanned anchoring locations. While formulations of polymer-based bonded
anchors have continued to advance in their temperature-resistant properties, all polymers possess an inherent
sensitivity in load-carrying capacity to temperatures near and above glass transition.

Protocols for determining fire performance of post-installed bonded fastening products are described in EOTA TR
020 for bonded anchors and EAD 330087 (2018) for post-installed reinforcement (PIR). No fire criteria are
currently provided in EAD 330499 (2019) for bonded fasteners or in any American anchor assessment documents.
Beyond the limitation that TR 020 (2005) cannot be used as the basis for a European Technical Assessment,
descriptions in TR 020 permit a degree of interpretation that can significantly influence the evaluated performance
of bonded anchors under fire conditions. Therefore, there is a need to improve the fire assessment of bonded
anchors in uncracked and cracked concrete by recommending clearer and more specific criteria that can be placed
into anchor assessment documents.

This paper presents an experimental study on bonded anchors using an epoxy resin in cracked concrete exposed
to high temperature. Reference confined pull-out tests were conducted on bonded anchors in cracked (0.3 mm
crack width) and uncracked concrete at ambient temperatures in accordance with existing European guidelines.
Tests were then conducted on bonded anchors in cracked and uncracked concrete exposed to high temperature
with an electrical heating system. The results were analysed to understand the thermal and mechanical influence
of a crack running along the embedment depth of the anchors at ambient and elevated temperatures. This
experimental study provides a database for future development of testing and assessment requirements for bonded
anchors exposed to high-temperature fire conditions.

Keywords: Bond, anchor, anchor, crack, fire, resin, adhesive, thermal distribution.

Literature review

Over the years, many types of anchorage systems have been developed and tested. Post-installed anchors are
increasingly used in the field of construction thanks to their easy and rapid installation in pre-existing structural
and non-structural elements for retrofitting as well as strengthening of existing structures (ACI 318-11, 2011).
Post-installed bonded anchors transfer loads to the concrete bearing element by chemical bond and friction,
producing bond stresses that are nearly uniformly distributed along the embedment depth (Kumar, 2009).

The behaviour of bonded anchors is influenced by many factors (e.g. geometry, installation procedure, moisture,
material properties of the adhesive and the adherent and temperature...) (Petit et al., 2005), (Eligehausen et al.,
2007), (Zhang et al., 2016), (Muciaccia et al., 2019). The mechanical properties of adhesive resins are particularly
temperature-dependant (Reis, 2012). When exposed to fire, structural members are subjected to heavy thermal
loading inducing thermal gradients in a short period of time. The increase of temperature degrades the material
properties of concrete (EN 1992-1-2, 2008), (ACI 318-14, 2014), steel (EN 1993-1-2, 2005) and resin (Sorathia et
al., 1997), reducing the load-bearing capacity of the connection.
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Studies have shown that different types of adhesive resins exhibit varying levels of sensitivity to temperature
increase. Epoxy resins in particular are more sensitive to temperature than polyester mortars (Ribeiro et al., 2004).
The glass transition temperature (T,) of the polymer quantifies the temperature effect on polymeric materials. The
adhesive bond shows a reduction in stiffness and ultimate capacity when its temperature exceeds T, (Pinoteau et
al., 2013). Temperature increases to values below the glass transition temperature enhance the mechanical
properties of the resin due to the continuation of the cross-linking reaction between the mother resin and the
hardener. Studies on Post-installed reinforcement (PIR) showed that when bond temperature of loaded anchors
exceeds Tg, changes of physical state occur leading to a stress redistribution along the embedment length of the

anchors (Lahouar et al., 2017). Other studies on PIR showed that the heating rate of the adhesive bond is of
importance (Pinoteau et al., 2013), where they demonstrated that high heating rates lead to thermal gradients along
the steel member and therefore to a stress redistribution of bond stress.

Anchors may fail in different failure modes at ambient temperatures (Eligehausen et al., 2006), (EN 1992-4, 2018).
Under fire, the pull-out failure mode may occur more frequently than other failure modes due to the high sensitivity
of the adhesive to temperature increase and rapid degradation of its mechanical properties. Therefore, it is most
interesting to evaluate the bond capacity of bonded anchors in accidental situations such as fire exposure.

The guidelines in EOTA TR 020 (2005) for determining fire performance of anchors were integrated in the
European Assessment Document EAD 330232 (2019) for mechanical anchors. Their integration in the European
Assessment Document 330499 (2019) for bonded fasteners is still in progress. However, no American assessment
document provides protocols for this particular problem. Furthermore, the limitations of the EOTA TR 020 (2005)
for the case of bonded anchors were investigated by several authors (Reichert and Thiele, 2017) and (Al-Mansouri
et al., 2019). The existing assessment protocol prescribes a steel fixture for load transfer to anchors. The steel
fixture is directly exposed to fire for the assessment of anchors in uncracked concrete. The allowance of insulating
material to protect the fixture from direct exposure to fire in the case of anchors in cracked concrete raises
questions. Indeed, (Reichert and Thiele) signalled that tests on bonded anchors in cracked concrete according to
EOTA TR 020 (2005) using insulating material around the fixture should be avoided and Al-Mansouri et al (2019)
showed that insulating material around the fixture protects the fixture and the bonded anchors from fire leading
sometimes to twice the resistance compared to the case with no insulation around the fixture.

