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Preface

Concrete 15 well known to behave efficiently in fire conditions, since it is incombustible,
does not emit smoke, and provides good thermal nsulation. Furthermore, in reinforced
conerete structures, the concrete cover gives a natural protection to the reinforcement, and the
size of the sections often delavs the heating of the core, thus favouring the fire resistance of
the structural members. In addition, conerete structures are often robust and thereby able to
accommodate local damage without major consequences to the overall structural integrity,

However, past experience with real fires shows that a thorough understanding of concrete
behaviour and structural mechanics is necessary to improve the design of R/C structures with
respect to fire,

Improving the understanding of concrete and concrete structures under fire is the objective
of this state-of-the-art report, that is the outcome of the works of Task Group 4.3 "Fire Design
of Conerete Structures”, serving under /i Commission 4 "Design of Concrete Structures'.
The results of the most recent research activities on the structural performance of concrete
subjected to fire are reported. Special attention is paid to the indirect actions caused by the
restrained thermal deformations and several basic examples show the influence that a local
fire has on the global structural behaviour.

Not only the design of new structures, but also the analysis and repair of existing fire-
damaged structures are addressed in this bulletin, that is the second one issued by Task Group
4.3, since a companion bulletin (fih Bulletin 38, “Fire design of concrele structures — materials,
structures and modelling™) has been recently published, mostly on materials behaviour.

Working Party 4.3-2, headed by Prof. Luc Taerwe, performed both the writing and the
editing. The members of WP 4.3-2 are well-known researchers and experts in the domains of
{a) materials and structural behaviour at high temperature, and (b) fire design of concrete
structures. All members (sce previous page) contributed actively to the outline and contents of
the various chapters, however each chapter was finalized by single members or small groups,
as indicated at the beginning of the chapter.

Prior to publication, the draft contributions were presented and discussed in several
meetings and in three workshops organized by the Task Group in Malta, 2001; Milan, ltaly,
2004 and Coimbra, Portugal, 2007, The workshops Tavoured interaction with international
experts outside the Task Group, to the benefit of the final version of this bulletin.

It is our hope that this state-of-the-art report on conerete structures in fire will improve the
understanding ot their behaviour in such extreme conditions, to the advantage of practicing
engineers looking for better and safer design standards.

Luc Taerwe Miels Peter Hay
Convener of Working Party 4.3.2 Convener of Task Group 4.3

fibh Bulletin #6: Fire design of concrete stmictnres — strectural hehavienr and assessment 1t




Contents

1

2

Ln

v

Introduction

Fire action and design approach

2.

2.2

Fire action

Consequences of a fire on a concrete structure

(2.2.1 Heating of the strueture — 2.2.2 Modilication of the matenal
characteristics — 2.2.3 Main effects of indirect actions — 2.2.4 Thermal
stresses)

Design approach

(230 Ultimate lmit state - 2.3.2 Influence of tome)

Sectional analysis

fad

n

4

2

d

3.3
34
35
3.6

Introduction

Monlinear analysis applied to R/C sections under fire

i3.2.1 Tubulated data — 3.2.2 Relerence-isotherm method (300°C 1sotherm) —
323 Zene method — 324 Exact method - Incremental-iterative procedure)
Reference-1sotherm method versus exact method

An allernative method based on strain hmitations

The role of the thermal strains

Conclusions

Structural behaviour of continuous beams and frames

4.1
4.2

4.3

4.4

Introduction

Modelling

Parametric study

(4.3.1 Parametrie study ol beams — 4,32 Parnmetric study of frames)
Concluding remarks

Plastic analysis of continuous beams

[ntroduction
Lise of plastic analysis
Conclusions

Expertise and assessment of materials and structures after fire

.l

6.2

6.3

Residual material characteristics

(6. Introduction — 6,1.2 Reinforcement — 6,13 Concrete — 6.1.4 Recent
developments)

Mon-destructive test techniques for concrete

(6.2, 1 Introduction -~ 6.2.2 General remurks on conerete testing atter a fire,
6.2 3 Coretest— 6.2.4 Schmidi hammer test — 6.2.3 Ultrasonic pulse
velocity test — 6.2.6 Windsor probe — 6,2.7 BRE internal fracture test and
CAPO test — 6.2.8 Conerete volerimetry — 6.2.9 Thermoluminescence tests
0.2.10 Carbonation test — 6.2 .11 Chemical analysis—6.2.12 X-Ray
diffraction analyvsis (XED} - 6.2.13 Chemo-physical and mechanical tests
6.2.14 Drilling resistance)

Concluding remarks

Post-fire investigation and repair of fire-damaged concrete structures

7.1
Fid
1.3

[ntroduction

Data collection

Damage analysis

(7.3.1 Concrete —7.3.2 Reinforeing and prestressing steel)

LF Y]

lad. Tl

o7

[ (9
115

115
15
115

fib Bulletin 46: Fire desien of concrete strtictures — strvetural behiavionr and assessment



7.4 Dragnosis 117

7.5 Damage classification 117
7.6 Repair criteria 117
7.7 Repair methods 118
7.8 Real fires ' 120

(7.8.1 Warehouse in Ghent — 7.8.2 Library in Linkoping — 7.8.3 Windsor
building ( Madrid)),
7.9 Repair of a pretensioned roof girder after a fire 127
(7.9.1 Description of the butlding - 7.9.2 Temperature development duning
the fire - 7.9.53 Charactenistics of the rool girder — 7.9.4 Test of the roof
sirder under static louds)

Appendices
Al Beam-column-floor connections 135
Al Introduction |35
(AL LD Ceneral — ALL2 Literature review — AL Connections and fire
indireet effects)
A2 Structural fire resistance |37
(A2 Dowel connections)
A 1.3 Separating function 141
A2 Fastenings 143
A2l Intreduction 143
A2.2 Behaviour of fasteners under fire | 44
AJ Integrity of compartmentation 151
A3 Introduction 151
A3.2 Regulatory requirements and standard fire tests 151
A3 Loadbearing capacity 51
(A3.3.] Floors—A3:3.2 Walls)
A34 Integrity 152
(A3 4. Floors and Walls)
AJ.5 [nsulation 152
(A3 51 Floors and Walls)
A6 Results rom standard tests 153
A3.T Results from natural fire tests 153
A4 Complete results of the parametric study on continuous
beams and frames discussed in chapter 4 159

fib Bulletin 460 Five design afconerete structires — stractural belaviowr and assessmient '




] Introduction

In the world of construction. fire is definitely a danger that has to be prevented and fought
by all possible means. Although the probability is low, fire may occur anywhere, in any
season, and in any phase in the lifetime of a building'— construction, service or refurbishment
~ like in the Windsor Tower in Madrid (fire on February 2005). Fires may be triggered in
different ways, including terrorism and war, as demonstrated by the fires in the Twin Towers
and in the Pentagon, after the infamous attacks of September 11, However, trivial breakdowns
like an electrical short eircuit in a coffee machine may also be critical. as demonstrated by the
fire in the Delft Architectural Engineering School building i May 2008,

Even when hmiting our attention to the effects that fires have on structures, numerous
topics are still open to investigation:

s Materials: thermal properties and thermal diffusivily as a function of the temperature
(first heating, cooling and reheating); aggregate and cement types; influence of hiber
addition (metallic. inorganic and/or polymeric fibers). toughness and fracture
parameters at high temperature; modeling of mass transport of water and water vapor.

o Sectional analysis: M-N envelopes and failure modes of reinforced concrete sections
made of different cementitious composites (NSC, LWC, HPC, HPFLWC, FRC, HPFRC,
SCC. HPSCC): validity of the reduced-section approach - based on a reference
temperature - under an eccentric axial force, at high temperature and afier cooling,

® Structural analysis: transient creep and its role in structural behavior; failure modes

during and after a fire; effects of the restrained thermal expansion: cover spalling (local.
extended, in high-performance conerete with/without silica fume); column stability at
high temperature.

. Assessment aller fire; non-destructive methods based on the residual concrete color and
on the resistance to drilling, in order to evaluate the maximum temperature locally
reached by the concrete: shear sensitivity and bond sensitivity in damaged R/C and P/C

structures: residual strength of ordinary reinforcement (outwardly-tempered. stainless-

steel, low-‘high-carbon rebars) and prestressing tendons (high-strength wires and
strands).

U Real fires, large-scale tests and model validation: failure modes ensuing from materials
decay. restrained thermal expansion, thermal expansion of nearby members and loss of
bond in P/C members; thermal Feld in hollow-core slabs; actual temperature ot the
reinforcement.

. Connections: ultimate capacity of the different types of fasteners at high temperature
and after cooling (failure modes under axial and shear torces: design models).

s Codes: should they be more detailed. more general, more matenals-oriented, more
member-oriented, more structurg-orented?

With reference to cementitious materials, their behavior in direct tension at high
temperature is still a challenge, and the test results available in the literature are scanty indeed.
Further results are badly needed. since they are instrumental in evaluating such [racture
parameters as materials specific fracture energy, toughness and charactenstic length, not to
speak of the whole stress-crack opening curve. These parameters have been extensively
investigated after cooling, with reference to the maximum temperature reached in the
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material, but there 1s mixed evidence in terms of loss of toughness, increased ultimate strains
and greater damage diffusion. For sure, the material becomes more strain-tolerant at high
temperature and afler cooling.

With reference to sectional analysis, the reduced-section (or effective-section) approach is
known to work well in pure bending, but its validity in the case of combined bending and
axial loading is not completely proved, even if some results show that this approach is
conservative. However, we know that bemg too conservative 1s not the key to sound design,

With reference to the structural behavior, the redundancy in continuous beams and frames
has still some aspects open to investigation because of the thermally induced axial forces in
the beams, causing shear forces in frame columns. Also the failure mode of the various
members is generally affected by high temperature, during and/or after a fire, often with less
bending sensitivity and more shear sensitivity, as may oceur in point-supported continuous
slabs, with light punching reinforcement.

With reference to repair and assessment, there are several approaches aimed to assess the
properties of the damaged concrete and to evaluate the maximum temperature reached locally,
but user-Iriendly methods are still to be developed. However, remarkable headway has been
recently made in such diversified fields as concrete drilling resistance and concrete
colorimetry,

Another very specific subject that has captured the interest of an increasing number of

rescarchers — both in the industry and in the academy — is the behavior of the fastening
devices in extreme environmental conditions because of fire and/or corrosion. Some resulls at
high temperature are available, but further studies are needed in order to formulate user-
friendly design methods. As a matter of fact, there 15 a strong demand in this field. since
heavy-duty fasteners are increasingly used in very severe conditions, such as those occurring
in tunnels, where fasteners support various primary systems, that should work even in fire
conditions (for ventilation, clectric-power supply, fire extinguishment and traftic control).

A few words on concrete thermal behaviour: since sectional and member behaviour is
strictly related to temperature evolution in space and time, the thermal properties of the
materials should be introduced into the codes as exhaustively as possible. Just to quote an
example, does SCC exhibit the same thermal diffusivity as vibrated concrete? The answer
seems Lo be yes. but further studies are needed.

In this context, this bulletin tries to strike a balance between structural and materials
1ssues. As a matter of fact, the many new and highly innovative cementitious composites now
entering the scene put a lot of pressure on the research activities concerning the materials side,
but we must remember that any newly developed material should be checked against its
structural advantages!

)
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2 Fire action and design approach
2.1 Fire action

Several nominal fire curves are proposed in the codes to be used in the design process for
representing the action of the fire. The most often used are the [SO 834 fire curve, the ASTM
E119 curve, the hydrocarbon fire and the external fire curve. All have similar characteristics:

. They are formed of a simple relationship giving one temperature, supposed to be the
temperature of the gases in the compartment, as a function of time. They are thus
representing a fully developed fire. For a large compartment. such a situation is not
encountered belore a significant amount of time has elapsed since the very beginning of
the fire. This nitial period of time is thus not taken into account in the calculated fire
resistance whereas, as far as safety of people is concerned, this is the most important
period, in fact the only one during which evacuation from the fire compartment is
possihle.

» All these relationships are monotonously increasing functions of time. The cooling
down phase of the fire is not taken into account. In fact, when a certain fire resistance
time is required, it is sufficient to check the load bearing capacity for this duration of
fire. No consideration is given to the period beyond this duration.

These relationships hardly depend on the particular characteristics of the situation for
which the design is performed. The quantity of fuel, the dimensions of the compartment. the
conditions of ventilation, for example, are not taken into account. In fact, a limited choice
exists in order to take the situation into account: the hydrocarbon curve, for example, is
chosen when the charactenistics of the fuel are supposed to be pertinent to this name. In usual
building constructions, the standard fire is nearly systematically chosen, be it either the 1SO or
the ASTM curve, and the characteristics of the situation are all lumped in the required fire
resistance such as, for example, the consequences of the fire (underground car parks). the
amount of floors (low, medium or high rise buildings), the size of the compartment (smaller
or bigger than a threshold area), or the occupancy (hospital, school, theatre, office building.
dwelling),

2.2 Consequences of a fire on a concrete structure
2.2.1 Heating of the structure

The most direct effect of a fire on a structure is that the temperature in the structure will
mcrease, in a first phase, then decrease progressively as the fire decreases until extinction.
During the heating phase, heat is introduced in the structure by a combination of?

. convection from the surrounding pas,
® radiation
from the surrounding gas if it is opaque,
o from the fire source,
o from the compartment walls and other heated objects.

by fean-Mare Franssen, Jean-Claude Dotreppe, Kees Both and Jors Fellinger
k PI b
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During the cooling phase, heat is evacuated from the structure by a combination of:
. convection to the surrounding gas,
. radiation to the compartment walls and other heated objects, including the ashes that
remain from the combustible matenal.

For separating structural members such as walls and slabs, heat is also lost from the
unexposed side of the member to surrounding that is at ambient temperature. This happens
mainly by convection because radiation is lower at the lower temperatures that are normally
observed on the unexposed sides.

Temperature in a concrete structure heated by a fire is by far not unmiform. At any moment
in the fire, there exist significant differences of temperatures between different locations. For
linear elements such as beams and columns, the gradients along the axis of the elements are
usually limited and the most significant gradients are observed in the cross section. For flat
elements such as walls and slabs, the gradient is most important across the thickness of the
¢lements. Gradients along the linear clements or in the plane of flat elements can nevertheless
be observed in the case of highly localised fires such as, for example, one car burming in a car
park.

It has very often been pretended that temperature is not uniform in concrete elements
whereas it is more or less uniform in steel elements because of the significant difference in
thermal conductivity: approximately 45 W/mK for steel and 2 W/mK for concrete. In fact,
this is not entirely correct. The shape of the sections and, in fact, the thermal massivity is the
main reason. Indeed, numerical simulations show that if a scction that has the same
dimensions as a hot rolled steel section could be built in concrete. it would have a uniform
temperature distribution. The temperature at any time would in fact depend on the thickness
of the plates forming the profile. On the other hand, a block of steel with the sume dimensions
as those usually encountered in concrete sections would have a fairly non uniform
temperature distribution.

The level of temperature differences observed in a section depends on several factors, the
most important ones being:

. The increasc rate of the fire. The faster the clevation of temperature, the higher the
temperature differences. The hydrocarbon fire will, for example, gencrate higher
temperature differences than the [SO curve, this one creating higher differences than
some slower parametric fires.

- The severity of the fire, in terms of duration and maximum temperatures. A short fire
will obviously not allow sufficient energy to be introduced in the section for high
temperature differences to develop. The same holds for a fire where the developed
temperatures remain limited.

. The shape of the section. In fact, the thermal massivity considered. as is commonly
done for steel sections, as the ratio between the exposed surface and the volume to be
heated, is a good indication of the level ol possible temperature differences. A thin
column will have lower temperature differences than a massive one. Members with
more complex shapes such as. for example, a TT section. will have a more complex
distribution of the temperatures. In this case, the local massivity of the web and of the
slab determines the local differences.

. The moment in the fire. With fires starting quite rapidly. the gradients are particularly
severe during the first moments of the fire. As the fire continues and the gas
temperature tends to level off to a constant level, the temperature differences m the
structure tend to decrease. When the fire enters in the cooling phase. the temperature
eradients in the section change in direction, first in the zones near the surface. then later
also in the centre.
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e The thermal properties of the concrete. Calcareous concrete have lower conductivity
then siliccous concrete and therefore generate higher temperature differences.
Lightweight aggregates have an even lower conductivity.

Figure 2-1, for example, shows the temperature distribution across the thickness of a (5
cm thick wall at various times in the fire. The right hand side of the wall is exposed to air at
ambient temperature while the left hand side is exposed to a fire with a heating and a cooling
phase: the gas temperature follows the [SO curve during 120 minutes, then decreases linearly
to 20°C from 120 to 180 minutes and keeps the value of 20°C thereafter. 1t 1s usually accepted
that the influence of reinforcing bars on the temperature distnibution in concrete elements is
rather negligible and the bars have not been taken into account in this analysis. The thermal
properties of concrete are those of siliceous conerete as defined in Eurocode 2 (EN1992-1-2.
2004).

1200
1000
00

600

Tamperature [*C]

400

200

Distance from the exposed side [CM]

Fig 2-1: Temperare distribution in a 15 cm wall

Figure 2-2 shows the temperature distribution across the web of a 30 em wide beam. The
beam is supposed to be deep enough for the heat flux to be one-dimensional at a sufficient
distance from the lower side of the section. This could be. for example, on the honzontal line
joining nodes 24 and 255 on Figure 2-2. Only half of the section is presented here owing to
SYIUTELrY reasons.

L
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Fig. 2-2: Temperature disteibution in a 30 cm wide bearm

Figure 2-3 shows the isotherms in a 30 x 30 em? section heated on Tour sides by the [SO
fire. Only "4 of the section is shown OWINg Lo SYMmetry reasons.
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Fig. 2-3: Isotherms ina 30x 30 oo column subjecred 1o the 150 fire

Figure 2-4 shows the isotherms in a 24 x 48 cm? beam section after 2 hours of ASTM
E119 fire acting on 3 sides of the section (the upper side has been considered as adiabatic).
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Figure 2-4 shows the isotherms in a T section subjected to the hydrocarbon fire during

2 hours, The upper side of the slab is exposed to air at the ambient temperature.
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The direct consequence of the heating of the concrete is a modification of the material

characteristics like a decrcase of the strength and of the suflness of the maternal, sce section

223

..... . as well as the generation of additional deformations linked to the stress level during
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first heating that are usually called Load Induced Thermal Strain (LITS) or transient creep in
the literature, more details can be found in fih Bulletin 38 (2007),

Another phenomenon linked to temperature increase is the thermal elongation, i.c. the

elongation of the material that occurs even if the stress level is zero. Because the temperature
distribution in the section is not uniform, these thermal strains are also not uniformly
distributed on the section. These strains and the fact that they are non uniform have several
effects on the behaviour of the concrete elements and the effect mav be different depending
on the seetion type, The most important effects have to do with:

Spalling. Severe thermal gradients near the surface during the first moments of the fire
generate important compression siresses parallel to the surface that are highly suspected
for playing a crucial role in spalling. These stresses are present in all section types and
are all the more important that thermal gradients are important (hydrocarbon fires, for
cxample). See also a discussion of the phenomena of spalling in fib Bulletin 38 (2007),
Elongation. Elongation of a member is linked to the "average” thermal elongation on
the section. Those section that are exposed on many of their surfaces, like columns,
beams or T sections, will thus exhibit a more important thermal elongation than section
exposed only on one side such as walls and slabs for example.