The existing assessment documents for anchors in concrete at ambient temperature give clear guidelines for
determining the ratio of the load-bearing capacity between anchors in cracked concrete and anchors in uncracked
concrete for concrete classes between C20/25 to C50/60. In general, for common size bonded anchors with small
and medium size anchors, the ratio of bond strength for anchors in cracked concrete to uncracked concrete is
around 70%.

This paper presents an experimental study to investigate the bond behaviour of bonded anchors at high temperature
in cracked concrete. First, reference tests were conducted in uncracked and cracked concrete (0.3 mm crack width)
at ambient temperature (20°C) using the European Assessment Document for bonded fasteners (EAD 330499,
2019). Then, tests on bonded anchors in uncracked and cracked concrete were conducted at high temperature to
capture the reduction of pull-out strength due to crack existence. Heating was done using radiant panels capable
of radiating at a surface temperature up to (400°C) at the surface of the panels. The anchors were directly exposed
to heating up to a certain thermal gradient along the embedment depth of the anchor with no load applied on
anchors. Then, the heating system was removed, and a confined tension test was immediately conducted on the
anchor to determine the pull-out capacity of the anchor. The results of different series of tests with different heating
durations (2 hours, 3 hours and 4 hours) were assessed and the ratio of bond resistance in cracked concrete to
uncracked concrete was determined from the mean value of bond strength.

Experimental procedure

This section describes the testing procedure using radiant panels as a heating system and the ratio of the pull-out
capacity for bonded anchors in cracked concrete to uncracked concrete. Test results at ambient and high
temperature allowed to determine if the reduction due to crack existence at ambient temperature changes due to
temperature increase. Indeed, the current guidelines in EOTA TR 020 (2005) consider that the values of fire tests
on anchors in uncracked concrete can be taken without reduction for use in cracked concrete.

The goal of this work was to check if the reduction from uncracked to cracked changes at high temperature (Fig.
113). Reichert (2017) investigated the reduction of strength of bonded anchors loaded in tension under fire due to
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crack existence compared to uncracked concrete. This work, although done on a limited number of tests, proves
that there is a reduction due to crack existence under fire and that the current status of the guidelines allowing
adoption of the values of fire tests in uncracked concrete for the case of cracked concrete should be revoked.
However, this work did not investigate the evolution of this reduction with temperature increase, and the ratio of
bond strength between uncracked and cracked concrete is calculated from power trend tendency curves based on
a limited number of fire tests.

The principle of the research done in this paper (as summarized in Fig. 113) is the following: the reduction of bond
strength at ambient temperature from uncracked to cracked concrete a can be found by conducting a series of tests
according to the EAD 330499 (2019) for bonded fasteners. At high temperature, such as in the case of fire (or any
high temperature short term heating scenario), a reduction of bond strength g in uncracked concrete can be found
from ambient to high temperature. The question arising is whether the reduction of bond strength at high
temperature from uncracked to cracked concrete y is different from a. If this is the case, then the reduction factor
6 for bond strength in cracked concrete from ambient to high temperature is different from . If not, then the
reduction y does not change at high temperature and the reduction a can be taken from tests at ambient temperature
for the reduction from uncracked to cracked concrete at high temperature.

Reference tests in uncracked Reference tests in cracked
concrete at ambient concrete at ambient
temperature (EAD 330499) temperature (EAD 330499)

B 5
Tests in uncracked concrete 14 Tests in cracked concrete at
at high temperature high temperature

Fig. 113: Reduction factors of bond strength from uncracked to cracked concrete at ambient and high temperatures

Reference tests at ambient temperatures

Series of 5 confined tension tests were conducted on bonded anchors in uncracked and cracked concrete (Aw =
0.3 mm) using an adhesive epoxy resin (Hilti HIT-RE 500 V3) according to the European Assessment Document
for bonded fasteners (EAD 330499, 2019).

The concrete slabs had a reinforcement degree of approximately 0.8%. Slab dimensions were (1.5 m length x 0.5
m width x 0.2 m thickness). Fig. 114 shows a cross section (0.5 x 0.2 m) in the slab with the bonded anchor
installed at 4d for reference tests. A concrete class of C20/25 was used for the slabs. The compressive strength of
concrete was tested on a series of 3 cubes (15 x 15 x 15 cm) and 3 cylinders (¢16 cm — L32 cm) at 28 and 256
days (date of testing). The concrete compressive strengths were f. ,g = 35.5 MPa, fi = 32.1, f; ,56 = 38 MPa and
fer256 = 35.7 MPa.

d
—

Fig. 114: Cross section of the slab with: (1) threaded rod, (2) adhesive resin, (3) concrete slab, (4) HA16 reinforcement bars,
(5) hole for wedges and (6) thin steel plates for crack orientation.
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The diameter of the threaded rods used for tests was d = 12 mm (M12 rods) made of carbon steel with a steel
grade of 10.9. An embedment length of approximately h.s = 4d was adopted for the reference tests. This length
was chosen to avoid steel failure of the rod and obtain pull-out failure of the anchor because the study focuses on
the behaviour of the bond. An adhesive layer around the rod of 2 mm thickness was adopted. Anchors were
installed in cracked concrete after creation of cracks. The hole cleaning procedure in the MPII (Manufacturer’s
Product Installation Instructions) using compressed air and a specific brush was adopted. The anchors were left to
cure at the curing time defined by the manufacturer.

Hairline cracks were initiated prior to installation of anchors using wedges (Fig. 115). Wedges were installed inside
the concrete slab and crossed the entire section of the slab. The diameter of the wedge before expansion is 40 mm.
The advantage of using wedges is that they ensure a homogeneous crack along the section of the concrete slab
(around the cross section). Crack width was measured using displacement sensors placed on the upper side of the
slab prior to cracking. Crack displacement sensors were placed on one side of the anchor and measured the
displacement of a metallic ring placed around the anchor with the anchor in its centre. The crack displacement
sensor was fixed on one side of the crack and the metallic ring was fixed on the other side of the crack (Fig. 116).

Wedges were expanded by applying a pressure that leads to the required opening of cracks. The crack displacement
sensor measured the displacement of the slab on one side of the crack to the other which corresponds to the width
of the crack (4w). Special measures were taken to ensure vertical-straight-like cracks along the section. These
measures consisted in placing (prior to casting of concrete) adhesive tape around the reinforcement bars at the area
where the cracks have to be created and the use of steel plates at the bottom of the slab to orient the cracks in a

favourable path.

S

R

Fig. 115: Wedges used for cracking concrete with: (1) lower side of the slab, (2) thin steel plate, (3) wedges and (4) hairline
crack.

Fig. 116: Crack width measurement with: (1) metallic ring, (2) displacement sensor, (3) bonded anchor, (4) crack, (5) upper
side of the slab and (6) wedges.

Each slab had a total of 3 cracks with approximately 350 mm spacing between the cracks. In each crack one M12
bonded anchor was installed at an embedment depth of h.s = 100 mm = 8.33d with an adhesive layer of 2 mm
around the rod (Fig. 117). Other anchors were installed in uncracked concrete at the same embedment depth with
enough spacing to prevent mechanical and thermal interaction between neighbouring anchors.
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Fig. 117: View of the test slab with the position of anchors in cracked concrete

The results of confined tension tests at ambient temperature on bonded anchors are given in details in Fig. 118.
The ratio of bond strength between bonded anchors in cracked concrete and uncracked concrete is 68%. This ratio
is close to the usual ratio of 70%.

Ambient temperature (20°C)

Bond strength (MPa)
P R NN W w s B>
o O o1 O o1 O o1 O U

o

m Reference uncracked  m Reference cracked

Fig. 118: Results of pull-out tests on bonded anchors in uncracked and cracked concrete

Tests at high temperatures

In order to assess if the ratio of bond strength between cracked and uncracked concrete changes at high
temperatures, tests in cracked and uncracked concrete on bonded anchors were conducted using electrical heating.
The heating system consisted of radiant panels capable of radiating at a surface temperature (surface of the panels)
of approximately 400°C. This device was developed internally in CSTB to conduct tests on concrete elements with
a relatively slow heating rate compared to a standard 1SO fire. Heating is applied on the exposed surface of the
slab by radiation only without convection. The heating system is capable of covering a slab of the same dimensions
as used for the reference tests (1.5 x 0.5 x 0.2). The panels are situated on the upper side of the heating system.
They consist of small radiant units distributed homogeneously around the surface of the heating system (Fig. 119).
Fig. 120 shows a photo of the heating system on top of a test slab. The sides of the heating system were insulated
with a rock wool-based material to provide optimal heating inside and limit energy loss.
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Fig. 119: Electrical heating system with: (1) radiant panels, (2) radiant units and (3) complete heating system.

Fig. 120: Heating system on top of a test slab in the fire resistance laboratory at CSTB.

The cracks were opened at 0.3 mm width prior to thermal heating. No crack measurement was ensured during
heating. The slab along with the anchors on the upper side were heated up during 2, 3, and 4 hours. Multiple series
of confined tension tests were done for each heating time.

The results of confined tension tests on bonded anchors at high temperatures in uncracked and cracked concrete
are given in details in Fig. 121. The values represent the average of a series of tests. Tests were conducted at 2h,
3h and 4h of heating to ensure that all the embedment depth of the anchor has exceeded the glass transition
temperature of 15 to 20°C of the adhesive to avoid the post-cure phenomenon due to the slow heating rate.

Test results in Fig. 121 show that a reduction of bond strength from uncracked to cracked concrete is maintained
at high temperature. The ratio of bond strength from uncracked to cracked concrete was found to be 69% for 2
hours of heating, 66% for 3 hours of heating and 71% for 4 hours of heating. At 2 hours of heating, 13 tests were
conducted in uncracked concrete and 6 in cracked concrete. Test results at 3 hours of heating had a higher standard
deviation because the series of tests consisted of 4 tests in uncracked and 4 tests in cracked concrete. At 4 hours
of heating, 17 tests were conducted in uncracked concrete and 6 in cracked concrete. The standard deviation for 4
hours of heating is slightly elevated due to the fact that a large area of the embedment length was tested at a
temperature close to the glass transition temperature of the adhesive T, = 66.7°C.