Lateral deflections. Thermal lateral deflections are linked to the average thermal
gradient in one direction or another. Columns heated on four sides, for example, have
no thermal bowing. Beams heated on three sides show a downward thermal bowing that
15 all the more reduced that the beam is deep. This 1s because. in a very deep beam, most
of the section (in fact, all except the lower side) has a uniaxial temperature field that
generates no average gradient. Flat slabs and walls heated on one side are the elements
that exhibit the highest level of thermal deflections. A T section is an heterogencous
section because part of it, the slab, would have important thermal curvature if it were
alone whereas the web has no significant thermal bowing because it is more like a beam
exposed on three sides. For example. in an experimental test performed on a section
similar to the one shown on Figure 2-6, severe horizontal cracks were observed near the
support at the junction between the slab and the web. see Figure 2-7. with the slab being
separated from the web and being curved upward.

| 24040
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Fig. 2-6: The falf of a tipical TT section
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e Stresses (this effect has already been mentioned as having an influence on spalling). If
the thermal clongation or the thermal bowing of an clement is restrained by the
surrounding structure, this will generate indirect effects of actions, see sections 2.2.3
and 2.2.4, either compression axial force or variation in the bending moment diagram,
and these will modify the stress level in the section, Even if the element is externally
totally free to expand and detlect, the fact that the whole "surface” of thermal strains in
the section cannot be represented by only the average elongation and the average
gradient leads to internal thermal stresses. Tension stresses can develop in the centre of
the section during the first moments of the fire, even if this section belongs to a column
loaded by a compression force. Similar effects can oceur in the central part of a slab.
These thermal stresses will be treated more in detail in section 2.2 .4,

. Second order effects. Thermal deflections, if taking place in elements that are subjected
to a compression force, create important second order effects that, in certain cases. can
be sufficient to lead to premature failure. This can be the case, for example, in concrete
walls exposed on one side, especially for cantilever walls.

222 Madification of the material characteristics

The strength as well as the stiffness of steel and conerete are reduced by a temperature
increase. The evolution of the strength and stiffness characteristics with temperature is yet not
sufficient to describe the modification of the material characteristics because in fact the whole
‘stress-strain relationships are modified. New characteristics may thus appear at clevated
temperatures that are necessary to characterise the behaviour,

The moedifications of the material characteristics have been studied by various authors, A
lot of mformation can be found in a comprehensive reports compiled in the 80's on behalf of
RILEM (Schneider, 1985). Although only normal strength concrete was covered in
(Schneider, 1985) and many more research works have been carmed out since. these reports
still contain valuable information.

Compressive strength is the most extensively analysed property of conerete. The strength
at room temperature, the water/cement ratio, the type of cement, the maximum size of
aggregate and the rate of heating appear to have little influence on the relative reduction. in
percent of the original strength. The type of aggregate has an influence, the decrease being
less important with calcarcous or lightweight aggregates compared to siliceous ageregates.
The aggregate/cement ratio has also an effect, with the reduction being proportionally smaller
for lean mixes than for rich mixes, Finally the reduction highly depends on the testing
procedure, with more favourable results obtained when a certain stress level is mamtained
during heating.
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The modulus of elasticity 15 influenced in the same way by the factors mentioned
previously for the compressive strength, The reduction as a [unction of the temperature is
bigger than for the compressive strength because the peak stress strain increases with the
femperature,

Steady state creep is of importance essentially for service conditions, i.e. temperatures
below 150°C applied for very long durations, in concrete reactor vessels for example. In a fire
situation, the creep rates observed under steady state conditions are very much less important
than the creep values observed under transient lemperature conditions.

Load Induced Thermal Strain is the particular deformation that occurs in concrete
during first heating under load. It is also influenced mainly by the aggregate type, by the
aggregate/cement ratio and by the curing conditions; air cured and oven dried specimen
exhibit a significantly lower transient creep than water cured specimens, see fib Bulletin 38
(2007).

The tensile strength of concrete has a tendency to decrease faster with the temperature
than the compressive sirength.

Although the experimental evidence is more scarce, some reports suggest that the fracture
energy of concrete 1s not reduced at elevated temperature. [t can even be slightly increased.

The stress-strain diagram of concrete reflects the modifications of the compressive
strength, of the modulus of elasticity and of the peak stress strain. Figure 2.8 for example
shows the stress-strain diagram at 5 different temperaturcs as proposed in Eurocode 2 for
concrete in compression. According to the Eurocode, these relationships have been artificially
softened in order to incorporate implicitly the effect of transient creep. The descending branch
of the curve has to be introduced for numerical reasons in non linear modelling but too much
credit must not be given to the real precision of the relationship in this part of the diagram,
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The thermal properties of concrete are also modified by a temperature mcrease. The
thermal conductivity is normally reduced whereas the specific heat i3 increased by an
elevation of the temperature. As a result, the thermal diffusivity decreases with increasing
temperatures.

Yicld strength of steel is reduced by an elevation of the temperature. The relative
reduction does not depend on the value of the yield strength at room temperature but it varies
with the type of steel, hot rolled or cold worked reinforeing steel, quenched and tempered or
cold worked prestressing steel,

The Young's modulus of steel is also reduced at clevated temperatures, somewhat faster
than the vield strength,

[n fact, the whole stress-strain diagram is modified. Figure 2-9 shows the stress-strain
diagram for reinforcing steel at 5 temperatures as proposed by Eurocode 2. A non linear
behaviour appears clearly for low strains at elevated temperatures. 1t is usually modelled as an
elliptic curve. This leads to the definition of the limit of proportionality, the stress beyond
which the behaviour ceases to be linear. The linear descending branch proposed beyond an
strain of 15% is also there for numerical reasons; with an inlinitely long plateau, some
numerical software are so robust that they could predict stability of structures in extremely
distorted positions corresponding to unrealistically high strain level totally incompatible with
the deflections that are acceptable. For example, the ductility in plastic hinge could be
mcredibly high 1f an infinite plateau i1s used. Of course, the precision of the curve in this
descending branch is rather loose but this is not a main issue; what is important is that the
software detect that the structure is very near to collapse as soon s some integration points
enter in the domain of these high strains.
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Fig, 2290 Steesy strain relationship in reinforcing steel
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The thermal properties of steel are also modified by a temperature elevation. with a
decrease of the thermal conductivity and a slight increase of the specific heat. This 15 not
particularly relevant in concrete structures because the amount of steel is generally so low that
it hardly influences the temperature distribution. One exception may be the peak n the
specific heat curve that is observed around 735°C and that may delay slightly the temperature
increase of steel bars at this temperature (provided that the stability is still ensured for so high
temperatures).

The geometrical size of concrete and steel is modified by a temperature increase, This 15
the well known thermal expansion. The expansion is not linearly increasing as a function of
the temperature. The order of magnitude of the thermal expansion can reach 1% at very high
temperatures in the range of 800°C. This phenomenon plays an important role m the
behaviour of structures because it induces either large displacements that may generate
geometrical second order effects or indirect effects of actions if the expansion is restrained.
Some effects of thermal expansion have already been mentioned in section 2.2.1. Indircct
actions are treated m section 2.2.3 and, with more details, in section 2.2.4.

Bond strength between concrete and steel has been shown to reduce with temperature, at
a rate more similar to the reduction of the tensile strength of concrete than that of the
compressive strength. Experience has yet very rarely produced evidence of failures by
debonding in reinforced structures. The problem is more critical for prestressed elements,

Spalling in concrete structures is a very important characteristic linked to high
temperatures. Different tvpes of behaviour are usually named as spalling, Irom the very
progressive sloughing off at the surface that progressively exposes the mner part of the
section and the reinforcing bars to eclevated temperatures, to the explosive spalling that
suddenly destroys completely the material. Extensive research activity is still going on 1n
order to understand and mitigate this phenomena, the problem becoming more cructal with
the apparition of high strength concretes because these tend to be more prone to exhibit
spalling than ordinary concrete. Further details of the phenomenon are discussed in

fib Bulletin 38 {2007). The factors most often mentioned as playing a negative role in spalling

are: fast temperature increase, high moisture content, high compression stress level, young
age, low porosity, thin members, geometrical effects (corner spalling). Some of these are
related to the material itself but it seems that structural effects also play a role n thus
phenomenon.

2.2.3 Main effects of indirect actions

Indirect actions are those effects of actions that arise from restrained thermal expansion.
For example, a beam that cannot freely expand longitudinally will see an increase in the axial
force especially during the first minutes of the fire.

In fact, even in a single member that 15 completely free o expand, indirect effects do
appear at the local level, This is developed more in detail in 2.2.4.

If the member is not restrained externally, thermal expansion may anyway generate large
displacements that. by ecometrical second order effects. also modify the effects ol actions.
This effect is not usually classified as an indirect action, but it may play a crucial role, m free
cantilevered walls exposed on one side for example.

Thermal gradients in concrete slabs generate the large deflections that are required for the
membrane tension eflect to develop. In this case, thermal expansion has a positive effect on
the stability.

Restraint to axial expansion induces axial compression lorces in beams which, depending
on the position of the restrain, can have a positive effect (restrain at low level in the section)
or a negative effect (restrain in the upper level in the section).

12 2 Fire action and desian approach
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Restraint to thermal expansion increases the compression force in columns but the effect
may not be as detrimental as expected if the behaviour of the building as a whole is taken into
account.

Restraint to thermal bowmg dramatically modifies the bending moment diagram in

continuous beams or slabs with a clear tendency to have more negative bendmg than under
ambient conditions. '

2.24 Thermal stresses

Thermal expansion has a great influence on the structural behaviour of both the fire
exposed structure and the unexposed structure connected to it.

The thermal clongation will cause thermal stresses over the entire cross section of the
structure, Thermal stresses result from mechanical strains that have to develop to counteract
mecompatible thermal strams in order to meet the compaubility requirements. The actual
distribution of these thermal stresses depend on the boundary conditions. Due to the thermal
expansion, forces and bending moments can develop at restrained boundaries. But, even if a
structural member s simply supported and thermal expansion is not restrained, thermal
stresses will develop within the cross section if the temperature distribution over the cross
section 1s non-linearly distmbuted, which s always the case in conerete,

The calculation of the thermal stress distnbution over the cross section 15 based on three
principles 1.e. kinematic requirements, constitutive laws and equilibrium. see Figure 2-10
(Fellinger, 1999),
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Fig, 22000 Graphival represeamtation of the calcidation of thevmal stresses i simply supparted bean

Firstly, with respect to the kinematic requirements, the total strain field should meet the
boundary conditions, The strain field must also satisfy the compatibility restrictions.

For structural members with a high span to depth ratio, this means that Bernoulli's
hypothesis must be fulfilled, implying that plane cross sections should remain plane. Thus, the
distribution of the total strains over the cross section can be described by the curvature and the
axial strain at one point in the cross section.
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Secondly, with respect to the constitutive laws, it 15 assumed that the total stram at any
position 1n a cross section can be split into thermal strains and mechamcal strains,

The thermal strains solely depend on the temperature rise and the coefficient of thermal
expansion, which 15 a material property. They do not depend on the stress level. Therefore,
onee the temperature profile over the cross section is known, the thermal strain profile can be
calculated directly. '

From these two requirements 1t follows that mechanical strains develop whenever the
thermal strams do not comply with the kinematic requirements for the total strain field.

Mechanical strains cause stresses. In the caleulation of these stresses, the reduction of
strength and stiffness at clevated temperatures should be taken into account as well as
increasing ductility. Calculation of thermal stresses in fire exposed structures without taking
into account the non ¢lastic strains leads to completely unrealistic results,

Eurocode 2 provides stress strain relationships for concrete at elevated temperatures that
mclude inereasing plasticity and reduced strength and stiffness. Also transient creep is
implicitly taken into account. However, it is questionable whether the accuracy of the implicit
formulation of transient creep is adequate to calculate the forces in restrained concrete
structures.

Finally, the stresses must satisty the equilibrium requirements. In a simply supported
beam, the generalised forces in each cross section, 1.e. the normal force N, the shear force V
and the bending moment M arc exclusively determined by equilibrium. So, in this case, these
forces do not depend on any constitutive model nor on any kinematic relation. Thermal
stresses and strains therefore do not affect the distribution of the generalised forces in simply
supported structures,

[n principle, the stresses should be calculated taking the imposed loading into account. So,
the stress distribution over the cross section must balance the applied normal force N and
bending moment M.

Thermal stresses can not simply be superimposed by stresses caused by imposed loading
due to the highly non-linear constitutive behaviour of both concrete and reinforcement.
Nevertheless, for sake of simplicity however, the thermal stresses are normally calculated
ignoring the imposed loads. Vice versa, when evaluating the plastic bending capacity of a
cross scction, the thermal stresses are ignored since the critical cross section is generally
_cracked and the remforcement yields,

As mdicated in Figure 2-10, compressive thermal stresses develop at the bottom and the
top of the cross section and tensile thermal stresses in the web. The tensile stresses in the web
can easily lead to vertical cracks, especially when the web has a reduced thickness.

This phenomenon, illustrated in Figure 2-11, has been proved by Fellinger (1999). In this
reference 1t 15 explained why vertical cracks develop at regular distances. [t is also shown
how thermal stresses build up over a certain development length at the end of a simply
supported beam.

In hyperstatic structures the distribution of internal forces in each cross section will
change under the effect of thermal stresses.

For a beam clamped at both ends, the boundary conditions of no rotations at the supports
imply that the curvature in each cross section initially remains zero. To counteract the thermal
strains, mechanical strains develop that cause an additional hogging moment in each cross
section, Le. the line of bending moment shilts upwards, In a continuously supported beam. the
same type of phenomenon occurs (see Figure 2-12; Fellinger, 1999). If horizontal translation
is allowed, no normal force can build up in the beam and the thermal stresses should satsfy
equilibrium in the horizontal direction.
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Fig. 2-11: Vertical cracks in ximply supported fire test specimen sawn out of a he slah

At the supports, the plastic hogging moment capacity will be reached and plastic hinges
will develop, 1.c. mechanical strains localise in a lexural crack that will propagate through the
cross section starting from the top and vielding of the top reinforcement oceurs. These plastic
hinges at the supports form in an early stage after the begin of the fire. In a slab where the
thermal gradient is very important, this can oceur within 13-30 minutes. In a beam where the
thermal gradient is less important, it will take more time.

After the plastic hinges are formed, the bending moment distribution is determimed by the
plastic hogging moment capacity at the supports. The thermal stress distribution on the cross
section outside the zone of the plastic hinge will shift towards the one corresponding to the
simply supported beam.
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The designer of continuously supported slabs and beams should take into account the shift
in the bending moment distribution under fire exposure and the consequences on the length
over which the top reinforcement should be extended from the support. Morcover, in order to
be able to reach the full plastic moment capacity at mid span, special attention should be paid
to the ductility of the top reinforcement at the supports.

In a beam with hinged supports that prohibit horizontal translation, a horizontal normal
force will develop in the beam. The eccentricity of this force depends fully en the vertical
position of the centre of the hinge at the supports. Obviously, no bending moment can
develop in the hinged supports. However, due to the presence of the normal force, this 1s only
true with respect to the axis of the horizontal force. As a result, a bending moment will
develop, relative to the neutral axis of the beam. This bending moment is constant over the
length of the beam.

If' the centre of the hinge is posinoned below the neutral axis of the beam, a hogging
bending moment 1s introduced by the normal force, which counteracts the imposed loading.
Vice versa, if the centre of the hinge is positioned above the neutral axis of the beam. an
additional sageing bending moment is introduced on top of the imposed loads.

Therefore, the wvertical position of the axial force has a great effect on the structural
behaviour, as has been shown by tests performed in Germany (Haksever and Walger, 1980).

However, the bending moment resulting from the eccentricity of the restraining force is
hard to calculate. First of all, the position of the neutral axis in the cross section varies with
time. Furthermore, in some practical support details, the position of the centre of the hinge is
undefined and can shift during the fire as well.

Theretore, when calculating the thermal stresses in a cross section ol a restrained structure
and the restraining forces. special consideration should be given to the modelling of the
support.

In summary, thermal stresses are the result of mechanical strains that have to develop in
order to counteract incompatible thermal strains, Thermal stresses occur in both restramed
structures as well as unrestrained structures in which the temperature 1s non-linearly
distributed. In concrete structures. the thermal stresses can only be calculated accurately by
taking into account the non-linear constitutive behaviour including cracking, transient creep
and plasticity. When evaluating the load bearing capacity of concrete structures, thermal
~stresses should be considered whenever the capacity can not be determined by a pure plastic
analysis,

2.3 Design approach

2.3.1 Ultimate limit state

The design philosophy of the Eurocodes 1s based on the concept of linit states, 1.e. states
beyond which the structure no longer satisfies the design performance requirements, The fire
situation is recognised by Eurocode | (EN 1991-1-2, 2004) to be an accidental situation that
requires only verifications against the ultimate limit state (as opposed to the serviceability
limit state). Ultimate states are these states associated with structural collapse or other similar
forms of structural Failure such as loss of eguilibrium, failure by excessive deformation,
formation of a mechanmism, rupture or loss of stability.

In the sem probabilistic approach, the design against the ultimate limit state is based on

the comparison between the resistance of the structure calculated with the design values of
material properties. on one hand, and the effects of actions caleulated with design value of

actions, on the other hand, see Eq. 2.1.
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Rl Xap) = Eal Fap) (2:1)

where Ry design value of the resistance in case of fire

X5 design value of the material propertics in case of fire,
Eyp  design value of effects of actions in case ot fire,

Fup  design value of the actions in case of lire.

The resistance and the effects of actions are both based on characteristic values of

geometrical data, usually the dimensions specified in the design, for cross section sizes for
example. Geometrical imperfections such as bar out of straightness or frame inital
inclinations are represented by design values.

Furocode | describes how the design values of actions, I, are calculated.