High temperatures (electrical heating)
10

8
6
4
2
0

m 2h uncracked m2h cracked m3huncracked m3hcracked = 4h uncracked m4h cracked

Bond strength (MPa)

Fig. 121: Results of pull-out tests on bonded anchors in uncracked and cracked concrete at high temperatures
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Conclusion

This paper presented an experimental investigation of the pull-out behavior of bonded anchors (epoxy resin) in
uncracked and cracked concrete at high temperature (using electrical heating). First, reference tests were done at
ambient temperature to find the ratio of bond strength between cracked and uncracked concrete (generally around
70%). Then, tests at high temperature were conducted to assess if this reduction changes with temperature increase.
Tests were conducted for different heating times (2 hours, 3 hours and 4 hours). The results at high temperature
show that the same ratio is also found at high temperature. This result confirms that the current state of the
guildelines for fire tests on bonded anchors in cracked concrete must be revised. The reduction due to crack
existence at high temperature should be considered and fire test results on bonded anchors in uncracked concrete
should not be used for cracked concrete. The reduction can also be taken from reference tests at ambient
temperatures.

The results of this experimental work can establish the basis for a new assessment method of bonded anchors in
cracked concrete under fire. The behavior under constant load might vary from the behavior with the testing
method used in this work (heating followed with pull-out test) due to the creep phenomenon and the slow heating
rate compared to standardized fires. Also, The phenomena occuring in concrete under fire might cary from those
occuring under slow rate radiative electrical heating. Therefore, the authors will pursue this research in the future
by means of fire tests on bonded anchors in cracked concrete under sustained load on several types of adhesives
to confirm the findings of this paper.
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Analysis and discussion

The presented work investigated the mechanical influence of cracks in concrete on the bond strength of bonded
anchors at high temperature. The experimental investigation conducted in this work was done using electrical
heating instead of heating in a gas furnace (standard fire tests) for several reasons:

1- Electrical heating allows a better control over the applied heating scenario and thermal boundary conditions,
allowing therefore a better comparability between different tests.

2- The repeatability of the applied thermal boundary conditions using radiant panels from one test to another
allow to conduct a large number of tests and increase the population of test results yielding therefore more
confidence in the test results.

3- Economical and time gain: electrical heating using radiant panels allows to test several anchors in the same
slab with little energy and time consumed compared to gas heating in a standard furnace. The time gain can
be observed on the preparation and conduction of tests at high temperature giving more flexibility for the lab
(no special loading system to be installed. Only a hydraulic jack for a confined test setup is needed like
reference tension tests).

Although electrical heating provides the previous advantages, fire tests cannot be omitted and need to be conducted
to confirm the findings of this study. Indeed, there are major differences between electrical heating by radiant
panels and fire tests:

1- Fire tests apply a much higher heating rate on the thermal boundary conditions reaching higher temperatures
than the used electrical heating in this study in a shorter period of time. The higher heating rate leads to
different phenomena occuring inside the concrete and along the embedment length (e.g. water migration inside
the concrete and through the crack, higher thermal gradient between the top and bottom of the anchor...etc.).

2- Fire tests apply a pressure inside the furnace to push the hot gas against the fire exposed surface. Such pressure
can allow the hot gas to enter inside the crack, especially at the beginning of the fire where the thermal
expansion of concrete is still taking place and has not closed the crack due to the expansion of both sides of
the crack plane.

3- Fire tests allow to apply a sustained load on the anchor during fire exposure. Whereas, the electrical heating
apparatus used in this study does not allow this option yet. The effect of sustained load on the creep of the
adhesive resin was neglected in this study because the bond strength was characterized for temperatures
beyond glass transition of the tested adhesive resin (irreversible damage and transoformation of the adhesive
resin assumed).

The previous study in the chapter allows to develop further research on the topic of bonded anchors in cracked
concrete at high temperature. The following perspectives are identified:

1- Product differentiation: the previous study was conducted on one epoxy adhesive resin. More research will be
done in the future to confirm the findings of this study (stability of the reduction on bond strength at high
temperature taken as equal to the one at ambient temperature). Another type of organic adhesive resins
(metacrylate adhesive resin) and an inorganic adhesive resin are identified for the perspectives of this work,
as well as cast-in place threaded rods as a reference sample (without adhesive resin) to only assess the
degradation at the steel/concrete interface.

2- Validation with fire tests in uncracked and cracked concrete: the findings of this study will be confirmed with
pull-out fire tests in both uncracked and cracked concrete to eliminate the factor of different heating methods
(electrical vs. fire heating).

Conclusion:

The previous chapter opens a window to the world of bonded anchors in cracked concrete under fire by a
preliminary investigation using electrical heating at high temperature. The proposed methodology for the
assessment of crack influence at high temperature can be validated further in the future allowing to amend tests
under fire for bonded anchors in cracked concrete if the same findings in this study are obtained for other products
and for fire tests.
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General conclusion and perspectives

The research presented in this dissertation was conducted on the behavior of bonded anchors under fire. The
thermal and mechanical behavior of bonded anchors was studied at high temperature to investigate the phenomena
that occur when an anchor is exposed to fire. The existing design method for post-installed rebars (Pinoteau’s
method) allowing to calculate the pull-out fire resistance vs. fire exposure time was studied; and its applicability
on the case of bonded anchors was investigated.

1. Scientific contribution

This study highlights certain characteristics of the behavior of bonded anchors under fire on three scales:

At the testing procedure scale, the testing method of anchors under fire existing in the literature and developed
for mechanical anchors almost two decades ago was reviewed. The influence of different testing configurations
and the loading system (when made of steel) on the temperature profiles along the embedment depth of bonded
anchors was assessed by fire tests (see Chapter 2). The loading system did not seem to influence the thermal
distribution due to the high diffusivity of its steel components and its limited geometry inside the furnace (not
acting as a protective screen against fire exposure at the anchor location). The thickness of the concrete bearing
element also had very little influence on the thermal distribution. However, parameters like anchor diameters and
the existence of thermal insulation around the fixture have a significant influence on thermal diffusion and the
resulting load-bearing capacity. It is then recommended that the thermal insulation must be taken into account in
the revision of the existing testing method as well as new test method to be developed for bonded anchors.
However, in order to assess the performance of the anchor separately from the insulation material, it is
recommended to adopt a configuration where the anchor is directly exposed to fire without any thermal protection.

At the design preocedure scale, the design method based on numerical calculations coupled with the Pinoteau’s
Method (Resistance Integration Method) can be influenced by several factors. Using 2D plane modelling to
represent the case of anchors in fire proved to be unrepresentative of temperature profiles obtained along the
anchors in fire tests. Therefore, the results of Pinoteau’s method based on such models can fall on the overly-
conservative (in the case of anchors directly exposed to fire) or non-conservative (in the case of anchors with
insulated fixtures) side of the fire resistance-duration design. Using 3D modelling with correct representation of
the geometry of the anchor yielded much more accurate temperature profiles with a limited computational time
and proved to be on the conservative side of the fire resistance prediction (see Chapter 3).

Another focus was attributed to the entry data for Pinoteau’s method consisting of the characterization of the bond
strength at high temperature on small scale tests (see Chapter 4). The current approach for PIRs (acc. EAD 330087-
00-0601) stops the characterization at 3 hours of electrical heating, meaning that the bond strength vs. temperature
curve is usually stopped at around 300°C and zero bond strength is assumed for higher temperatures. Accounting
for the residual bond strength at higher temperatures was proven to be of beneficial effect on the calculated design
values using Pinoteau’s method, all while remaining on the conservative side compared to fires test results. This
excercice was conducted on a large number of fire tests on 3 different bonded anchor products with sizes going
from M8 to M30. The design results were always found to be conservative compared to 1SO 834 fire tests.

The development of an evaluation standard for bonded anchors under fire should take into account that pull-out
fire tests shall be conducted on the minimum embedment depth specified by the manufacturer in order to induce
the pull-out failure. Otherwise, other failure modes may occure (possibly steel or concrete cone failure). As a next
step, the verification of the applicability of Pinoteau’s method (Resistance Integration method) should be
conducted on a case by case basis for each product. Indeed, it is not possible to confirm based on the results in this
work or in the literature that this method is applicable for all products on the market. The current experience proves
that Pinoteau’s method provides calculated pull-out fire resistances lower than fire test results. However, each
adhesive resin has a different chemical content and different performances compared to other adhesive resins on
the market. Once Pinoteau’s method is validated on the shortest embedment depth, the anchor can be designed for
a variable embedment depth (higher than the shortest one tested for validation) and the obtained pull-out resistance
can be compared to other failure modes under fire to design according to the smallest resistance among all failure
modes.

At the scale of bonded anchors in uncracked/cracked concrete comparison at high temperature, the design
of PIRs bonded anchors in the literature focused so far on the uncracked concrete case. Indeed, specifications were
given for bonded anchors to account for the major differences between a rebar embedded in concrete and exposed
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to fire through the concrete cover, compared to an anchor directly exposed to fire. However, very little data exists
on bonded anchors in cracked concrete at high temperatures. Generally, in fire situations (acc. Eurocode 2-4) and
when anchors are installed on the tension side of concrete elements, cracked concrete is assumed at ambient
temperature. Therefore, it is required to assess this issue under fire conditions.

The effect of cracks on the bond strength at high temperatures was studied in this work (Chapter 5). A testing
approach was developed to test a large number of bonded anchors at high temperatures in cracked and uncracked
concrete. The obtained bond strength reduction from uncracked to cracked concrete was compared to the reduction
obtained at ambient temperature for different heating times (using electrical heating by radiant panels). The
presented results showed that the reduction coefficient cracked versus uncracked concrete remains the same at
high temperatures compared to ambient temperatures. Although this study opens a window into the world of
bonded anchors in cracked concrete under fire, it needs to be extended with large scale 1ISO 834 fire tests on bonded
anchors in cracked and uncracked concrete to confirm these findings. Product differentiation (testing other
adhesive resin types) is also recommended.