The partial factor method considers that design values are derived from representative, or

characteristic, values multiplicd by scalar factors, The general equations are:

Gin=1va Gy for the permanent actions (2.2)

Ous= Yo On Yo Wo Ow W Gror yz O, for the variable actions (2.3)

Pii=1vr Px for the prestressing actions (24)

where (G, Oy Pu characteristic values of the permanent, variable and prestressing
action,

o Qupi Pay design values of these actions in case of fire.
Yas You Ye partial factors for these actions

Yo coefficient for combination value of a variable action, taking into
account the reduced probability of simultancous occurrences of the
most unfavourable values of several independent actions,

Y cocfficient for frequent value of a variable action, generally
representing the value that is exceeded with a frequency of (.05, or
300 times per year.

- coefficient for quasi-permanent value of a variable action, generally
representing the value that is exceeded, with a frequency of 0.50, or
the average valuc over a period of time.

Different actions generally oceur simultaneously on the structure. In an accidental

situation, they have to be combined as follows:

Design values of permanent actions
Design value of the accidental action
Frequent or quasi-permanent value of the dominant variable action

Quasi-permanent values of other variable actions.

When it is not obvious to determine which one amongst the variable actions is the

dominant one. each variable action should be considered in turn as the dominant action, which
leads to as many different combinations to be considered.
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[n case of fire, and 1f the variability of the permanent action is small, 1.e. in most cases, the
following symbolic equation holds as Eq. 2.5a or 2.5b:

Egi=Yoa Ge+pa Pat Wi Ow + SUMGEL) o, O (2.

N

a)
Eapi=Yoa Gr +ypa Py T iy Qu + SUMGE L)y, O {(2.5b)

where ygapartial factor for permanent action m aceidental situation,

pa partial factor for prestressing action in aceidental situation,

The choice whether the frequent value (2.3a) or the quasi-permanent value (2.5b) has to be
used for the dominant variable action is a nationally determined parameter.

The motivation to change from the frequent to the quasi-permanent value lor the dominant
variable action when the ENV were changed into prEN was that this is the solution used for
earthquakes, which are also an accidental action. just as the fire.

The design value of the accidental action that has been mentioned previously does not
appear in equation 2.5 because, in case of fire, the fire action is not of the same form as the
other actions. It does not consist of some N oor some N/m® that could be added to the dead
weight or to the wind load. The fire action consists of indirect effects of actions induced in the
structure by differential and/or restrained thermal expansion. Whether and how these effects
have to be taken into account is discussed in Section 2.

Tahle Al1.3 of Eurocode 0 (EN 1990, 2002) indicates that. for buildings, yo4 = 1,00,
Table 2-1 given here is from Table Al.l of Eurccode 0 (EN 1990, 2002) and gives the

relevant w factors for the fire situation in buildings,

Teebie 2-10 coeflicients for combination yjor buildings

Action W e

Imposed load in buildings
category A: domestic, residential 0.5 0.3
category B: offices 0.5 0.3
category C: congregation areas 0.7 0.6
category [J: shopping 0.7 0.6
category E: storage 1.9 _ .8

Traffic loads in buildings

category F: vehicle weight < 30kN 0.7 | 0.6
category (31 30kN < vehicle weight < [60kN (1.5 | 0.3
category H: roofs (.0 0.0
snow loads for H < 1000 m ams] (0.2 0.0
Wind loads (1.5 0.0
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The design values of the material properties, X4, arc described for each material n the
Eurocode 2-1-2. The general equation is equation 2.6.

X ——t (2.6)

with y,, , . the partial salety factor for material property in fire design, being normally taken
as 1.00L

The rationale for using 1,00 as a partial safety factor for material properties and for the
actions lies in the theory of conditional probabilities. Let us assume that the probability of
failure at amhient condition meets a particular target value, for example 7.23 x 107, This can
be expressed by equation 2.7.

P(failure at ambient conditions) = Target Value (2.7)

The probability that the structure ever fails in a fire 1s the product of two probabilities: the
probability that a severe fire occurs and the probability that this fire causes failure, see
equation 2.8

P(failure in fire conditinon) = Pthere is a fire) x P{failure caused by this fire) (2.5)
This probability has to meet the same target value as the one chosen at ambient
temperature, sec equation 2.9,

Pifailure in fire condition) = Target value (2.9)
Equation 2.10 can then be written immediately from 2.8 and 2.9,

P(failtre caused by the fire) < Target value / Plrhere is a fire) 2.10)

Because the probability that there will ever be a fire during the lifetime of a structure 1s
smaller than 1.00, the probability that failure is caused by this fire 1s allowed to be higher than
the probabilily of failure at ambient temperature (and the probability of failure from a fire
during the lifetime of the structure will anyway be the same as the probability of failure at
ambient temperature). This is why more favourable values of the partial safety factors are
used in the fire situation, as well as in any accidental situation.

Eurocode 2-1-2 also describes how the resistance, R4 based on these material properties.,
15 caleulated.

2.3.2 Influence of time

When designing a concrele structure at room temperature, the design value of the
compressive strength is calculated by dividing the characteristic value by the partial safety
factor. A multiplicative factor o = 1.0 may be taken into account (0.85 for example) to
calculate the value of the compressive strength that will finally be used, see equation 2.11
(EN1992-1-1. 2004).

fog = G fou=0,—25 (2.11)

This factor accounts for the fact that the characteristic value of the compressive strength is
determined from tests that are made within a certain time scale, usually some seconds or
minutes. that is by several orders of magnitude smaller than the normal lifetime of concrete
structures, typically several decades. [T the compressive loading on the concrete specimen
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could be maimntained for a sufficiently long duration (but this would be unreahstic), the
resistance would be smaller, in the order of 0 to 20% lower.

Because the duration of a typical fire, several minutes or a few hours, is closer to the
duration of experimental tests than to the lifetime of the structure, this factor .. is not taken
into account for a design in the fire situation.

The same would not hold, for concrete structures that are submitted to elevated
temperatures during a very long duration such as, for example, industrial furnaces. For such a
situation, it would be wise to determine experimentally the value of the factor o, at clevated
temperature and certainly not assume that it keeps the same value as at room lemperature.

The age of the structure that has to be considered for the fire design depends on the
objectives of the design. If the objective is to save the life of the occupants, the design must
be made at the date of first oceupancy. This will cover any situation later in time because the
strength of conecrete has a tendency to increase with time, whereas the moisture content that
may trigger the phenomenon of spalling usually decreases with time. Verifications at a later
stage might be envisaged for prestressed structures,

If the ohjective is to protect the worker on the construction site. verification at an early age
can be done, but a lower safety level could be taken into account owing to the temporary
duration of the risk.
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3 Sectional analysis
3.1 Introduction

Sectional analysis of R/C members subjected w a fire 15 of fundamental importance to
quantify the safety level of any given structural member without - or with limited -
redistribution capacity. However, in spite of the many studies devoted so far to sectional
analysis, a number of topics are still open to discussion. For instance. whether nonlinear
analysis with proper strain limitations can be extended to a fire situation, and whether the
eigenstresses due to the thermal gradients can be neglected are two questions stull o be
answered. In this chapter, four 1ssues are addressed: (a) the use of nonlinear analysis
implemented with simplified constitutive laws, as an alternative to realistic {(but more
complex) laws, at room temperature (EN 1992-1-1); (b) the use of incremental-iterative
procedures (“exact” method) and nonhinear analysis in fire conditions; (c) the validity of the
well-known 500°C-isotherm method (EN 1992-1-2), in fire conditions, under an eccentric
axial force; and (d) the relevance of the eigenstresses generated by the thermal gradients.

3.2 Nonlinear analysis applied to R/C sections under fire

The bearing capacity of R/C sections subjected to a fire is usually evaluated by means of
different approaches:

* by using tabulated data (first-level method, see EN 1992-1-2, Section 5);

* by using the 500°C-isotherm method (see EN 1992-1-2, Annex BI1) or the zone method
(see EN 1992-1-2, Annex B2). both being second-level methods:

* by using stress-strain, lemperature-dependent laws, such as those proposed in EN 1992-1-
2, section 3.2.2.1. within the framework of an incremental-iterative procedure (third-level

method).

In all cases, the thermal analysis is carried oul before the mechanical analysis, since the
thermal propertics are hardly affected by the load-induced stresses. Moreover, the effects that
the reinforcement has on the thermal field are neglected in most cases since the high thermal
diffusivity of the steel always guarantees the thermal equilibrium between the bars and the
surrounding  concrete  (Tey = Tomnerse).  However, in some  cases with  densely-spaced
reinforcement and rather small covers the heat transfer through the bars cannot be
disregarded,

When applying the S00°C 1sotherm or the zone methods, since the thermal field is not
explicitly introduced i each point of the section, the thermal strains ensuing from the heating
process are neglected. On the contrary, when using advanced methods (EN 1992-1-2, 4.3.3),
where the temperature in cach point is explicitly introduced, 1t is possible to account for the
free thermal strains and the resulting eigenstresses.

3.2.1 Tabulated data

The tabulated data are based on past experience and on the theoretical evaluation of tests
(Naranayan and Beeby, 2005). These data provide a set of admissible values for the main
geomelric parameters of a section, including the cover of the reinforcement, as a function of
the fire duration that the element is required to withstand. This approach allows the designer

" by Patrick Bamonte and Alberto Meda
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to give a quick response in many practical cases with well-defined boundary conditions; on
the other hand, this approach does not allow the designer to refer to materials™ properties and
fire scenarios other than ordinary concrete and the standard ISO834 Fire Curve. Neither the
mechanical, nor the thermal aspects of the problem are explicitly addressed by this approach.

3.2.2 Reference-isotherm method (300°C isotherm)

The “reference-isotherm™ method (or “effective-section”™ method) is based on the
assumption that concrete is fully damaged above the temperature of 500°C, while it is fully
etfective (fully undamaged) for temperatures below 300°C (Fig. 3-1). On the contrary, the
mechanical decay of the reinforcing steel is explicitly mtroduced.

This method can be applied within the context of nonlinear analysis, by assuming the
parabola-rectangle stress-strain curve at ambient temperature for the concrete, with the usual
strain limitations, and by considering only the undamaged part of the concrete section (the
“effective section”, which is the part of the section enveloped by the isothermal line 300°C,
Fig. 3-1. Anderberg and Thelandersson, 1976).

This handy method 15 based on reasonable assumptions, and was originally devised for
R/C sections subjected to pure bending, where the failure is generally controlled by the
vielding of the tensile reinforcement. The possible extension to sections subjected to an
cecentric axial force is still under discussion (Bamonte and Meda, 2005) and has to be
considered carefully,

¥ ¥ ¥
offective section 4 !
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o= 20C)

] T=Tix=0 v 1

Fig 3-1; The 300°C isotherm method applied to o rectangndar section hieated on three sides

3.2.3 Zone method

The zone method retains the philosophy of the 500°C-isotherm method. but considers a
more complex and realistic reduced section. whose dimensions depend on the temperature
distribution (Fig. 3-2). Also the characteristics of the concrete in the reduced section
(compressive strength and Young's modulus) depend on the temperature distribution. In order
to perform the calculation, the section is divided inte a finite number of zones (= 3). The
temperature is determined in the centroid of each zone, on the basis of the thermal analysis.
The method is more complex than the 300°C-isotherm method, but yields better results
(Naranayan and Beeby, 2005), especially m the case of pure compression. Moreover, the
method allows to consider second order effects, by introducing proper correction coefficients.
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324 Exact method — Incremental-iterative procedure

The incremental-iterative procedure is based on the temperature-dependent stress-strain
curves, such as those proposed in EN 1992-1-2, Section 3.2.2.1. At first a thermal analysis is
performed 1 order to determine the temperature distribution in the section, and thus the level
of the thermal damage at each point, for any miven fire duration. The mechamcal properties of
concrete and steel in each point can then be related to the maximum temperature reached
locally (see for instance the decay suggested in EN 1992-1-2 for different types of concrete
and steel), by means of the temperature-dependent stress-strain curves, In this way, the
section 1s considered as a composite section, consisting of many different materials, whose
properties and spatial distribution are related to the thermal field.

The next step 1s to determine the maximum value of the bending moment M, for any
given value N, of the axial force, on the basis of the moment-curvature diagram of the section
in question. This calculation 1s performed for different values of N,; the resulting couples of
values (N:M,) identify as many points in the M-N domain and the interaction envelope is
obtained by connectmg these points.

An example of this procedure 15 shown in Figs. 3-3a and 3-3b, where the bearing capacity
of a square section (300 =300 mm. 4016 rebars; f. = 30 MPa. f, = 500 MPa, siliceous
aggregates) is evaluated at room temperature (Fig. 3-3a), starting from the moment-curvature
diagrams corresponding to as many values of the axial toree acting on the section. In Fig, 3-
3b, the bearing capacity is evaluated for different values of the fire duration, starting from the
moment-curvature diagrams corresponding to the same value of the axial force (N, = 500
kN). In working out the thermal fields of the section, reference was made to the mean value
between the upper and the lower limit curves suggested for the conductivity A by EN 1992-1-
2 (EN 1992-1-2, 3.3.3). The other values of the thermal properties were taken according to
Table 3-1 {see EN 1992-1-2, 3.3).
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Tahle 3-1; Materials properiies assumed in the thermal analvsis

T[C) p [kgim’] ¢ [kgJ/K] 7 [WimK]
20 2400 a0a 1.64
100 2400 900 1.50
200 2352 1000 1.33
300 2316 1050 118
400 2280 1100 1.05
500 2258 1100 0.93
BO0 2238 1100 0.83
700 2217 1100 0.75
BOO 2195 1100 0,68
900 2175 1100 0.63
1000 2154 1100 0.59
1100 2133 1100 0.58
1200 2112 1100 0.57
160 = =
W=aaoele .
120 W =500 kN ] E—— IZGIIJmI: 00 % S.DG mm
E o T i L
Z a0 -
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A N = -200 kN 0
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b= 180
ﬂ | T ] T
0 0.0001
# [mm]

This procedure is rather time consuming and burdensome for practical design, when
compared with the previous methods (500°C-isotherm and zone methods). Nevertheless,
nonlinear analysis based on strain limitations cannot be used with the stress-strain curve
proposed in EN 1992-1-2, Section 3.2.2.1 (Fig. 3-4, dash-dotted curve, with the softening
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Fig 3-3: Examples of the application of the incremental-iterative procedure at rovnn femperature (el and for
different values of the fire durvation (h)
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branch characterized by large strains and decreasing strength), because the attainment of the
ultimate strains in onc of the two materials does not correspond - in general - to the attainment
of the ultimate bearing capacity (= maximum load-bearing capacity). In fact, when the
ultimate strain is reached in the top concrete fiber, most of the section has already undergone
unloading and exhibits stress values which are lower than the peak stress f..
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Fig. 3-d: Steess-straln diageams for concrele al room temperative proposed in EN JOU2- -] (PR = Parabola-
Rectanale and Savalng and i EN J992-1-2 (Fee Divion)

Fig, 3-5 shows the three different M-N interaction envelopes, oblained by means of
nonlinear analysis (i.e. by imposing strain limitations on both steel and concrete), according to
the three constitutive laws plotted in Fig. 3-4 (parabola-rectangle diagram = continuous curve:
Sargin diagram = dashed curve; EN 1992-1-2 Diagram = dash-dotted curve). It clearly
appears that the results are completely different, and that the bearing capacity ol the section 15
greatly underestimated when a constitutive law characterized by a fully-extended softening
branch is used.

M [kNm]

80 +—— 71— e

=500 0 00 1000 1500 2000 2500 3000 3500
N [kN]

Fig. 3-5: Imteraction envelopes for o squave section (30005 300 mm, $616 rehars: f. = 30 MPa; §, = 500 MPa,
net cover = 30 mm, see Fig, 3-3a) oliained v wving nonlinear analysiy, with three different siress-
steain velationships for concrete (P-R = Parabola-Rectanele)
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Although the bearing capacity in pure bending (point A) and in pure compression {point
B) are almost the same in all cases (the slight differences in point B depend on the steel stress
al ultimate), it 1s worth noting that the negative part of the dash-dotted curve (negative
bending moment) 1s meaningless. Of course, the underevaluation of the sectional capacity 15
avoided if the EC2-Fire curve is used properly, i.e. by adopting the afore-mentioned
incremental-iterative procedure. '

It seems that in order to achieve a reliable result with non-linear analyses, the incremental
iterative procedure will have to be followed.

3.3 Reference-isotherm method versus exact method

In the following, a comparison between the 300°C-isotherm and the exact method is
carried out, by considering different R/C sections (Fig. 3-6), with the sides totally or partially
cxposed to the fire. The effects of the thermal strams (and ensuing eigensiresses) are
neglected in all cases, in order to allow a consistent comparison and to limit the number of the
paramelers coming into play.
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- — —k
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L L Y |5
Saction 1 Saction 2 Section 3 Section 4

Fig 3-60 Reference sections considered in this sty

To this purpose, reference is made to an ordinary concrete (F = 30 MPa) and to an equally
ordinary steel (£, =500 MPa); furthermore, all sections have almost the same steel rauo
(p. = 1%). Since the zone method 15 a sort of extension of the 500°C-1sotherm method, only
the latter 1s considered in the following.

The envelopes of Fig, 3-7 show that the larger the fire duration. the worse the agreement
between the 300°C-isotherm method and the exact method, particularly under large axial
forces. OF course the two methods give almost the same results in the case of large sections,
since these sections are less lemperature-sensitive. However the bearing capacity n pure
compression is still somewhat overesumated by the isotherm method. In Fig. 3-7 the sides
exposed to the fire are indicated by means of dashed lines in the inserts.

3.4 An alternative method based on strain limitations

The findings of the previous paragraphs clearly show that by introducing sustable
temperature-dependent stress-strain curves (devoid of any softening branch or with a limited
softering branch, Figs. 3-4 and 3-5) it is possible to use the simple nonlinear analysis
approach instead of the more complex incremental-iterative procedure. These curves (see for
instance the P-R curve in Fig, 3-4) do not represent the actual behavior of the concrete and
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have to be validated against either the incremental-iterative procedure or appropriate test
results. as was originally done with the parabola-rectangle curve (Eibl. 1995).
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Fig. 3-7: Comparison befween the 5007 isotherm and the exact method for differen five exposures fa be) and
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Ly

In the following, an extension of the well-known method based on strain limitations
(commonly used at room temperature) is proposed. For each fire duration, a number of linear
strain profiles. all respectful of the ultimate strain in the reinforcement and in the concrete
(6 and £4'). is considered. Since the concrete becomes more ductile with increasing
temperature, it 15 sufticient to respect the ultimate strains along the coldest (and thus less
ductile) chord to guarantee the respeet of the ultimate strain in any other point. In the case of
square sections heated on four sides the coldest chord is the mean chord (Fig. 3-8a). As in the
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case of nonlinear analysis at room temperature, the strain profiles belong to three zonecs

(Fig. 3-8b):

e Zone |, ranging from the hne 1y, which represents the failure in pure tension, to |, which
corresponds to the simultaneous attainment of the ultimate strain in the bottom steel laver
(point P} and in the top concrete fiber (point R): the fixed point of the strain profiles is P
(= pivot); .

o Zone 2. ranging [rom 1) to | where the fixed point is R. until the strain profile becomes
tangent to the ultimate-strain profile of the concrete; the strain profiles rotate around the
pivot R:

e Zone 3, ranging from 15 to 15: there is no fixed point for the strain profiles, but the pivol 5
moves along the ultimate strain profile, from R to Q.