Using standard fire tests (e.g. ISO 834) to compare the pull-out resistance in cracked concrete to that in uncracked
concrete can result in false comparisons. Standard fire tests are conducted in special gaz furnaces with specific
requirements on the mean heating curve applied in the furnace (measure by plate thermometers) to follow the
theoretical standard curve with a certain tolerance (i.e. + 100°C for the ISO 834 fire curve). Such requirements
have a small influence on full scale tests on post-installed rebars because the rebar is embedded in a concrete
member and the variation of the applied thermal heating (i.e. radiation and convection) is minimzed by the thermal
resistance of the concrete member. In the case of anchors where the extended part outside of concrete is directly
exposed to fire, such a tolerance can yield huge differences in test results and no repeatability from one test to
another. Therefore, the obtained fire test results can sometimes provide higher resistances for anchors in cracked
concrete (heated with a lower tolerance of the standard 1SO 834 curve of — 100°C) compared to anchors in
uncracked concrete (heated with an upper tolerance of the standard curve of + 100°C). The proposed testing
approach in this work using electrical heating with radiant panels provides more certainty and repeatability for the
comparison of test results in cracked concrete to uncracked concrete.

2. Perspectives

This study focused on the bond failure (pull-out) of bonded anchors under fire. Other failure modes may occur
based on the configuration of the anchor (steel failure, concrete cone, concrete breakout, ...etc). These failure
modes are covered by the provisions of Eurocode 2-4. However, they are based on fire ratings (a given resistance
as a function of a duration of the standard 1SO 834-1 fire curve) and very limited experimental data in the literature
using only one fire scenario. The current empirical models in the Eurocode are also very conservative compared
to fire tests for concrete cone and steel failure modes. The design for these failure modes could be optimized by
developing temperature-based models for the calculation of the corresponding fire resistance in order to design
anchors under fire for any given configuration and possible failure modes while yielding less conservative but safe
design values.

In addition, the displacement compatibility was not verified for the design approach of bonded anchors under fire.
The Pinoteau’s method (Resistance Integration Method) integrates temperature-associated bond stresses along the
embedment depth at any time during the fire based on temperature distribution. However, it assumes that failure
occurs for the same displacement for all segments. The current experience with the tested adhesive resins in this
work and in the literature shows that this assumption is conservative and the results of Pinoteau’s method can be
used safely for the design of bonded anchors. However, this assumption is only valid in the case of small
displacements. If an adhesive resin shows large displacements (high creep behavior) under fire or if this work is
used to model and study long term temperature effect, this assumption could be revoked and a more advanced
shear-lag including creep model should be developed to account for the displacement compatibility between the
design method and fire tests. The prediction of the bond strength of bonded anchors under fire can be calculated
using the shear-lag model taking into account the creep behavior at different temperatures. This can be done by
characterizing the long-term behavior of the bond (example shown in Fig. 24) based on creep tests on small
samples of the adhesive resin at different temperatures.

Furthermore, this study also focused on tension loads under fire. Anchors can also be loaded in shear or combined
shear-tension. In direct shear load situations, the failure mode is not expected to change compared to mechanical
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anchors, therefore the current provisions in Eurocode 2-4 can be resonnably applied. However, in combined shear-
tension situations, a pull-out failure/combined pull-out steel with lever arm failure can occur.

An additional point would be to account for the anchor-structure interaction during fire. This work only focused
on anchor behavior from an evaluation point of view (product only). Therefore, all calculations were compared to
fire tests on free slabs (no mechanical boundary conditions applied on the reinforced concrete bearing element). It
would be of interest to study the conventional case of fixed slabs/fixed beams and verify that the assumptions
adopted in this work remain applicable for such a case.

The behavior of groups of anchors can also be expected to change significantly under fire. From a thermal point
of view, the required spacing between anchors at ambient temperature is expected to be of negligible influence on
the temperature profiles. However, regarding the load distribution/redistribution of the group, the influence of an
anchor failing first before the whole group, edge distance, different anchor sizes and embedment depths...etc. are
expected to be of significant influence. In addition, it is expected that an anchor designed to sustain a significant
load in tension under fire will need to be embedded at a very large embedment depth. Therefore, the spacing to
the embedment ratio will be small and interactions event for a relatively large spacing could happen.

The post-fire performance of bonded anchors (and post-installed rebars) is still uninvestigated. In a fire event, the
fire can occur for a short period of time resulting in no failure but in a degradation of the material properties of the
anchor assembly (concrete, steel and bond). The post-fire assessment of the bond is required to validate any
rehabilitation provisions to ensure that the connextion can still withstand the applied loads. Therefore, structural
tests at the scale 1 should be conducted to assess the residual capacity after fire exposure in order to verify any
evaluation or design method.