Since in Zone 3 the pivot moves, this method has been called “mobile-pivot method”
(Meda et al.. 2002). It is worth noting that - as long as the temperature gradient 15 low at the
periphery of the section - Zone 2 does exist. but it disappears when the temperature gradient is
high (generally the gradient grows with the environmental temperature), For any linear strain-
profile along the mean chord. the strain at each point of the section can be evaluated.
assuming that plane sections remain plane. As a consequence. the stress distribution can he
determined by using the local temperature-dependent a-g. curves, and N, and M, can be
evaluated by integrating the stresses.

Saction .

" —

{a) (h)

Frg 3-8 fay Temperature profile along the coldest chord in a square section heated on four sides) and (8
varions strain profiles on the section, cdrresponding to as many wltimate Siuations

The temperature-dependent stress-strain curves. used in the [ollowing within the
framework of nonlinear analysis. have been worked out on the basis of a best-fitling
procedure apphed o the N-M, interaction envelopes previously calculated by means of the
exact method. for different values of the fire duration: for each stress-strain curve the two
parameters determined by means of the best-fitting analvsis are the peak stress (" and the
ultimate strain &, . while the strain &' comresponding to the peak stress f.' was given the
values suggested in EN 1992-1-2. Reference was made to different sections (square.
rectangular and circular, Fig, 3-6). always heated on all sides. in order o simplify the problem
in terms of svmmetry conditions. The resulting stress-strain diagrams (Fig. 3-9) are compared
with the curves exhibiting a complete softening branch proposed in EN 1992-1-2_ [t is worth
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noting that - since the monotonous curves have a horizontal plateau corresponding to the peak
stress - the ultimate strains are smaller.
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Fig 3-9: (a) Temperanre-dependent siress-strain diagrams for the concrete, 1o be psed with strain fimitatin

ararlysis foontimotey cuvves), and stress-sealn diaorams proposed fn EN (992- 122 tdashed corves), o
b wsed with an eremental-tterative pracednre {exact method): (8 peak and wltimate strains of the
stresy=sirain curves on the left

The results obtained with the proposed method in the case of Section | are compared with
those obtained with the exact method in Fig. 3-10a. Especially for the largest values of the fire
duration, there is a very good agreement between the exact method and the proposed method,
whereas the “effective section” method markedly underestimates the bearing capacity, as
already stressed in the previous paragraphs. Similar results (Fig. 3-10h) were obtamed in the
ease of a larger square section (Scetion 2 in Fig. 3-6). The agreement is still very good
particularly when the fire duration exceeds 120°; however, it is fair to say that also the 500°C-
isatherm method is very accurate in this case, but this is nothing new. since the larger the
section, the smaller the sensitivity to the fire. The advantage of the mobile-pivot method is
that, for each value of the fire duration, it is on the safe side. whereas the S00°C-isotherm
method overestimates the bearing capacity in pure compression, as mentioned betore (see
Fig. 3-7d).
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3.5 The role of the thermal strains

Finally. some words should be devoted to the influence of the thermal deformations and
whether they should be taken into account when evaluating the bearing capacity of a given
section. .

Including the eftect of the thermal strains requires a clear understanding of the various
assumptions concerning the different strain components acting on the section, 1.e. the total
strain g, the thermal strain gy, and the stress-induced strain £, the last one bemng the part of
the deformation associated with the state of stress. More specifically

I, the hypothesis that plane sections remain plane 1s still valid, but with reference to the
total strain £g,;

the usual nonlinear analysis with strain limitations can still be applied, provided that
the limitations are referred to the stress-induced strain g..

1=

In the case of moment-curvature diagrams the following procedure 15 applied:

e areference value of the curvature y is introduced:

o a tentative deformation gy 15 assumed in the centroid of the section and the
corresponding total deformation &, 15 determined in each point of the section;

e the correspending stress-induced deformation g; is determined at each point of the
section:

Eq = Etal = Eih

e the value of the stress o 18 determined at each point, by using the constitutive laws
given in the EN 1992-1-2:

e the internal actions N and M are calculated;

e the procedure is repeated until equilibrium in the axial direction is achieved within the
required tolerance and within the limits concerning the stress-induced strains.

The incremental-iterative analysis including the thermal deformations was applied to the
reference square section of Fig. 3-6a, for different values of the fire duration and for various
exposures. The corresponding results are shown in Fig. 3-11 (dotted curves), where they are
compared with the previous results, obtained by neglecting the thermal deformations
(continuous curves, exact method). [t is clear that the highest influence is played by the fire
exposure: 1f' the number of the exposed sides increases, the differences tend to become
negligible (Fig. 3-11a), whereas they are no longer margimal if only one side is exposed to fire
(Fig. 3-11b). On the contrary, the fire duration does not seem to play a major role. Morcover,
it 15 worth observing that, with the exception of a small part of the interaction envelopes for
one-side exposure, the M-N domains obtained by neglecting the thermal deformations are
always contained nside the dotted curves. Summing up, it is confirmed that the thermal
strains and the ensuing eigenstresses can be neglected when evaluating the bearing capacity of
a R/C section in fire.

For the sake of completeness, in Fig. 3-12 the temperatures and the eigenstresses acting
along the median and diagenal lines of the square section of Fig, 3-6 are plotted for three
values of the fire duration (60", 120" and 1807). In all cases, the stress peaks are extended o
very limited zones and do not exceed 2.5 MPa in compression for a 60° fire exposure (Fig, 3-
12a) and 2 MPa for 120" and 180" (Fig. 3-12b).
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3.6 Conclusions

Sectional analysis in fire conditions can be performed in different ways, by using the
“reference-isotherm™ method (generally based on the isotherm 500°C). the “zone” method.
the “exact” method or the “mobile-pivot”™ method, the last being an extension ol the method
generally used in the design of R/C sections at room temperature.

The first two methods are based on rather crude assumptions, that make them simple and
designer-friendly. [lowever, these methods are either too conservative under an cccentric
axial force and for laree values of the fire duration. or even unsafe (in the case of small
eccentricities).

The exact method requires the introduction of realistic stress-strain curves for the concrete
(like the softening curves given in EC2-Fire Design) and the evaluation of the moment-
curvature diagrams of the given section. Then, by means of a rather time-consuming and
burdensome iterative procedure, the M, value can be worked out for any given value ol N,

The strain-limitation method is based on simple monotonous stress-strain curves, that are
the extension of the well-known parabola-rectangle curve used in the design at room
temperature. Each curve is valid for a given value ol the emperature. After (a) the thermal
analysis of the section has been performed for a given value of the fire duration; (b) the
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“coldest” chord of the section has been identified: {¢) the ultimate strain along this chord has
been plotted: and (d) a number ol linear strain profiles have been plotted along the coldest
chord, so as 1o respect the ultimate strain in cach point of the section, the stresses can be
worked out for each strain profile. and - by integration — M, and N, can be cvaluated. For
each strain profile there is a single couple of values for M, and N,. The couples M,-N, make
it possible to draw the envelope for the given value-of the fire duration. This method does not
require iterative procedures and is as reliable as the exact method. provided that a suitable set
of monotonous, temperature-dependent stress-strain curves is available for the concrete.
These curves can be easily worked out from the softening curves proposed by the Fire Design
Code.

Sectional analysis is sufficient to investigate the fire resistance of statically-determinate
structures, but loses most of s significance in redundant structures (Biondini and Nero.
2006). where the redistribution of the internal forces from the sections with the “hot™ tension
reinforcement at the bottom to the sections with the “cold” tension reinforcement at the top is
generally sizable. However, even if' a more comprehensive analvsis is needed in redundant
structures, sectional analysis remains a first necessary step to understand whether the design
of the section is sound in terms of fire resistance,

Finally. the thermal strains and the resulting thermal sell=stresses have been investipated.
The results obtained in the typical case of a square section healed along four sides confirm
that the effects of the self-stresses on the M-N,, envelopes are minimal. This is a confirmation
of the assumption commonly introduced in Fire Design. that the thermal self-stresses can be
neglected.
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4 Structural behaviour of continuous beams and frames

4.1 Introduction

Member analysis is the main verification method suggested by Eurocode 2 (EN1992-1-2,
2094} It is in fact stated (point 2.4.1 of the code) that member analysis is sufficient to verify
standard fire-resistance criteria. The verification by means of member analysis consists of
gomparing the design forces (bending moment, axial force and shear force) against the
resisting forces, where the former are computed at ambient temperature, while the latter are
eviluated by means of simplified methods, that consider the prescribed fire duration, as
shown in Chapter 3

The main objection rmsed against member analysis 15 that, by computing the design
forces at ambient temperature, indirect actions arising in the structure due to thermal
expansion arc not taken into consideration, and that the time-dependent response of the
structure 1s neglected. In statically-determinate members this objection appears to be hardly
relevant. However, in statically-indeterminate members, member analysis could, in principle,
lead to non-conservative results.

In fixed-end beams, the thermal gradient induces a constant bending-moment that
generates tension on the side opposite ta the heated face of the beam. This moment might in
principle lead to an anticipated collapse of beam end sections.

In axially-restrained beams, a compressive axial force is imduced i the beam due o the
mhibited expansion, The effect of this axial force. combined with the considerable deflection
arising during the fire, induces second-order effects, that may be relevant and may anticipate
member collapse.

In frames, the continuity of the beams with the columns may induce a non neeligible axial
force in the beams, that in turn may generate high shear forces in the columns and trigger an
anticipated shear collapse, as often observed in real fires.

To overcome these problems, EC2 suggests the possibility of carrving out the analysis of
apart or of the complete structure subjected to the fire.

In the present Chapter, the behaviour (a) of a set of fixed-end beams with different
sections and variable axial restraints, and (b) of a set of plane frames 15 discussed. The

“ purpose of the study is: (i) to establish whether the axial restraint and second-order effects

play a significant role in the structural response under fire; (11) to check whether the effects of
axial restramnts can be safely neglected i carrying out the strength vertfications ol a beam
under fire (criterion R); and (iit) to serve as the basis for the development of simplified
plastic-verification procedures, that may be a valuable substitute to th analysis of a structural
sub-assembly.

The analyses have been performed by using the materials models suggested in EC 2 and
by assuming a standard lire scenario (1S0-834).

4.2 Modelling

The behaviour of R/C beams and frames exposed to fire 15 mvestigated by means of the
Finite Element Method, by adopting a tiber-element model similar to those adopted in most
FE codes for fire analysis (Franssen 2005, Riva 2005), implemented into the commercial code
ABAQUS (HKS 2003).

“hy Paolo Riva
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In the proposed model (Fig. 4-1), the beams are subdivided into elements having a length
equal to the smaller of either the stirrup spacing, or the beam depth, Each beam element is
divided into non-linear fiber sub-clements, exhibiting only a monoaxial behaviour. The
Navier-Bernoulli hypothesis 1s enforced on the element end-sections, thus enabling the
clement to represent both the bi-axial bending and the axial force. Shear and torsion are
transferred between two contiguous elements by means of a set of lincar springs, representing
the elastic shear and torsion stiffnesses. Hence, the axial force and the bending moment are
uncoupled trom shear and torsion.

Any mechanical and thermal constitutive law may be adopted for the fibre sub-elements
representing the concrete and the reinforcing bars.

The structural responses of R/C beams and frames under fire conditions arc computed on
the basis of the fibre sub-elements temperature history. that is determined by means of an
uncoupled FE transient thermal analysis where the mesh coincides with that of the stress
analysis (i.e. the number of elements and the position of their centroids coincides in both the
thermal and mechanical analyses). Should the fire scenario be constant all over the entire
structural element (either a beam or a column. cach of constant section), the thermal analysis
would be greatly simplified, since 2D modelling can be adopted for the cross-section, and the
same temperature distribution holds for all the sections of the structural element,

In the analyses presented in the following, the mechanical properties of concrete and
remforeing steel sub-elements have been taken from EC 2 as a function of the temperature
(Fig. 1).

Concerning concrete in compression, one should remember that the EC2 maodel 15 a
purely phenomenological model, aimed at structural analysis. It does not introduce exphcitly
LITS (Load-Induced Thermal Strain), which 1s defined as the sum of the mechanical and total
creep-stram, the latter including (a) the transitional thermal creep, (b) the basic creep and (c)
the drymg creep. Instead, the constitutive law is defined in terms of stress-vs- strain,
according to Anderberg’s work (Anderberg and Thelandersson 1976). From the definitions, it
appears that the EC2 curves may be seen as stress-vs-total strain curves, rather than stress-vs-
mechanical stram curves.

To demonstrate this statement, the response of a concrete specimen subjected to constant
compression stress up to failure under an 1SO 834 fire was studied by using either the EC2
model and Terro’s model (Terro 1998), which expheitly introduces LITS and mechanical
strains. The results, shown in Fig. 4-2, demonstrate that the strain histories obtained with the
EC2 formulation shghtly underestimate the total strain (and LITS). even though the overall
behaviour 15 similar. The results confirm that EC2 constitutive law may be adopted in
structural analvsis, provided that it is treated as a stress-vs-total straim law, 115 inherent
limitation being that the mechanical strains cannot be separated from transient-creep
contribution. It follows that EC2 formulation 15 a viable tool in assessing structural safety, but
cannot be used whenever transient creep effects have to be studied in detail. Furthermore,
EC2 model 15 much simpler and can be more easily implemented than the models based on
the explicit introduction of transient creep. However, the use of EC2 model 1s limited to beam
analysis. A further limitation of the EC2 model concerns conerete spalling, which is not
considered. More gencral models, applicable to any structure in fire conditions, are described
in fith Bulletin 38 (2007).

As for concrete behaviour in tension, the post-cracking response has been modelled by
means of a cohesive crack model, on the assumption that (a) the crack spacing 15 equal to the
element length (= stirrup spacing), and (b) the decay of the tensile strength with temperature
agrees with EC 2. Finally, a small residual tensile strength (0.05f,) has been assumed for
numerical-stability purposes. However, it should be observed that concrete behaviour in
tension has often a limited influence on the overall bending response of R/C structures,
particularly with respect to the ultimate limit state.
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The thermal analysis 1s performed by adopting the material properties (concrete mass per
unit volume, specific heat and thermal conductivity) suggested by EC 2 (Figs. 4-3b-d), while

the standard 150-834 temperature-time curve is used (Fig. 4-3a) for the fire scenario. Finally,
the presence of the remforcement has been neglected n the thermal analysis, and the
reinforcement temperature has been assumed equal to the concrete temperature m the centroid
of each bar. ’
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The numerical procedure is summarized in the following:

I. The FE mesh of the given structure is defined for both the thermal and static analyses;

2. The transient thermal analysis is performed in accordance with the given fire scenario,
in order to determine the thermal field in the structure at fixed time intervals (c.g.
every 2');

3. The nitial static conditions at ambient tempierature (20 °C) are determined by carrying
out the static analysis under the applied loads (v6aGr + yi70aQu = Gy + 0,30y,
according to EC 1);

4. The structural response under fire conditions is computed. by applying the previously
determined temperature history and distribution. The analysis is carried out until either
the desired time of fire exposure (for instance 60°) or the structural collapse is reached
(Le. when equilibrium conditions are no longer satisfied or the analysis no longer

converges).
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Fig 4-2: Uowerete specimens under constant compression and subjected to 150 834 fire: comparisen of EC2
and Teveo s consimeive laws for different stress fevels eoncrete =30 MPay
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Fig: 4-3: 150 834 fire and concrete tiermal properties (FC2 2005)
4.3 Parametric study

In order to study the effects that the end restraints have on tvpical beams and frames
subjected to [SO-834 fire, a parametric study was carried oul as described in the following,

4.3.1 Parametric study of heams

The behaviour of a set of fixed-end beams with a variable axial restraint has been
investigated with the proposed model. This investi gation was aimed at elarifying the influence
of the boundary conditions when a continuous beam is subjected to a fire along one of its
spans (the fire compartment), while the rfemaining spans are in ordinary environmental
conditions and behave as an axial and bending restraint of constant stiffness.

The beams have three different sections (T, rectangular and rectangular representing a
strip of a one-way slab), two span lengths (6 m and 9 m) and four values of the axial restraint
{equal to infinity, EA/L. EA/3L, zero, where A and L are the beam sectional area and the span
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length, respectively). The axial restraint stiffhess was chosen so as to represent a continuous
beam of either one. two, four, or an mfinite number of spans, fully restrained at the ends.

The design of the beams was carried out according to EC 2. In order to obtain a
reinforcement arrangement representing the inner span of a continuous beam. some degree of
redistribution was adopted.

The analyses have been performed by considéring large displacements, thus introducing
second-order effects, that are directly related to the axial stiffness. The full set of beams is
summarized in Fig. 4-4,

The results of the tests carried out on the 6m-beams with rectangular section are here
discussed. Some relevant observations concerning also the other sections are reported 1n the
conclusions of the present sub-chapter. The complete set of results of the parametric study are
reported in Appendix 4.

The beams have a rectangular section with width and depth b=350 mm and h=300 mm.
respectively. The design was carried out according to EC2, assuming for the loads the values

shown m Fig, 4-4. Fire resistance was vertfied with the tabulated method, by assuming 607 of

fire exposure (R60). The reinforcement in the critical sections is shown in Fig, 4-4.

The thermal analysis was carried out considering the fire as acting on three sides. the
fourth being in adiabatic conditions (Fig. 4-4), as it would approximately occur when the
beam supports a floor. The results of the thermal analysis are illustrated n Fig. 4-5 with
reference to three significant values of lire duration. Each beam section was divided in
elements having dimensions 10x10 mm or 5x10 mm.

Fig. 4-6 illustrates the results when the axial restraint is equal to EA/L. The following
comments can be made:

s the collapse 1s reached after 1807, although the design fire rating was R60. proving that
the tabulated method leads to very conservative design solutions, at least when
compared to analytical results;

e the displacement after 1807 1s equal to 34.6 mm, twelve times larger than the initial one
(2.78 mm). Though the displacement has undergone a considerable increase, its value (=
L/60) sull respects the msulation requirements (1) and the mtegrity requirements (E).
EN199 | -1-2 (2004}

s after 30" of fire duration, the bending moment diagram shifts upward, due to the
constant negative bending moment generated by the thermal gradient, During this
period, no relevant stiffness degradation is observed in either the end- or span-sections.
as demonstrated by the moment-curvature (M-¢) diagrams (Figs, 4-5 h, i);

e between 307 and 607, a bending moment reduction at the end sections 1s observed,
together with an mcrease of the mud-span bending moment. This reduction 15 related to
the damage ol the ouler concrete lavers, that has twe effects: (i) a larger stiffness
degradation 15 observed m the end sections, compared to that of the mid-span section;
and (i1) the axial force has its centre of thrust located above the beam geometric axis,
thus generating a constant positive bending moment in the beam (as will be discussed
fater in more depth).
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o between 607 and 1207, due w the progressive damage of the beam and to the increasing
contribution of the axial force to the positive bending moment, the bending-moment
diagram shilts downward and its values approach the initial ones:

o the collapse is controlled by the end sections, as soon as thev reach their ultimate
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e the bending moment due to sccond-order effects increases almost linearly with time. and
after 1807 it is approximately 20% higher than the first order bending moment (Fig. 4-te).

* due to second-order effects, an increase ol the shear force in the sections close to the
fourths ol the span is observed. (Even if these zones are nol critical in shear at ambient
temperature. they may become critical at high temperature, and the shear reinforcement
may be no longer sufficient).

o the axial force increases rapidly in the first 30" of fire duration. Later, its increase is
much less significant due to concrete damage, From 307 to 180" the axial-force increase
is only 6% of the increase in the first 307, The axial force tends to move upward with
respect Lo beam axis because of the progression of concrete damage under fire:
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* the axial displacement increases rapidly during the first 307 of fire duration, Later it

g8 remains almost constant, with rather small values (close to 2.9mm):
L the beam deflection is only marginally affeeted by second-order effects, while the
collapse is anticipated (180 vs. 240" by considering only the first-order effects):
A1 ol ® the collapse occurs when end-section capacities are reached. because of excessive
=r concrete damage, :

* due to second-order effects, an increase of the shear force in the sections close to the
fourths of the span is observed. (Even if these zones are not critical in shear at ambient
temperature. they may become critical at high temperature, and the shear reinforcement
may be no longer suflicient).
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» the axial force increases rapidly in the first 307 of fire duration. Later, its increase is
much less significant due o conerete damage. From 307 1o 180" the axial-force increase
is only 6% ol the increase in the first 307, The axial force tends to move upward with
respect lo beam axis because of the progression of conerete damage under fire:

e the axial displacement increases rapidly during the first 307 of fire duration. Later it
remains almost constant, with rather small valaes (close to 2 9mm);

e the beam deflection is only marginally affected by second-order effects, while the

| collapse is anticipated (1807 vs. 2407 by considering only the first-order eflects);

e the collapse oceurs when end-section capacitics are reached. because of excessive

' concrete damage.
| Fig. 4-7 illustrates the influence that the axial restraint has on beam response. Some
comments;

e ihe axially-unrestrained beams exhibit much larger deflections (Fig. 4-7 b). whereas
axiallv-restrained beams cxhibit similar displacements, with a few differences only
during the first 30°, due to the rapid increase of the axial force (Fig. 4-7 ¢);

e in all cases. the axial force stabilizes after the lirst 307 and the axial restraint increases
beam resistance (R) 1o fire exposure:

e the axial displacement in unrestrained beams is one order of magnitude lareer than that
ol axially-restrained beams (Fig. 4-7 ¢);

e Figs. 4-7 d.e show that end sections reach their flexural capacity when the bending
moment ol the mid-span section is still far from the fexural capacity (50%):

e Fig. 4-7 f shows that. with the exception of the unrestrained beams {where the flexural
capacity tends to zero after 1207), the flexural capacity of the mid-span section reaches
its maximum value after 307, after which it tends to an almost constant value. equal to
the value at ambient temperature. This resull is a consequence ol the axial [oree:
because of concrete damage. the axial force becomes increasingly eccentric with respect
1o beam axis and produces a favourable positive bending moment in the beam:

e Fig. 4-7g shows that in the end sections the bending capacity initially increases
(because of the favourable effects of the axial force acting on the undamaged sections)
and then progressively decreases, because ol the damage in the compressed conerete:

e finally. Figs. 4-7 hi show the moment-curvature relations after 120" for the mid-span
and end sections, respectively, Only the unrestrained beams are close to collapse.
whereas the restrained beams still have a considerable safety margin.
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Figs, 4-8a.b show the bending moment-axial force (M-N) interaction curves for end and
mid-span sections. In the same figure. the bullets show the values of M and N at 120" for the
beams investigated in the parametric analysis. The results clearly demonstrate that the eritical

sections are always those over the supports.

With reference to the mid-span section (Fig. 4-8 b), the greater the fire exposure. the more
the shape of the interaction curves tends o become.similar to that of T beams. where the
axial capacity 1s reached for bending-moment values larger than zero. depending on the
section shape, I'or rectangular sections in fire conditions. this behaviour is due 0 the concrete
damage. that progresses Irom the outer lavers toward the centre and upper part of the section.
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Fig. 4-9 illustrates the effects that the different restraint stiffnesses have on the stress and

strain time-histories of a few significant points of the end and mid-span sections. Some
comments:

44

The maximum stress in the bottom [ibres of the end sections is reached after 30°. when
conerete 15 nearly undamaged. Up to this fire exposure, no relevant differences are observed
between the axially-restrained and -unrestrained beams. Later, fire-induced concrete damage
leads to a progressive decrease of the stress up to collapse, while the total strain keeps
increasing up to values approximately equal to 1% (Figs. 4-9 b, ¢). This behaviour
demonstrates that the effective section depth progressively decreases under fire conditions;
The stress and strain time-histories of the end-section top reinforcement (Figs. 4-9 d.¢)
demonstrate that after 307 the reinforcing steel of the unrestrained sections reaches the vield
plateau, whercas in axially-restrained beams the steel remains linear elastic throughout the
whole load history. due to the beneficial effects of the axial force. With regard to this point,
even a small degree of restraint is sufficient to prevent the top bars [rom vielding:
The stress-time histories of the bottom reinforcement at mid-span (Fig. 4-9 1) show that
initial load-induced tensile stress quickly decreases and then reverts to compression (after
less than 157 of fire exposure). the maximum compressive stress being reached after 307,
This behaviour is due to the combined effects of the rotational restraint. of the axial
restraint and of the Navier-Bernoulli hypothesis {plane sections remain plane). Because of
the rotational end-restraint, the thermal field induces a negative bending moment. that is
constant all along the beam. with compressive stresses in the bottom libres. The axial
restraint is responsible for further compressive stresses. that are zero in axiallv-
unrestrained  beams  (Fig. 4-9 ). Furthermore. the Navier-Bernoulli  hypothesis s
responsible of a self-cquilibrated stress distribution in the beam sections, with compressive
stresses in the bottom fibres and tensile stresses in the top fibres. In fact, the thermal field
induces in the sections a highly nonlinear strain distribution, that is not compatible with
the plane-section  hypothesis. Hence. mechanical strains are required to  enforce
compatibility in the section, or. in other words. to have a linear distribution of the strains
in the section. (ie. total strain lincarly distributed over the section) and to respect
equilibrium of internal lorces. Tt is interesting to observe that the enforcement of
compatibility leads to compression in the bottom fibres even in statically-determinate
beams. where the bending moment is constant throughout the loading history. Finally. the
maximum value of the compatibilitv-induced compressive stress in the bottom fibres
oceurs at a fire duration close to 30°, when the conerete 18 hardly damaged. Later. concrete
damage considerably increases in the bottom part of the section, and consequently the
mechanical strains required to enforce compatibility vield much lower stresses:
In all beams. after the first 307 the compressive stress in the steel decreases, and tends Lo
zeto the more the closer to collapse. Concerning the steel-strain time histories (Fig. 4-9 g).
the total steel strain is always positive (l.e. the steel is always stretched). Much larger
strain values are found for the axially unrestrained beams, while even the occurrence of a
small axial restraint limits steel clongations to a maximum of 0.4%:
The stress-time historics of the top conerete fibres in the mid-section (Fig, 4-9 h) show that.
in axially-unrestrained beams. the negative bending moment due to the thermal gradient
and the enforcement of the Navier-Bernulli hypothesis lead to a reduction of the
compressive stresses. (o such an extent that after 30° the compressive stress s almost zero.
These eflects are mitigated by the existence of an axial restraint. For k=EA/3L. the
compressive stress decreases up o a value almost equal to zero after 607, For larger values
of k. no reduction of the compressive stress is observed. and the maximum stress keeps
increasing up to collapse. Concerning the strain-time histories in the same fibre (Fig. 4-9 ).
one may observe that the thermal gradient leads to a tensile total strain in the axially-
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unrestramed beam, whereas in axially-restrained beams the axial restraint tends to dominate

the response. thus leading to increasing values of the initial total compression strain.

The effects that the section shape has on the structural behaviour in fire become evident if
Figs. 4-9 and 4-10 {one-way slab section) and Figs. 4-11 and 4-12 (T-section) are compared
with Figs. 4-3 and 4-6 (rectangular section).

The comparison of these figures confirms some previous observations lor all section
types. Some further comments:

o onc way slabs: a full bending-moment inversion is observed in the mid-span scetion:
should no top reinforcement be provided. an anticipated collapse of the mid-span section
may occur. with the beam behaving like two separated cantilevers:
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e one way slabs: due to second-order effects. the shear force may become higher than that at
the end sections, thus leading to a possible anticipated shear failure;

s axially restrained T-beams: these beams exhibit the smallest fire resistance. due to the
strength decay of the top slab. which is generally thin.

Finally, the beams with rectangular sections and dilferent span lengths (Figs. 4-6 and 4-13,
L = 6m and Ym) show that the span length has a limited role.
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Fig. 4-14. Effect of the axial restraint stiffness on the behaviour of a Ym span-rectangular boam
4.3.2 Parametric study of frames

The behaviour of a set of single-bay 2D fixed-joint frames. belonging 10 a multi-storey
building, has been studied in fire conditions. with the objective of clarifving to what extent
the structural response is affected by the section of the beam (rectangular section, T-section,
shallow section representing a one-way slab), the span (6m and 9m), and by the fire exposure
of the columns. Two different fire exposures were considered for the columns: fire on three
sides, with the fourth side at ambient temperature. and fire on one side. with the remaining
three sides at ambient temperature. The former case represents a column with the external side
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{lush with the wall of the compartment in fire, and the latter case a column with the internal
side flush with the wall of the compartment,

In the analyses. the existence of the upper {loors has been introduced by considering a
portion of the columns above the fire compartment. by assuming that the inflection points are
located at mid-height between two contiguous storeys. and hy applying to the columns the
axial forces (Ngg= 100 kN) representing the effects of the upper tloors. The dimensionless
value adopted for the axial forces acting on the columns is approximately equal to
Ve = Nag/(Acteq) = 0.30. The columns belonging to the upper floor, being outside the fire
compartment. are assumed Lo be at ambient temperature. Finally, the boundary conditions at
the base of the columns are characterized by full fixity.

The analyses have been performed by considering large displacements. thus ineluding
xam¢HMmfﬁmmfmeﬁmwshwﬂ@mﬂhﬂﬁsmﬂywe%mmﬁnﬁg44i

The results of the analysis carried out on a frame with a 6 m-span beam having
reetangular section and with the column heated on one side are discussed in the following.

The frame geometry and the reinforcement of the eritical sections are shown in Fi g 4-15,
The fire resistance was 60'(R60). according to the tabular method.

As usual, at first the thermal analysis was carried out. considering the fire as acting on
one side in the columns and on three sides in the beam. The results of the thermal analysis in
the beam are shown in Fig. 4-3, while the boundary conditions adopted for the column and the
results for 3 values of the fire duration are shown in Fig. 4-16. The mesh used in the
discretization of the sections was 10x10 mm.
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The results of the [rame analvsis are shown in Fig. 4-17. The lollowing comments can be

“made:

Both the bending moment and the shear inerease dramatically in the columns in the first
30°. because of the heating of the beam; however. no further increase is observed later,
because of the progressive damage of the beam, as already discussed in the previous
sections:

The bending moments in the lower columns increase approximately seven times
because of the thermal deformations of the beam ( elongation and end rotations). while
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the bending moments in the upper columns change sign. and their values become more
than twice as large as under ambient conditions:

The shear forces in the lower columns increase approximately four times w
ambient conditions; as a result, the columns lightly-reinforced in shear

ith respect to
— and under-

confined - may exhibit an anticipated shear failure. as often ohserved during real fires,

Howew

er, it is fair to observe that the FE model adopted in this study was not able 1o

describe shear failures. because of its inherent limitations:

As Tor the beam, no further comments can be added about the different
the axially-unrestrained and axial ly—restrained beams.

From a practical point of view. for the columns

adopted in seismic design seem to be suitable
closely- spaced closed stirrups (hoops) is
ductility in combined bending and axial fo
shown by Kodur et al. (2004),

behaviours of

detailing rules similar to those generally

also in fire design. In [fact. the adoption of
instrumental in improving section strength and
ree. and helps in controlling concrete spalling. as

Concerning the remaining beam sections. the same comments already made for the

axially-restrained beams still apply. As for the column
relevant differences were observed, except that the
is less pronounced. due to the smaller lemperature

The complete set of results of the parametric st
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subjected to fire on three sides, no

increase of the bending moment and shear
gradient in the column (Fig_ 4-18),
udy of frames is reported in Appendiy 4,
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Concluding remarks
Ihe following remarks can be drawn from the parametric analysis presented in this study:

o Neglecting the axial force in the design of R/C beams under fire conditions leads to a
conservative estimate of the fire resistance.

* The collapse of continuous R/C beams is generally controlled by the support sections,
where concrete damage may lead to anticipated section failures:

e Top reinforcement is required in the mid-span section of one-way slabs to avoid a
premature collapse of the slab,

 Second-order effects have a marginal influence on R/C members subjected to bending,
with the exception of one-way slabs, where second-order effects may induce shear
forces larger than those at ambient temperature.

* Negleeting the effects of beam thrust in the design of R/C frames may lead to highly
non-conservative results, because of the increasing bending and shear in the columns
during the first 30° of fire exposure. However. the thermal effects on bending and shear
depend on the type of the foundation adopted in column design, since, for instance,
1solated footings provide less rotational stiffhess than continuous foundation beams and
even less than 2D foundations mats. Consequently, bending and shear in fire increase
less in the first case.
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5 Plastic analysis of continuous beams

51 Introduction

- It is stated in Eurocode 2 (EN 1992-1-2, 2004 that is an important question is whether
load redistributions between different sections of a member in bending can be accepted in
case of fire, these redistributions being allowed by the plastic behaviour of both the
reinforcement and the concrete. One of the key condition for this plastic behaviour is the
ductility of the section, i.c. the capacity of the section to keep on developing the plastic
bending moment, when the curvature increases o very high values. This seems to be the case
according to some numerical examples that show how the ductility of a section tends to
nerease during a lire. For instance, the moment-curvature diagrams of a 160x400mm
rectangular concrete section heated on three sides are plotted in Fig. 5-1. Four curves are
]J_resentcd, namely at time ¢ = 07, 307, 60" and 90° of IS0 834 fire. In each case, a linear (L)
and a nonlinear (NL) descending branch has been considered for concrete stress-strain
diagram, with hardly any difference between the twor the nonlinear formulation yields a
slightly higher ductility than the linear formulation. Note that the ductility increases
significantly in a fire situation, as also observed in a 140 mm-thick slab, where ductility
increased much less than in beams.
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Fig 5-1 Moment-curvatire diggroms of @ rectanetdar section suhfected to IS0 834 five

The main difference between the hot and cold situations is the ratio between the ultimate
plastic moment and the first-yielding moment. This ratio is much higher in fire, which means
that much higher rotations have to take place before the full plastic moment 1s reached. This is
in no contradiction with what is eenerally observed during the laboratory tests, where the
failure of R/C structures is often accompanied by very large displacements.

The theory of plasticity gives a theoretical validation to the fact that several effects
leading to sclf-equilibrated stress distributions can be neglected in nonlinear numerical
analysis. Among these effects, (a) those occurring either m the constructipn phases or during
the service life at room temperature, before the fire starts (due for instance to shrinkage, creep
and thermal strains). and (b) those oceurring during the fire (due to creep and thermal
expansion) should be mentioned. A consequence of neglecting these effects is that the strains,

-
by Jean-Marc Franssen and aolo Riva
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stresses and tangent moduli that are computed in any given point of a structure arc only
approximate — or “mean” — values compared to the “true” values that would be computed if
all these effects were taken into account. The computed values are indeed based on the
hypothesis ol a virgin initial stress distribution, which is far from reality.

Neglecting these sclf-equilibrated stress distributions is subjected to some limitations,
since it is justified as long as the ensuing displacements are small. This is why the effects of
thermal expansion during the fire must be taken into account. The thermal strains can indeed
reach values up to 1% in steel and up to 1.4 % in concrete, these values being higher or of the
same order of magnitude of those occurring at the peak stress, depending on the temperature.

Another strain component that may affect deformations — second-order effects included —
in concrete structures submitted to fire is the transient-creep strain, Whether this component
has to be taken mnto account explicitly or implicitly is still a subject of debate. In the stress-
strain relationships presented in Eurocode 2, for example, transient-creep strains are
incorporated implicitly. Possible reasons why this apparently very simplified model yields
reasonable results are:

e the behaviour of a concrete structure is mainly dictated by the behaviour of the steel

bars, not by the behaviour of concrete;

e fransient creep is not absent from the afore-mentioned simplified model, since it is

introduced in an implicit manner;

¢ an expheit transient-creep model leads to different predictions compared to a simple

implicit model only when the material exhibits strain reversals or - more importantly -
when the temperature decreases.

These, plus the advantage of utilising a single, widely adopted general model, are
probably the reasons why the simple concrete model of Furocode 2 is so popular among the
designers in spite of its many limits.

Nevertheless, it should be noted that the evolution of the strain at the peak stress proposed
in the ENV version of Eurocode 2 has been found to be too stiff for representing transient
creep. In the revised EN version, the concrete model has been made somehow softer, in order
to improve the prediction of the deformations.

Dol Use of plastic analysis

The objective of plastic analysis is generally to evaluate the load-carrying capacity of a
beam. In the following, the fire resistance (R) of the beams analysed in Chapter 3 (concerning
the parametric study of continuous beams) is verified by means of Plastic Analysis fora 1207
fire duration. _

With reference to Fig. 5-2, according to plastic analysis the verification is positive if the
ultimate load at the requested fire duration 1s larger than the applicd load, at the onset of beam
collapse because of the formation of a suitable number of plastic hinges.
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Fig, 3-2: Verificarion by means af Plastic Aoty
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The plastic {e.g. ultimate) moments at critical sections may be determined according to
various sectional-analysis method. such as the constant-isothermal method or the zone
method. both supgested by EC2.