Finally, the studied case of bonded anchors at high temperatures in this work was based on medium size anchors
(M12). The crack effect on the bond strength of bonded anchors varies from one anchor size to another. Large
anchor sizes (above M24) are less influenced by crack existence at ambient temperature (anchor diameter >> crack
width). At high temperatures, it would be interesting to investigate if crack influence still decreases/vanishes for a
certain anchor size.
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Annex A: Priniciples of fire safety engineering

Under fire conditions, the thermal diffusion between the hot gazes of the fire and the exposed element occurs via
radiation and convection at the exposed surface and via conduction inside the element. The methods allowing to
measure the radiative and convective heat flux are numerous and their use in a particular situation is not guaranteed.
Indeed, the use of different measurement methods can result in different outcomes giving different results for the
same problem. The concept of Adiabatic surface temperature is introduced as a practical mean to express the
thermal exposure of a surface. This concept can be used successfully when exposure conditions are issued from
modelling or measured directly from fire tests. In the latter case, temperature gauges of the type plate
thermometers, defined in the guides of fire resistance tests (ISO 834-1, 1999) and (NF EN 1363-1,2020), can be
employed. This implicitly signifies that the temperature of structural elements tested according to these guides can
be predicted using measures from plate thermometers which are designed to follow specific time-temperature
curves. The plate thermometer (1ISO 834-1, 1999) or also named thermoplate (NF EN 1363-1, 2020) is detailed in
the following sections of this study (see section 3.3).

A fire model in this context is every calculation method whose principal objective is to predict the temperature and
species concentrations of the fire-driven flow (Wikstrém, 2007). Such a model allows to calculate temperature
evolving at the surfaces of the solid tested elements but does not necessarily include a detailed description of these
objects. Even a model that takes into account fluid dynamics can only approximate a bounding solid as an infinitely
thick slab to estimate its surface temperature.

A structural fire model allows to study the resistance of the structure as a function of the temperature of hot gases
inside the furnace applied on its boundary conditions. It allows to determine the requirements for the fire resistance
of the structure.

After the collapse of the World Trade Center in 2001, the subject of interfacing between fire models and thermal
mechanical models became of great importance to understand the response of structures (Gann, R., et al., 2005).
Fire models and thermal structural models are conducted at variable scales for time and dimensions, and with
different hypotheses concerning the respect of boundary conditions (thermal, chemical, force or displacement
boundary conditions). In order to study precisely the response of a structure subjected to fire, a fire model has to
be developed and its output must be communicated to a thermal structural model to serve as thermal boundary
conditions. Fire models predict typically the heat flux for a relatively simple solid material. As for thermal
structural models, they suppose a global gas temperature surrounding a relatively simple geometry such as a
column or a beam.

Basic theory:

Heat is transferred from flames and hot gases to the exposed surfaces of the solid material by radiation and
convection (Wiktrém, 2004). Both contributions make the net total heat flux:

qgot = ‘?;ad + q;on [Eq 20]

Where: g0 is the total heat flux applied to the fire exposed surface, g,,4 is the radiative heat flux and ey, is the
convective heat flux. The radiation term g,,4 in Eq. 20 is the difference between the incident radiation and the
radiation emitted from the surface. The incident heat flux is what can be measured by any heat flux meter in
practice and is independent of the target body surface temperature and properties. However, so-called heat fluxes
frequently used in fire engineering respond to heat transfer to a water-cooled surface. In these instruments a
temperature difference is created depending on how much heat is transferred to the sensing surface by radiation
and convection. Therefore, they are called ‘total heat transfer’ meters. However, since they can be calibrated in
difference they can never directly measure ‘net heat transfer’ or ‘total heat transfer’ to an arbitrary surface, only
to the cooled sensing surface of the meter.

In Eq. 20 the heat transmitted through the surface is neglected and no consideration is made for the influence of
various wavelengths. Thus, as the absorptivity and emissivity are equal, the net heat received by the surface can
be written as:

‘?;ad =é&r (qmc -0 Ts4) [Eq 21]
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Where: g;,. is the incident flux, o is the Stephan Boltzman constant and T, is surface temperature. The emissivity
€ is a material property of the surface. It can be measured but in most cases of structures exposed to fire it can be
taken equal to 0.7 or 0.8 except for shiny steel where it is lower. Fire is characterized by non-homogeneous thermal
distribution. Thus, the incident heat flux should include contributions from nearby flames, hot gases and surfaces.
In this case, the incident heat flux can be written as the sum of all radiative sources:

q;nc ZZiSiIFi.J.Ti‘L [Eq 22]

Where, &; is the emissivity of the i" flame or surface, F; and T; are the corresponding view factor (the proportion
of the radiation leaving a heating surface A that is received by a heated surface B, also known as shape factor,
form factor, configuration factor or angle factor) and temperature, respectively. It is generally very complicated to
obtain incident heat flux from Eq. 22 by manual calculation, but current generation fire models have algorithms
capable of calculating it.

The convective heat flux depends on the difference between surrounding gas temperature and surface temperature.
It is often taken proportional to this difference and can be written as:

Geon =h* (Tyas — Ts) ... [Eq. 23]
Where: h is the heat transfer coefficient and Tg, is gas temperature adjacent to the exposed surface.