[n axially-unrestrained beams. the application of plastic analysis is straightforward and
generally leads to a conservative estimate of the ultimate load.

In case of axiallyv-restrained beams, the ultimate bending-moment value depends on the
axial force developed during the [ire. Accordingly. the axial-force value has 1o be estimated
prior to sectional analysis. based on fire effects and on the actual axial restraint of the beam.

An approximate estimate of the axial force, to he adopted in plastic analysis, can be
performed via the simplified procedure outlined below and shown in Fig. 5-3 (Riva, 2005):

s based on the resulis of the thermal analysis after a time t of exposure to the fire. the
average temperature distribution at each level along the section is determined as shown in
Fig. 5-3a and the average temperature in the section is found, as shown in Fig. 5-3b:

o the axial foree ensuing from the restrained thermal clongation under a constant
temperature distribution is evaluated by computing the normal stress oy, arising in a beam
of stifficss  Kiem = (EatmeA)V]L  axially  restrained by a spring  of stilTness
K =k(EcaecA)]l. as a consequence of an average thermal elongation €1 v, and
multiplying such a stress by 0.30A, A being the cross-section area of the beam (Figs. 3-3¢
and d). The value of the axial force determined in this way has been checked against the
results of the nonlincar parametric analysis (Chapter 3) and has been found to be - in
most cases - acceplable for design purposes,

o the plastic (i.e. ultimate) moments of the critical sections are determined by means of
either the 500°C-isotherm method or the zone method (CEN 2005, A nderberg and
Thelandersson 1976). considering also the axial force,

| (b}

(d)

W= DI + LL (Dead + Live Load)
Ecapc Young's modulus of conerete at ambient temperature
E e Young's modulus of conerete at average section lemperature after t min. of fire
exposure
Erave  average thermal strain
i axial stress arising from the axial restraint due to thermal strain & e
Al average lemperature due to fire alter t min. of {ire exposure (Fig. 5-3h)

Fir -3 Evaluation af the aeial force in aviallv-resirained beams

L1
! |
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The results of the plastic analysis verification after 1207 of exposure to a standard
IS0 834 [ire for the same set of single-span. clamped-end beams analysed in the parametric
study is presented in Tables 1 1o 6. where reference is made also to the results obtained by
means of nonlinear analysis (Chapter 4). In the plastic analysis, the section capacity has been
determined by means of the 500°C isothermal method. On the basis of the results shown in
the afore-mentioned tables. the following comments ean be made:

o in the case of no axial restraint (K=0), the ultimate bending capacity of the critical
sections at any given [ire duration is generally underestimated. As a result, plastic
analysis underestimates the ultimate load-carrying capacity ol a beam. thus leading to
conservative results;

o the assumed axial force in axially-restrained beams results in a lower-bound estimate of
the actual force (as piven by nonlinear analysis), Hence. the proposed method
underestimates the effects of the axial restraint;

 in most cases, the ultimate bending moment of fully axially-restrained beams is
overestimated. particularly close to the end sections. As a result, plastic analysis leads - in
most cases - 10 a non-conservative estimate of the ultimate load-carrving capacity, In the
case ol the fully- restrained 6m-span T-beam. plastic analysis leads to the conclusion that,
after a 120 fire duration. the beam is still able to carry a load equal to 90.3 kN/m. while
the collapse occurs earlier on the basis ol nonlinear analysis.

e for partially-restrained beams, plastic analysis leads in most cases to acceptable results,
Le. Lo conservative results or to slightly non-conservative results.

Though the results of plastic analysis demonstrate that the safety of a beam at a given [ire
duration can be assessed rather easily also in axially-restrained beams. one should observe
that the proposed method is affected by some rather crude approximations. lor example (a) in
the estimate of the axial force due to the axial restraint. and (b) in the choice of the effective
section (enveloped by the 300°C-isothermal line). These assumptions may lead to some non-

| conservative results.

However, it is observed that in plastic analysis, by completely neglecting the eflects of

| the axial restraint, the estimate of the ultimate load-bearing capacity of a beam is always on
the safe side.
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Table 5-1-  Results of the plustic-analysis for a Gm Beam with reclangulur seclio
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Table 3-2;  Plastic analvsis data el Fesudlts for the im span T-bem
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Table 3-3: Resulty of the plastic analysis for a 6m one-wav slab

Time =1207 - Average Temperature AT,,, = 229.0°C
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Table 3-53; Results of the plastic analvsis fora Ym T-heam
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3.3 Conclusions
The results obtained by means of plastic analysis lead 10 the following concluding remarks:

= Plastic analysis is a simple and straightforward method. that is very sensitive 1o the
evaluation :
(a) of the plastic moments at the supports. and
{b) of the effects of the axial restraints.
e Negleceting the effects of the axial restraints always leads to a conservative estimate of the
ultimate load- carrying capacity in statically-redundant beams.

The latter observation lead to the conclusion that designing a continuous beam suhjected
to fire. using plastic analysis, is on the safe side. it the effects of the axial restraints are
1gnored.
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Notation

Ay reinforcing steel area

B cross section width

Bre reduced cross section width, based on 500°C isothermal method

| T conerete Young's modulus at 20°C

Eciae conerete Young's modulus after 1207 of fire duration

H cross section height

Hie reduced cross section height, based on 300°C isothermal method

K axial restraint of beam

M, plastic moment resulting from S00°C isothermal method

Mun ultimate meoment resulting from parametric study (Chapter 4)

Nin axial force due to thermal elongation evaluated as shown in Fig, 53-2
Nun axial force due to thermal elongation resulting from parametric study (Chapter 4)
Tas reinforcing steel temperalure

W load applied tw the beam, sum of dead and live load

W ultimate load resulting from plastic analysis

Wouna  ultimate load resulting from nonlinear analysis (Chapter 4)

Vi ¢ average temperature due to fire after t min. of fire exposure

B ave average thermal elongation

T normal stress due to thermal elongation and axial restraint
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Expertise and assessment of materials and structures
*
after fire

the Residual material characteristics
Introduction
the A few recent and dramatic incidents in tunnels (Fig. 6-1) have brought the satety of R/C
structures subjected to fire back to the scene, with reference to both ordinary conerete
normal-strength = NSC) and high performance/high-strength concrete (HPC/HSC). [In most
ted of the cases temperatures as high as 800-1100°C — and more — were reached { Demorieux and
e Levy, 1998; Khoury, 2000).
of
ur
o Lh =, Momirnd well thicknuess I b B i
H: .,%g);l\ Ml |_7|_|—|'|_|'|-1_:\N-|:-|_ -\:I::j;/;’/__
4 G ta P - g

o . | Lo

Fig. 6-1; Five-induced damage in a oopical section of the HPC hining of the rathway tunrel across the English
Chenmed after the fire of November 1996 (Demoriens and Levy, [Y98)

Besides the tunnels, many other structures and infrastructures are at a risk from fire, such
‘as bridges and viaducts. high-rise buildings (FEMA: 2002), covered parkings. off-shore
platforms and containment shells (in nuclear power plants and petrochemical plants). not to
mention more specific structures like — for instance — airport runways (Hironaka and Malvar,
1998).

In all cases, the load-bearing capacity of the structure in. the actual fire conditions, with
rapidly-increasing temperatures, is of primary importance for the evacuation of people and
things, as well as for the safety of the rescue teams. However, since all fires have a finite
duration and in most cases R/C structures do not collapse, the residual capacity past the fire
also has to be taken into account and assessed, since tearing down and rebuilding a structure,
or strengthening and rehabilitating the damaged members have huge economical implications,
To make the proper choice, the knowledge of the residual properties of the various
cementitious composites and of the reinforcement is necessary, even more today since
innovative materials (like HPC/HSC, HPLWC and UHPC) are increasingly used. This
Chapter 1s divided into two parts. With the first part (6.1) focused on the residual behaviour of
concrete-like materials and the second part (6.2) aimed to describe the various non-destructive
methods that are available nowadays in order to evaluate the residual strength and — more
generally — the level of the damage of the materials in fire-damaged structures.

" by Roberto Felicetti and Pretro G, Gambarova
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6.1.2 Reinforcement

Hot-rolled bars keep most of their mechanical properties up to 400°C, with no strength
reduction, but with a continuous and sizeable reduction of the clastic modulus over 100°C,
that is accompanied by the disappearance of the yield plateau over 200°C (Fig. 6-2,
Harmathy. 1993, see also Buchanan, 2001; Malhotra, 1982 and Takeuchi ot al., 1993). At
higher temperatures the strength reduction becomes very pronounced, and only 20% of the
original strength 1s left at 650°C. As for cold-drawn bars. wires and strands, the unfavorable
effects of high temperature start at lower temperatures, and the strength decrease is close to
S30% at 400°C, while less than 10% is left at 650°C (Fig. 6-3, Harmathy, 1993).
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(Hartmatine, 1993, see Buchanan, 2007
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) ,fg -3 Residual vield strength versis temperature for typical deformed quenched and self-tempered bars i
= 200 MPa, hot-rolled bars) and for a 0.3 Towire strand (= 1608 MPy, cold-drawn wires), from
Felicenti and Mede (2005). Tempeore = steel, guencied in spraved water

Contrary to the hot-state propertics, the residual properties of both ordinary and high-
strength reinforcement (for R/C and P/C respectively) have received little attention so far. and
the not much data on hot-rolled bars are accompanied by a nearly total lack of data on cold-
drawn, high strength reinforcement. A possible explanation is that ordinary, hot-rolled bars
tend to recover completely after a thermal cycle at 300°C, and lose 20-30% afier a cycle at
650-850°C, while the strength decay of cold-drawn steel is so pronounced at high temperature
(T = 550°C) that the possible strength recovery after a fire is of no use. since the structure is
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too heavily damaged, as a result of the pre-stressing loss during the fire. [t i5 worth noting that
hot-rolled bars still keep a well-defined vield plateau even after a high-temperature cycle.

With regard to the residual propertics. some data has been recently obtained in Milan from
a preliminary project on the residual behavior of a series of typical deformed bars (quenched
and self-tempered bars with &2 = 12, 16, 20 and 24 mm, f,;, = 500 MPa) and of a typical strand
(112 in., 7 wires, £y = 1600 MPa). All specimens (except those to be tested in the virgin
conditions) were heated up to 200, 400, 550, 700 and 850°C. and rested at the nominal
emperature tor one hour, prior to being slowly cooled to room temperature. Then all
specimens were stored at room temperature for 90-120 days, prior to testing (3 tests for each
case). The deformed bars exhibited a sizeable decay above 530°C (Fig. 6-3), with a loss of
40-45% and 30% in terms of vield and ultimate strength respectively, alter being heated to
830°C. As expected. the mechanical decay of the strands was definitely more pronounced (up
to =70%. Fig. 6-3, Felicetti and Meda, 2005).

0.1.3 Concrete

The residual behavior of ordinary conerete after a high-temperature cycle has been studied
extensively in the past, since high-temperature effects were investigated for many years not at
high temperature, but after the specimens had cooled down to room temperature, because of
the much simpler test modalities required in the latter case.

As well indicated in the still topical RILEM’s Report on “Properties of Materials at High
Temperatures — Conerete” (edited by Schneider. 1985), the main concrete properties
imvestigated in the past were: (a) residual compressive and tensile strength: (b) residual
modulus of elasticity; (¢) strength recovery: and (d) residual strain at ultimate, not to cite
some other properties that received less attention, like the residual bond strength and the
residual thermal diffusivity (which is a combination of thermal conductivity, specific heat and
specific mass). However, in the last ten-to-lifteen years the fracture properties of the conerete
(hoth hot and residual) have appeared on the scene. and much work has been done on fracture
parameters (see Bazant and Kaplan, 1996 for NSC), with several recent contributions to high-
performance and special cementitious composites (Felicetti and Gambarova, 1999; Zhang et
al., 2000a.b).

6.1.3.1  Chemo-physical 1ssues

It is well known that most of the damage in the concrete exposed to high temperature
comes from the mostly irreversible processes occurring in the heating phase and during the
rest period at high temperature. With regard to this point the following factors can be cited:
loss of evaporable water in the cement paste (40-105°C") and in the aggregates (beyond
200°C), reduction of chemically-combined water in the hydration products (105-8350°C, with
the dehydration and breakdown of the gel structure), crystalline transtormation of siliceous
ageregates (from - to fl-quartz between 500 and 650°C, with a peak at 375°C and significant
expansion), dissociation of calcium hyvdroxide (into lime and water, at 350-500°C) and
decarbonation of calcareous aggregates (from calcium carbonate to lime and carbon dioxide at
600-900°C), These factors, together with the different thermal expansion of the hardenad
cement paste and of the aggregates, cause micro-strains and micro-cracking, to the detriment
of the integrity of concrete mmerostructure. Basically the hardened cement paste expands up to
[50-200°C" and then shrinks, while the aggregates expand continuously with the temperature,
with a maximum for granite and a minimum for basalt (among the most usual aggregates, see
Bazant and Kaplan, 1996). However, the differential strains caused by the thermal
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incompatibility of the cement paste and aggregales are, to a large cxtent, reduced by the
“transitional thermal creep™ (Khoury et al., 1985; Khoury, 2000), which ensues from the large
increase in the rate of creep during the initial transient heating.

Water evaporation in the cement paste and in the aggregates i1s accompanied and/or caused
by moisture migration (liquid and gaseous phases) in the capillary pores of the cement paste,
the porosity being in turn increased by the progressive breakdown of the gel structure as
dehydration proceeds, It is therefore obvious that moisture content can not only markedly
affect concrete physical and mechanical properties, but can also induce some “structural®
effects (like thermal spalling, at 250-400°C). which may overshadow concrete constitutive
behavior during a test at high temperature,

Thermal spalling, in various explosive and non-explosive forms, is mainly related to the
pressure of the steam in the pores, this pressure being in turn a function of temperature,
heating rate and time, pore size, as well as of specimen shape and size. Concrete spalling is
also favored by the compressive thermal stresses acting in the layers closest to the surfice
(Fig. 6-4). However, pore pressure is the dominant factor, since the ensuing tensile stresses
might have the same order of magnitude of concrete tensile strength, which decreases sharply
at high temperature, especially in  high-performance  siliceous concrete  (Felicetti and
Gambarova, 1999),
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Fig 64> Forces acting in heated concrete (Ehkov, Y75, cited hy Khowry, 2000)

Although both normal-strength and hi gh-performance silica-fume composites arc spalling-
prone, the latter are more sensitive, because of their reduced and disconnected porosity
(Jahren, 1989), and of the large content of expansive: silica fume in certain ultra high-
performance composites. '

However, to prevent HPC from spalling, the introduction of polymeric fibers has been
proposed, and there is plenty of evidence that even small volumetric contents (0,15 ~0.30 %)
can improve the material’s behavior, with marginal or no effects on both the stress—strain
relationship and Young’s modulus (Hoff et al.. 2000).

Compared to the many factors causing concrete damage during the heating process and at
high temperature, there are relatively few factors influencing concrete properties during the
cooling process, down to room temperature. Since the transitional thermal ereep is no longer
active, the thermal incompatibility of the cement paste and aggregates creates further
damages, this being the major reason why conerete stren gth atter cooling is lower than at high
lemperature, more i ordinary than in high-performance mixes (RILEM. 1983; Felicetti and
Gambarova, 1998, Fig. 6-5). The subsequent, partial rehydration of the cement paste has two
conlhicting effects, a further strength decrease in the short term (one or two months) because
of the formation of calcium hydroxide from lime. with volume expansion, and a partial or
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even a total strength recovery (compared to the strength at high temperature) in one-two
years, because of the rehydration of the gel and of the unhydrated cement grains (Fig. 6-5).
The mmitial strength loss exhibited by the test specimens also has a “structural”™ nature, since
moisture absorption by the surface layers produce an expansion, which is restrained by the
inner region (Khoury, 1992), with compressive stresses close and paralle] to the surface, and
tensile stresses in the core. Anyway, both the strength loss and the strength recovery are more
pronounced 1 ordinary than i high-performance concrete  (Fig. 6-5, Felicetti and
Gambarova, 1998).
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Flg: 6-3: Streiatlh recavery of heated concrete past a cvele ar 25070 (Felicetti and Gonrbarovg, T998: Harada,
1972, see RILEM, T983]

6,1.3.2  Expenmental issues

The measurement of concrete residual properties is generally performed after a thermal
cycle at high temperature, with/without pre-loading during the heating and cooling processes
(Fig. 6-6). Since the tvpical parameters characterizing concrete constitutive behavior are to be
measured, all possible structural effects should be avoided or reduced to a minimum. To this
end, the hygro-thermal conditions inside the specimens during the heating and cooling
processes should be as uniform as possible (quasi-steady conditions), since both temperature
‘and humidity are the controlling parameters of all chemo-physical processes and - in the end —
of concrete mechanical decay.
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Fig. -0 Temperanre and loading histories for different test conditicoss (Phan ad Caving, 2002)
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As a rule, the thermal ramp in the furnace should be very gentle during the heating process
in order to limit temperature gradients (< 10°C/em) and to control the tensile stresses inside
the specimen (< fm't'}. The lowest values found in the literature are 0,2-0.5°C/min (as an
example, 0.35°C/min in Hoft et al., 2000; 0.50°C/min in Felicetti and Gambarova, 1998,
where the max. differential temperature was 10-25°C at 105-500°C between the surface and
the axis of 100 mm HPC cylinders). while the highest values range from 2 to 5°C/min
(Cheyrezy. 2001: Phan and Carino. 2002) and up to more than 10°C/min (Papayanm and
Valiasis, 1991). Of course, the larger the diameter of the specimens, the greater the
differential temperature (up to 70-110°C at T = 300°C, AT/At = 1°C/mun, & = 150 mm, [ =
7072 MPa, see Noumowe and Debicki, 2002).

After the heating process, the specimens are left to rest at the nominal temperature for a
certain length of time, which is generally between | and 2 hours (up to 3-5 hours in Takeuchi
et al., 1993, Phan and Carino, 2002, and up to 12 hours in Felicetti and Gambarova, 1998).

During the cooling process, the thermal ramps should be even gentler, since there is no
thermal transient creep to soften the lack of compliance between the thermal strains in the
cement paste and those in the aggregate. Values ranging from 0.2 to 1.0°C/min are often
found 1n the literature (Noumowe and Debicki, 2002).