Adiabatic surface temperature:

The total net heat flux can be written from the previous discussion as:
qgot =& (anC —0- Ts4) +h- (Tgas - Ts) [Eq 24]

Consider the surface of a perfect insulating material exposed to the same heating conditions as the real surface. Its
temperature is referred to as “Adiabatic surface temperature” (AST). By definition, the total net heat flux to this
ideal surface is zero, thus:

€ (Qinc — 0" Tisy) + h (Tyas — Tasr) = 0 ... [EQ. 25]

The adiabatic surface temperature can be obtained as an output from a fire model. It can also be measured from
real fire tests or in experiments using an instrument like the plate thermometer. Adiabatic surface temperature is
what is measured by an ideal plate thermometer. Indeed, the plate thermometer is used in fire tests (ISO 834-1,
1999) and (NF EN 1363-1, 2020) to control furnace temperature. It harmonizes tests in different furnaces and
allows to harmonize testing and theory. The measured quantity by the plate thermometer is precisely what is
needed to calculate the temperature of a structural element exposed to fire (Wickstrém, 1994) and (Wickstrom and
Hermodsson, 1996). It also represents hot gas temperature in Eqg. 25. With this hypothesis, Tyst becomes the only
unknown in Eq. 25. The error of such a calculation is relatively small. Indeed, the plate thermometer with a
diameter of 0.7 mm is generally placed at 10 cm of the fire exposed surface to measure hot gas temperature inside
the furnace. In the theory of basic heat transfer, objects smaller than a few millemeters have a large heat transfer
coefficient h and thus they reach temperatures close to surrounding gas temperature Ty, rapidly.

Numerical consideration:

Numerically, adiabatic surface temperature is a very useful quantity because it provides the natural interface
between fire models and thermal structural models. So, if fire model results have to be exploited for a more detailed
heat transfer calculation in a tested solid object, an interface is required to transfer the information to the gas-solid
interface. The most obvious quantity to do so is heat flux.

First, the net heat flux applied on a surface depends on the calculated surface temperature by a given fire model.
Depending on the used model, surface temperature may vary with the entry parameters introduced by the user.
Secondly, it is common in several structural heat transfer softwares (in solid phase) to enter a heat flux value as a
function of surrounding gas temperature and surface temperature [Eq. 28] instead of defining heat flux directly.
The communicational problem between a fire model and a thermal structural model is then linked to the two
different methods for introducing heat flux as a boundary condition. The solution is to use adiabatic surface
temperature T,gr as an intermediate (interface) between the fire model and the thermal structural model.
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The interface can be constructed simply. For any surface point at which the fire model (FM) calculates the incident
radiation heat flux qi"nC,FM and a corresponding gas temperature adjacent to the surface Ty, pu;, it is trivial to solve
the implicit equation to calculate Tpgr by supposing that the emissivity and the heat transfer coefficient are
constants. The following equation can be solved by using and an analytical solution given by (Malendowski, 2017):

& (Ginem — 0 Tasr) + h - (Tgasem — Tasr) = 0 ... [Eq. 26]

A fire model does not need any hypothesis to calculate the incident radiation heat flux. Eq. 21 only defines
adiabatic surface temperature and does not signify that the fire model calculates heat flux using a specific method.
It does not signify either that the fire model uses a fixed heat transfer coefficient h. The value that should be taken
for h is the energy intensity exchanged by a unit of surface and a unit of time as a function of the temperature
difference between both sides of the exposed surface. Since this difference varies with time, the value of h is
variable and must be recalculated at every time interval by the model. These values are provided for common
materials (such as concrete and structural steel) in the Eurocodes. Practically, the values of T,gr are stored in a file
according to a user-sepcified time interval and length increment appropriate for the application.

For thermal structural models (TSM), heat flux is calculated based on the boundary conditions calculated by the
fire model. Surface temperature calculated by the thermal structural model can be written as:

q;ot,TSM =é&- (q;nc —0- T:TSM) +h- (Tgas,FM - s,TSM) [EQ- 27]
By substracting Eq. [27] from Eq. [28], the total net heat flux at the surface can be written as:
Grotrsu = € 0 (Tasy — Torsm) + b+ (Tasr — Tsrsm) --- [EQ. 28]

Note that the adiabatic surface temperature is interpreted by the thermal structural model as a black body radiation
temperature for the purpose of calculating the incident radiant heat flux, to which is added a gas temperature for
the purpose of calculating the convective heat flux. They can also be interpreted as a single fictitious temperature,
commonly used to calculate both radiative and convective heat transfer.

Black body radiation is the radiation emitted by an opaque and non-reflective body, maintained at a constant and
uniform temperature. The radiation has a specific spectrum and intensity that depens only on the body temperature
(Loudon, 2000), (Mandel et Wolf, 1995), (Kondepudi et Prigogine, 1998) and (Landsberg, 1990).

The use of adiabatic surface temperature allows to transfer only one quantity between the fire model and the
thermal structural model instead of transferring heat flux, surface temperature and the convective heat transfer
coefficient. Another advantage is that the model does not need to be reconfigured to accept heat flux as a boundary
condition. It only needs to be modified to accept a temporal and spatial variation of the hot gas temperature
considered in the calculation of the heat flux. The model can then give the calculated surface temperature and
finally the mechanical response of the studied object. An additional advantage is that the use of AST reduces the
size of datasets and simplifies the excecution of large-scale models such as the anslysis of structures under fire.
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