Because of the Imendly environment (room temperature), specimen mstrumentation poses
no problems, and the tests can be easily displacement-controlled, to measure the entire stress-
strain curve, In compression, at medium temperatures (T < 400-5300°C) the most usual control
parameter is the hoop elongation in the specimen midsection (Fig. 6-7a), while at higher
temperatures the loss of stiffness in the concrete makes it possible to control the test through
the relative displacement of the press platens. In tension, plane or cylindrical notched
specimens are the rule, and the control parameter 1s the displacement astride the mouth of the
notch; the cylindrical specimens can be erther blocked at their ends (Fig. 6-7h: the specimen
end-sections are glued to the press platens and cannot rotate, to the advantage of test control)
or hinged (Rosati and Sora, 2001). Though testing concrete in tension at room temperature
(residual strength) is tricky, it is much easier than testing at high temperature, and for this
reason most of the results found in the literature refer to the residual tensile strength, At high
temperature, since gluing the specimen to press platens is no longer possible, special pulling
devices are tequested, to get hold of specimen extremities: the specimens should have a

. special shape as well (for instance, a dumbbell shape, as in Felicetti et al., 2000).

Returning to the residual tests in tension. the depth of the notch should be fairly large (for
mstance iached section’ @noming = 0.6-0.7), since the temperature-induced micro-cracks often
produce notch effects as large as those associated with the notch itsell, or even larger. As a
consequence. the crack may localize outside the notched zone, as often occurs n steel fiber-
reinforced concrete with high fiber contents (Felicetti et al., 2000).

6.1.3.3  Compressive strength

The residual compressive behavior of normal-strength concrete has been investigated for a
long time, starting from the early Sixties (see the contributions by Zoldners. Dougill.
Harmathy. Crook, Kasami et al., Schneider and Diederichs. all quoted in RILEM. 1985). The
attention was mostly focused on the residual compressive sirength as such. on the strength
recovery in time and on the residual stram. The main features imvestigated were:

(a) the type of cement : no significant differences between pozzolanic and blast-furnace
slag cements in terms of residual strength atier cooling down to room temperature, but
lower strength recovery in the former case, for specimens stored in water;
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(b) the type of apgregate : light-weight concrete exhibits a lower strength loss at high
temperature and a lower strength recovery after cooling, compared to ordinary-
aggrepate concrele; siliceous aggregate gives the conerete a marginally-lower residual
strength, compared to calcarcous aggregate (Fig. 6-8, T = 300-600°C);

(¢) the conerete age : relatively-young concrete with incomplete hydration of the cement
may exhibit a strength increase for T < 400°C, due to accelerated hydration effects:

(d) the loading conditions during the thermal evele @ a compressive load applied during
heating and cooling (pre-loading = o times the failure load in virgin conditions) may
increase by 20-40% the residual compressive strength, for T = 300-500°C (o = 0.0-0.4,
see Fig. 6-9: in the following, the terms “stressed™unstressed” will indicate the tests
with/without pre-loading);

(e) the heat treatment during the cooling process @ quenching hot specimens in water from
400°C may decrease the residual strength by 40%, compared to slow cooling, Fig. 6-8;

() the storase conditions afler cooling : storage in water decreases the strength loss after
cooling, but the results are very limited and often contradictory; in concrete with
sandstone aggregate the strength has a minimum 1-2 months past the cooling process,
but then a 3-8 month period is sufficient for the strength to recover up to — or even
above — the residual strength immediately after cooling, depending on the max.
temperature of the thermal cycle (Fig. 6-5. T = 250°C; see also Papayanni and
Valiasis, 1991).

(g) the residual strain after a single thermal cvele @ limited shrinkage up to 300-450°C,
followed by a marked strain increase up to 6.5-8.5%q at 700-750°C in both calcareous
and siliceous mixes; at all temperatures, very limited but continuous shrinkage in
expanded-clay mixes,

Since the late eighties, many research projects have been devoted to high-
performance/high-strength  conerete,  special cementitious  composites meluded (LWC,
HPLWC and UHPC), with specific reference to the hot and residual properties (see for
instance Diederichs et al.. 1989, and Castillo and Durrani, 1990).
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As mdicated by the tests performed by Chan et al. (19906). 1t appears that comparg
NSC (OPC, granite aggregate, w/c = 0,57, f. = 57 MPa at 90 days) various HPC mixes
cement and aggregate. no silica fume, w/c = 0.35-0.28, f. = 84-118 MPa) heated to 400,
800, 1000 and 1200°C and then cooled down to room temperature, exhibited similar strer
losses, with a marginally-better behavior for HPC up to 400°C, and a definitely we
behavior at higher temperatures (HPC: residual values close to 50-55% and 25-30% af
cycle at 600 and 800°C respectively, compared to 70 and 50% for NSC, Fig, 6-10). It is W
noting that the rest period at high temperature was one hour, and during heating the thermal
ramp was 1.7, 2.5 and 5°C/min for T > 900°C. > 600°C and < 600°C respectively,
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Even more than in the tests of Chan et al. (1996). the tests performed by Felicetti and
Gambarova (1998) on HPC (OPC + 10% silica fume, highly-siliceous ageregate, w'bh = 0.43
and 0.30, f. = 72 and 95 MPa, T = 105, 250. 400 and S00°C) showed an impressive strength
loss, with no differences between the two matertals above 300°C and less than 10% of the
onginal strength after a cyele at 500°C (Fig. 6-11). Possible explanations may be the
prolonged heating (thermal ramp 0.5°C/min, rest at high temperature 12 hours), the disruptive
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ired to
(same
), 600,

t the zeolitical water contained in the flint aggregate and the time elapsed between the
mal process and the tests (1-2 months).
Most of the results obtained in the tests carried out in the Nineties on concrete behavior at

'_rengﬂ; | temperature are summarized in NIST S.P. 919 (1997) and in the state-of-the-art paper by
worse Cand Carino (1998}, where normal-strength/normal  weight, high-strength/high-
after a ance and light-weight cementitious composites are examined, The behavior at high
wnrt't;:__ perature (stressed and unstressed tests) and after cooling (residual behavior, unstressed
1ermal

is discussed in terms of compressive strength and elastic modulus, with reference also to
and CEB-FIP desien curves (Fig. 6-12), In spite of the scattering of the test results by the
erent authors, it appears that up to 200°C the strength loss in HSC/HPC is smaller than in
€, and HSC/HPC may even grow stronger, while above 300°C HSC/HPC appears to be
¢ sensitive to the temperature, especially in the case of siliceous aggregate (Fig. 6-12a,
owest curves). However, in the case of light aggregate (Fig. 6-12b), HSLWC/HPLWC
ays has an edge over LWC,
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- and
0.43 ‘More recently, in a paper focused on high-strength composites with and without
ngth polypropylene fibers, Hoff et al. (2000) investigated the residual behavior in compression of
f the 12 types of concrete heated up to 1100°C (heating rate (0.35°C/min, rest at high temperature =
: Fh‘: 2 hours). All the mixtures contained OPC and silica fume (w/b = 0.32), but the coarse
prve aggregate was different, since 4 mixtures had crushed limestone or granite, 4 expanded slate
“fire fib Bulletin 46: Fire design af concrete structures — strictural hehaviour aned assessment 71




or slag, and 4 had a mix with 55% of limestone/granite and 45% of expanded slate. Fibrillated
polypropylene fibers were added to 6 mixtures (L = 20 mm, v; = 0.15% by volume) to
investigate the spalling tendency of the materials (however, spalling never oceurred during
the tests, most probably because of the very low heating rate). As demonstrated by the
diagrams of Figs. 6-13ab, the conclusions were that HSC/HPC and HSLWC/HPLWC are no
worse than NSC/LWC afier a thermal cycle at high témperature, and that the favorable effeets
of polypropylene fibers towards spalling are not accompanied by possible unfavorable effects
on concrete strength, because of fiber-induced porosity, However, a loss of 3% on concrete
cubic strength (virgin specimens) was observed by Lennon and Clayton (1999) for fiber
contents equal to 0.3% by volume.
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Fig 6-12; Test results and recommended design curves for the residual compressive strength of NSC and
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Mate; 6 = Lighe-Wewght, Slag (Hoff et al., 20001

The practical irrelevance of polypropylene fibers with regard to the residual compressive
strength was confirmed also by the tests carried out by Chan et al, (2000) on 4 different
mixtures, all with OPC, crushed granite and fly ash (fa./c = 33-38%). The water/binder ratio
was 0.6 in the NSC (f, = 34.9 MPa) and 0.32 in the three HSCs (all with silica fume = 0.15 ¢.
fo=97.3, 113.5 — with steel fibers, vy = 1% - and 99.1 MPa — with polypropylenc fibers. vy =
0.2%). After a single cycle at B00°C (AT/At = 5-7°C/min, rest at $00°C 1 hour), the residual
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strength of the 3 HPC mixtures was 24 and 26% (plain concrete and concrete with
polypropylene fibers), and 34% (concrete with steel fibers) compared to 45% for the NSC
mixture (no fibers).

The conclusions were that silica-fume mixtures seem to be more temperaturc-sensitive,
and that moderately-large steel fiber contents help in terms of residual strength. Such
favorable effect is enhanced by the use of high contents of steel micro-fibers, as shown in the
study by Felicetti et al. (2000) concerning the hot and residual behaviors of 3 mixtures (HSC
with hyposiliceous aggregate, s.[/c = 0.10, w/b = 0.29, £, = 92 MPa: CRC with s.f./c = 0.30,
w/b = 00.16. steel micro-fibers vith ve = 6% by volume, f. = 158 MPa; RPC with s.f./e = 0.25,
wib = 0,14, steel + polypropylene micro-fibers 2% + 2% by volume, £, = 165 MPa. BRITE-
EURAM HITECO 111). After a eyele at 600°C both the CRC and RPC stll retained a hitle
less than 70%: of their initial strength. while the HPC had only 44%,

Silica-fume concrete sensitiveness to high temperature was confirmed by the many tests
carried out within the HITECO European Rescarch Program (1996-99, see Cheyrezy, 2001),
where 4 high-performance mixtures were studied (f. = 60, 60, 75 and 90 MPa, with w/h =
0.36-0.29), at high temperature (T = 100-700°C., AT/At = 2°C/min, | hour-rest at T) and after
cooling down to room temperature, with/without silica fume, with/without pre-loading (o, =
0.2, 0.3 £.). While the silica-lume specimens tended to concentrate in the lower portion of the
scatter limits (Fig. 6-14). the scatter in itself was found to be very close to that of
comventional mixtures, and the strength values obtained in stressed/unstressed conditions, at
high temperature and afier cooling, turned out to be pretty much the same.

Halatlve compressive strangth

1] \ou i 0 4 200 800 T 10 ] 1000
Temgeratura {in "}

Fig. 6-14° Sunmary of the compression tests performed within the HITECU Progran FLOSA-00 with reference
to sifica-fimie effects (all tests, ar high temperature wnd after cooling, Cheveezy, 2000) Dt
Eloctmenm Technigue Uaifie and relative scedter

New information not only on the mechanical propertics. but also on the spalling tendency
of different high-performance composites is given by the very recent investigation by Phan
and Carino (2002) on HPC/HSC behavior at high temperature and after cooling. with/without
silica fume. with/without pre-loading during the thermal process (a.” = 0.40 £7). Four
mixtures (2 with s.I. = 11% cement, [, = 9% and 88 MPa, w/b = 0.22 and 0.33, and 2 without
.0, .= 75 and 30 MPa, w/b = 0.33 and 0.57. all with crushed limestone as coarse aggregate)
were heated up to 600°C, with 4 intermediate temperature levels (T = 100, 200, 300 and
450°C), The heating rate was 5°C/min, and the rest period at the nominal temperature T was
never less than 2 hours. Since several specimens exhibited spalling-related explosions during
the heating up to 600°C (probably because of the relatively-high heating rate and the ensuing
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thermal stresses), the data of the “hot™ stressed/unstressed tests concerning this temperature
are not complete (Figs. 6-15a.b). Furthermore, in the unstressed. residual tests the temperature
was limited to 450°C (Fig. 6-15c¢). The main conclusions were: (a) there are no significant
differences between the stressed and unstressed “hot” tests, up to 450°C: (b) the residual
strength (unstressed tests) is generally higher than the “hot” strength (stressed/unstressed
tests) tor low-medium temperatures (up to 200-250°C), while the opposite is true at medium-
high temperatures (430°C); (¢) on the whole, the HSC mixture with the lowest w/b ratio
cxhibits the smallest strength loss in all conditions, but especially in the residual conditions
(Fig. 6-15¢): and {d) the presence of silica fume has no statistical significance; however, in
the stressed and unstressed tests at high temperature (Figs. 6-13a.b) the strength loss of the
lower strength, silica-fume mixture appears to be the highest.
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strength of different HSCAIPC mixtures (Miviiee | f = 98 MPa, and Mivture {], fo= 88 MPa, harly
with silica fime; Mixture HL f, = 75 MPa, and Mivture IV, { = 50 MPa, both without sifica funiel

Finally, some very recent results on special cementitious composites and special loading
conditions should be cited.

[n Guerrini and Rosati (2003) a high-performance “white” conerete (f. = 67.3 MPa, w/h =
0.40), containing titanium dioxide - enriched cement (350 ke/m’). crushed marble (as coarse
aggregate) and metakaolin (10.5% of cement by mass) was heated up to 750°C. in order to
measure the residual propertics (AT/At = 1°C/h, 2 hour-rest at the nominal temperature). As
shown in Fig. 6-16 (where the Young's modulus is plotted as well, but will be discussed
later), the relative residual strength after being heated to 750°C is as low as 1 1%, compared to
the usual values of 45-50% for conventional concrete and 25-35% for high-performance
silica-fume concrete (mixed aggregate). However, it is fair to remember that this costly white
concrete is used in monumental structures, where fire is not among the major factors in the
design.
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Adding metallic microfibers to the mix helps in terms of residual strength, provided that
fiber content is sizable (> 2% by volume). as shown in Fig. 6-17. where the residual cubic
strengths of 4 cementitious mixes are plotted versus the temperature { Feliceti et al., 2000).
HSC and HSC* are two high-performance conerete (with hyposiliceous and highly-siliceous
aggregates, f. = 92 and 95 MPa, respectively), while CRC is a Compact [iher-Remforeed
Concrete (£. = 138 MPa. steel microfibers, vy = 6% By volume) and RPC is a Reactive-Powder
Concrele (f, = 165 MPa, steel microfibers + polymeric fibers, ve = 2 + 2% by volume). All
mixes — except HSC#* - were swmdied within the HITECO European Project (Hlgh
TEmperature in COnerete, 1995-99). Because of the favorable effects of the fibers, the
residual strength of both CRC and RPC is still 65-70% of the original strength, after a thermal
eycle at 600°C, Note the much better behavior of the hyposiliceous HSC compared to the
highly-siliceous HSC*.
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In Zhou and Zhang (2001) the fatigue hehavior of a conventional conerete (I = 23 MPa,
wic = 0.6, limestone aggregate, Type [ cement) was studied after a thermal cyele at 200 and
300°C. under fatigue loading (Gue/fe = 0.6, 0.7, 0.8 opw/te = 0.1 frequency 6 Hz: 2x10"
cyeles). The authors found that - because of the progressive propagation of the thermally-
induced micro-cracks, followed by their coalescence into continuous macro-cracks - even
temperature as low as 200°C can reduce the fatigue strength by 30%. though the strength
under monotonic loading is hardly affected by the temperature up to 300°C.

6134 Elastic modulus and Poisson’s ratio

Nol many studies have been devoted to the modulus of elasticity. be it at high temperature
or after cooling, and the interpretation of the data found in the literature is not univocal, since
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there are at least three different ways to define this parameter. The modulus of elasticity
(Fig. 6-18) can be defined as: (a) the slope at the origin of the stress-strain curve (tangent
modulus E,); (b} the mean slope of the first-loading curve (secant modulus E.. which requires
the introduction of an upper limit of. for the stress, with o = 0.3-0.4): or (¢) the mean slope of
the last load cycle past a number of cycles (stabilized modulus E.*; 3 load cyeles are proposed
in RILEM 2004, Fig. 6-18, with o = 0.30, § = 0.05 and v = 0.15). Unfortunately, in the
hterature it is not always clear what definition has been adopted. This is not a trivial matter,
since the first definition regards only the domain of very small stresses and strains, the second
definition considers the initial inelastic settlement of the material as a sort of equivalent
elastic stram (which 1s reasonable for the first permanent loads, like the sell weight), while the
third definition refers to the mostly-elastic behavior of an already stabilized material (as in the
case of the variable loads, to be applied after the self weight). In the following, the values of
the modulus are those of the tangent modulus, unless otherwise declared. and the symbol E. i3
always adopted for simplicity,

With reference to normal-strength concrete, the studies carried out in the Sixties,
Seventies and carly Eighties (RILEM, 1985) show that the elastic modulus depends mainly on
the compressive strength of the material. Consequently, the elastic modulus is affected by
most of the factors influencing the strength (type of cement, water-cement ratio. type of
aggregate. loading conditions during the thermal cyele, maximum temperature reached during
the heating process). However, besides the last parameter, only the type of aggregate and — to
a lesser extent - the loading conditions during the heating process have a sizeable influence on
the elastic modulus, which is more temperature-sensitive than the compressive stren gth (both
at high temperature and afier cooling), because concrete stiffness is directly affected by
thermal cracking. Siliceous aggregates (like basalt and quartzite, E./E™ = 0.2-0.3 at 500°C)
make the concrete more temperature-sensitive than calcareous aggregates (like carbonate and
sandstone. the latter being partly siliceous, E.'/E.™" = 0.4-0.5 at 500°C), while light-weight
aggregates are close to- or better than calcarcous aggregates (at S00°C, E.'/ES" up to 0.70-
(.75 for expanded clay, RILEM, 1985, Fig. 6-19). As for the cement type, in most of the tests
performed so far portland cement has been used; consequently, no mention of the cement ype
15 made in the following, unless a different cement type has been used.

With reference to the elastic modulus at high temperature and after a thermal cyele, one

has 1o remember that in both cases the static method (based on the measurements of the
* displacement at mid-height and of the load) and the dynamic method (based on the
measurement of the resonant frequency) are used. However, some tests show that the dynamic
method may enhance the thermal dependency of the modulus, at least up to 400°C (RILEM,
1985), but other tests indicate that there is hardly any difference between the two methods
(Phan and Carino, 2002).

According to the very recent and already-cited test results by Phan and Carino (2002), at
high temperature and after cooling, in the stressed and unstressed states, with and without
silica fume (Figs. 6-20a.b.c. see also Figs, 6-135a.b,c), there is hardly any difference at high
temperature, be the specimens in the stressed state (Fig. 6-20a) or in the unstressed state
(Fig. 6-20b), and there is not much difference either between the former results and those after
cooling (residual values, Fig. 6-20¢), even if the latter are marginally better up to 150°C and
marginally worse above 300°C, Mixture [V (f. = 50 MPa, no silica fume) is always the worst,
while Mixture 111 (f, = 75 MPa, with silica fume) is the best. whatever the test conditions may
be. This conclusion is at odds with the results of other tests like those by Papayianni and
Valiasis (1991), which show a worse behavior for the mixes containing pozzolanic materials,
like Ny ash (however, it should be noted that in these tests the high thermal rates and the
ensuing sizable thermal gradients might have played a non marginal role in damaging the
material),
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Note that since the thermally-induced damage depends mostly on the maximum
temperature reached by the material, the very limited difference between the hot and the
residual tests is not unexpected. This is also an indirect proof that the static method
(Figs. 6-20a,b) and the dynamic method (Fig. 6-20c) are equally reliable in the evaluation of
the elastic modulus.

The aggregate/cement ratio and the water/cement ratio have sizable and similar effects on
the residual elastic modulus, as shown by the tests run by Thienel and Rostasy (1993) on
highly-siliceous NSC muxes. In Fig. 6-21a the leaner mix loses less than the richer mix, in
terms of elastic modulus after a thermal cycle at 300°C (-40% compared to -50%), because
the thermal cracking due to the different thermal expansion of the aggregates and of the
cement paste plays a smaller role in lean mixes, After a cyele at 600°C the opposite is true.
because of the great thermal sensitivity of the siliceous aggrepate, which plays a greater role
in lean mixes (roughly 5% left, compared to 15% in the richer mix). The same is exhibited by
the effeets of the water/cement ratio (Fig. 6-21b), since the higher value helps after a cycle at
300°C (roughly -30% compared to —50%), but is detrimental after a cyele at 600°C (roughly
7% lelt, compared 1o [4%), The former effect may be explained with the greater thermal
diffusivity ensuing from higher w/c ratios (more porosity. more water and steam transport,
smaller thermal gradients and microstructural damages at medium temperatures), while the
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higher porosity may explain why at elevated temperature a higher wic ratio leads to an
enhanced stiffness decrease.

Among the most recent studies on the mechanical behavior of high-performance concrete
at high temperature, the experimental program carried out within the Project BHP 2000
(Pimienta and Hager. 2002) should be quoted. Here only the data on the clastic modulus are
presented and commented, since the material's stiffness is practically the same at high
temperature and after cooling. and the hot values give valuable information on the residual
values (as a matter of fact, the damage in the material is mostly a function of the maximum
temperature reached before or during the test). The conerete eylinders were preheated up to
the nominal temperature (120, 250, 400 and 600°C) and then were wrapped with an insulating
cloth, to keep them hot during (a) the mounting of the instruments. (b) the placing of each
specimen between the press platens and (¢) the loading. Only the ascending branches were
measured, and the elastic modulus was evaluated as the slope of the stress-strain curve up toa
prefixed strain value (0.5%,, 1.0%0 and 4%,, secant modulus). Four different mixes were tested
m compression, to evaluate the compressive strength and the elastic modulus at high
temperature: 3 mixes had calcareous aggregates (M30C, M75C and M100C, with .= 30, 75
and 100 MPa) and | had silico-calcareous aggregates (M758C, with [. = 75 MPa). The plots
of Fig. 6-22 show that the silico-calcareous concrete (M758C) undergoes the largest loss at
any temperature (except at 120°C), the stiffness being completelv lost at 600°C. On the
contrary, the strongest concrete (M100C) has the best behavior. while the normal-strength
concrete (M30C) and the intermediate high-performance concrete (M75C) fall between the
two extremes. On the whole the HPC- M100C performs quite well, and better than the NSC-
M30C (at 600°C, in the former case E/E.™" = 16%, while in the latter case EJES < 10%).

Looking at “special™ cementitious composites. the above-mentioned white conerete
(Fig. 6-16) behaves in pretty much the same way as the silica-fume mixes tested by Phan and
Carino (Fig. 6-20¢), while the high-performance silica-fume light-weight concrete tested
recently by Felicetti et al. (2002) seems to be as affected by the temperature as a similar
ordinary concrete, but more affected than a similar normal-strength light-weight concrete
(Fig. 6-23).

Finally, in Fig. 6-24 the secant elastic moduli of 3 of the 4 cementitious composites
presented in Fig. 6-17 are plotted as a function of the temperature, In spite of the limited
number of the tests (at high temperature, Imperial College, London-UK. and after cooling,
Milan University of Technology, Milan-1, see Felicetti et al., 2000), and in spite of the good
performance of both CRC and RPC in terms of strength (Fig. 6-17), the elastic moduli are
tremendously affected by the temperature. more in the fiber-reinforced composites than in the
high-strength concrete (= 15% compared to = 20% afier a cycle at 600°C), For the HSC the
elastic moduli at high temperature and after cooling tend to caincide, as already shown by
other test results (Phan and Carino, 2002). For the ultra high-performance composites the
conclusion scems to be the same, but further tests are necessary,

As for the Poisson’s ratio, it is generally evaluated by measuring the transverse strains in
a specimen loaded in uniaxial compression, but can also be inferred from the elastic and shear
moduli (by loading a cantilever beam subjected to bending and torsion). The few and often
very dispersed data on this parameter show that in the case of siliceous aggregates (he
Poisson’s ratio tends to decrease with the temperature, with no significant differences
between the high-temperature and the residual values above 100°C (v, = 0.23-0.10. with 0.10
both at 400°C and after cooling, RILEM. 1985), However. other results indicate a completely
contrary trend for both siliceous and calcareous mixes (up to 0.23 at 500°C). with a marginal
dependency on the temperature for light-weight mixes. Furthermore, some recent results
obtained in Milan (Bamonte et al.. 2006) by measuring the residual dynamic moduli (Eqp and
Gep) of a high-performance siliceous micro-concrete (f. = 120 MPa at 20°C) have shown that
the residual Poisson’s ratio vep first increases up to 0.28-0.30 for T = 450-500°C (Fig. 6-25)
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and then sharply decreases. A possible explanation 1s that at tirst the material weakens — and
dilates — because of thermally-induced microcracking. After, the outward expansion is
counterbalanced by a sort of mward expansion, that takes advantage of the sizable extra-
porosity due to thermal microcracking.

6.1.3.5  Tensile strength

Very little attention has been devoted so far to concrete behavior in tension, be it direct
tension or indirect tension (in bending or splitting). As a matter of fact, before the mid-
uightius (RILEM. 1985} the studies on this topic could be counted on one-hand hingers and a
few of them were still unpublbished. The situation has improved a bit i the last 15 years,
because of the need to have more or new information on the mechanical behavior of the many
innovative cementitious composites, that have been proposed and are entering the market.

Furthermore, another reason to mvestigate concrete properties in tension s the “spalling™ of

the material. This multi-faceted phenomenon is triggered by high temperatures and thermal
gradients, but depends also on the structural context, on concrete microstructure and water
content (Khoury, 2000),
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As a rule, high temperature alfects conerete strength more in tension than in compression,
and the residual strength in tension tends to be somewhat lower than at high temperature in
ordinary concrete.

While the heating rate and the storage time-length after cooling have negligible effects on
the residual strength in tension, the mix design and the type of aggregate have a
moderate/signilicant influence, Lean mixes (with low cement content) exhibit lower strength
reductions, while calcareous aggregates make concrete strength in tension much maore
sensitive to high temperature, than siliceous aggregates (at 300°C, in the latter case the
strength in tension is twice as much as in the former case, RILEM, 1985),

By far, most of the tests have been performed after cooling, to measure the residual
properties in tension, and to evaluate some fracture parameters, like specific fracture energy.
characteristic length and toughness. With reference to high-temperature. direct-tension tests,
those performed by Takeuchi et al. (1993) on ordinary. siliceous concrete (1. = 30 MPa). and
by Felicett and Khoury (Fehcetti et al, 2000) on high-performance and ultra high-
performance concretes (f. = 92-165 MPa) should be quoted, since they are the only well-
documented tests available so far.

Some of the results by Takeuchi et al. (1993) are shown in Fig. 6-26, where the decay of
the strength in tension appears to be comprised between the decay of the strength in
compression (less affected by the temperature) and that of the secant elastic modulus {more
affected). Takeuchi performed the tests on standard-cured cylinders (100% R.H., f. = 43.5
MPa), on air-dried specimens (63% R.H., £, =40.1 MPa), at high temperature (63-800°C) and
after cooling (800°C). All specimens were heated 5 weeks after casting (AT/At =+ 17C/min).
At 800°C the residual properties were always lower than the hot properties, while no major
differences were found between the moist-cured and the air-cured specimens,

The test results obtained in the previously-mentioned HITECO Project (Felicetti et al.,
2000y are shown in Fig. 6-24. Three high-performance and ultra high-performance
cementitious composites (HSC, CRC and RPC) were tested both at high temperature and after
cooling (1035, 300 and 300°C in the hot tests; and 105, 250, 400 and 600°C in the residual
tests). As it 15 well known for virgin steel fiber-reinforced concrete, medium-to-high steel
fiber contents (vi™* = 2-6%) guarantee high residual-strength values (Fig. 6-24b.c) compared
to an unreinforced concrete (Fig. 6-24a).

As already mentioned, most of the tests in tension have been performed after cooling,
since n this way the tests are by far simpler (no need of relatuvely large, water-cooled grips.
and of complex instrumentation to measure the displacements; no specimen limitations due to
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the size of the furnace chamber; less time required by each test, since heating and testing can
be performed at different times).
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Generally speaking, after cooling the residual strength in tension is:

o marginally higher for silica-fume concretes (direct tension, Toutanji et al., 2003,
Fig. 6-27);

® roughly constant for NSC and decreasing with the temperature for silica-fume HPC at

medium temperature (< 400°C, bending and splitting strength, Balendran et al., 2003,
Fig. 6-28a):
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« always decreasing at high temperature (= 600°C). more in HPC than in NSC, but the
higher the temperature, the lower the dependency on concrete strength in compression
(Chan et al, 1996, Fig. 6-28b sphiting strength, no silica fume; Felicetti and
Gambarova, 1999, direct tension and bending strength, with silica fume, Fig. 6-29a);

¢ decreasing with the temperature (all authors, See also Fig, 6-29a.c.d);

o little atfected by the type of cooling (controlled in the furnace and slow, or in water
and very quick): water-sprayed specimens may even exhibit a better splitting strength
for £ = 40 MPa (Barragin et al,, 2001, Fig. 6-30):

e less affected by temperature if natural (river) aggregates are used (Barragan et al.,
2001, Fig. 6-30);

« more affected by temperature in direct tension than in bending (Felicetti and
Gambarova, 1999, Fig. 6-29b);

e more affceted by the temperature in bending tests than in splitting tests, for increasing
values of the residual compressive strength (Barragin et al., 2001, Fig. 6-30a.b):

¢ closer to the hot strength in high-performance silica-fume concrete, than in normal-
strength conerete (this is generally accepted, since in the former material there s less
portlandite undergoing dissociation during the heating process, and consequently less
calctum-dioxide rehydration during the cooling process).

One should also note that the ratio between the strengths in compression and in direct or
indirect tension increases with the temperature (Felicetti and Gambarova, 1999, Fig, 6-20b;
Barragan et al., 2001, Fig. 6-30; Zhang et al., 2000b), and so does the ratio between the
bending strength and the direct strength in tension (Felicetti and Gambarova, 1999, Fig. 6-
29h).

6.1.3.6  Fracture parameters

The fracture parameters examined in the following are the specific fracture energy Gy (=
energy required to extend a eracked surface by a unit area, FL/L™ = F/L ), the characteristic
length (representing the size of the process zone = damaged zone beyond the erack tip and
astride the crack, where most of the inelastic phenomena oceur and energy is dissipated), and
the toughness Ky (= critical stress-intensity factor, representing the resistance of concrete to
cracking. F/L",

As already observed. none of the previous parameters has been so far evaluated during
high-temperature tests, because the difficulties associated with such an extremely severe
environment make test control hardly feasible. As a consequence, all fracture parameters have
been evaluated after cooling to room temperature (residual values).

The first parameter to be discussed is fracture energy, that can be measured i different
ways, depending on whether a part of the area or the entire arca enveloped by the stress-crack
opening curve (direct tension) or by the load-displacement curve (three-point bending) is
considered (Fig. 6-31c). OF course, the energy dissipated in the solid material during the
loading phase (G¢” in Fig. 6-31¢) should always be deducted,
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=850 G, 110, 130 = HPC with sfe = 0L 10e, wic = 0.38, .33, 0.24: NSC-1,2 with wic = 0.66,
037 HSC=1.2.3 with wic = 033, (031, 0.28, no silica fume.
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The results by Felicetti and Gambarova (1999) are considered first, because they are well
documented. even if they refer to two uncommon high-performance concretes, containing
highly-siliceous aggregates (flint gravel and pebbles; f: = 72 and 95 MPa; cement content ¢ =
200 and 415 kg/m’: silica fume/cement = 9.4% and 6.7%; water/binder ratio = w/slte = 0.43
and 0.30; with/without caleareous Aller; maximum aggregate size , = 25 mm; T = 103, 250,
400 and 500°C; AT/At= 0.5°C/min; rest at the maximum temperature 12 hours; Fig. 6-31).

The residual fracture energy appears to be roughly independent of the temperature, hoth
direct tension and in bending tests (Figs. 6-30a,b). However, the results are very scattered,
and some interaction between the process zone and the top surface of the specimen cannot be
ruled out for the largest value of the notch depth. The toughness is a decreasing function of
the temperature. while the characteristic length (according to Hillerborg) tends to merease
above 200°C (Fig. 6-31d). Summing up. the material becomes more brittle, but the damage is
more diffused and the damaged volume increases. In the end the material becomes more
ductile and so the structural behavior, even if further studies are needed with relerence to the
structural behavior. As for the role of concrete grade, there are apparently no major
differences in the two concretes tested in this project.

The previous results are confirmed by Barragdn et al. (2001) for £ < 40 MPa, while for 1.
> 50 MPa it appears that the fracture energy first increases and then decreases (Fig. 6-32a).
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0.0 0.0 S— 15
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10 10
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Lo indi i Vob TP indirectt
(MPa) - i"‘ 3 |n|:||recft ilinsmn {MPa} |, R xn lmcc.fa in;.gg
cla=000 =
i e =025 A : Y, =025
5 2‘ =050 m 5 \ e 030
=, ok \ A ¢ -‘
e f'=95MPa i
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Fig. 6-29 Direct tension, motched coltnders, and melirect tension, wotched and wanotched prisms: (a) plots of
the residnal streneth; (h) plots of teo stresgth vatfos) and (e,db plots foe different noteh depehs ff, =
compressive strength; fi = fy = fensile strengily [® = indivect tersile sirematl in tHhrve-poiut
beweding); hiphlv-siliceans concretes (Felicenti and Gantharova, 1984
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This latter tendency is confirmed by Zhang et al. (2000a) — Fig, 6-33a — who tested two
coneretes (NSC with £, = 57.4 MPa and HPC with f,= 77.6 MPa at 28 days, rapid-hardening
Portland cement, natural aggregates, concrete age 14 days), As a result of the further
hydration of the cement paste and of the strengthening of the ageregate-mortar interface,
fracture energy markedly increases up to 300°C in both NSC and HPC, but then starts
decreasing, because of the unfaverable effects of microcracking, dehydration and chemical
decomposition. The sume was found by Felicetti et al, {2000) with reference to ultra high-
performance concretes (CRC and RPC, Fig. 6-33b), where the sizable amount of steel
microfibers increased the fracture energy by two orders of magnitude with respect to a typical
high-performance concrete. However, the HPC still showed a markedly constant fracture
energy at the various temperature levels (Fig, 6-33b).

As lor concrete toughness, there is a general consensus on the loss of toughness
accompanying the exposure to high temperature (Felicetti and Gambarova, 2000, Fig. 6-31d:
Zhang and Bicanic, 2002, Fig. 6-34a; Hamoush S.A, et al.. 1998),

Finally, the characteristic length increases with the temperature, i such a way that the
larger the strength. the larger the characteristic length (Felicetti and Gambarova, 2000, Fig. 6-
31d; Zhang et al., 2000a, Fig. 6-34b), and the quicker the cooling, the larger the charactenstic
length, because of the greater damage that softens the material (Barragdn et al., 2001, Fig. 6-
32b: Zhang et al., 2000a). According to Hillerborg's formulation, the characteristic length is a
comprehensive brittleness parameter, which brings in the fracture energy, the tensile strength
and the elastic modulus:

a3

Jlrl:|| = GI' I:l.]‘-;.ll- [ﬁ‘l |

Since the characteristic length is a measure of the damaged volume. the larger the
characteristic length, the more diffused the damage and the less brittle the concrete.
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Fig. 6-31- Divect and indivect tension tests: {a,b) fracture energy Gy ay a fimetion of the temperature, with
G = 200245 Nim () and G = 205260 Nim (b)- (e) definition of e fractre enersny: and (d)
plots af the toughness Ko and of the characteristic length 1y, as a function of the emperatiore = K e
= (G, EJ" and 1, = G £ £7 el = noich deptii-to-section depdr vatto (Felicend
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Summing up, exposing concrete to high temperature makes the material more cracking-
prone (the toughness decreases). but the overall behavior becomes more ductile, since the
damage is more diffused (the characteristic length increases), as a result of the increasing
fracture energy (at least up to medium temperatures) and of the decreasing tensile strength.
The vanations of the last two parameters offset the decreasing elastic modulus and increase
the characteristic length, more in high-grade than in low-grade concretes. since — as it is well
known - the tensile strength does not keep up with the compressive strength, at any
lemperature,

6.1.3.7 Stress-strain curves

As shown in the previous sections, most of the research projects conceming concrete high-
temperature behavior has been focused on a number of specific properties, like the tensile and
compressive strengths, the elastic modulus and — more recently — the fracture eneray,
However, starting from the late sixties and early seventies of the past century, an increasing
number of studies has been devoted to the measurement of concrete complete stress-strain
curve at high temperature see Purkiss (1996), where the results by Furamura (1966,1987),
Baldwin and North (1973), Popovics (1973), Schneider ( 1980). and Purkiss and Bali (1988)
are quoted; see also RILEM (1985), and Hager and Pimienta, 2005].
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Because of the limited toughness of plain concrete (any plain concrete!), the tests had —
have — to be carried out under controlled displacements, which is very demanding at high
perature, at least at low-medium temperatures when the material is stil] very brittle (Th. <
400°C). Of course testing in residual conditions is much easier, since the specimen is

F_!

nstiimented, loaded and monitored at room temperature (a thermally-damaged concrete is
ke @ virgin concrete with a lower strength and stiffiiess).

In compression, the stress-strain curve is generally obtained by using the circumferential

strain as the feedback parameter to control the test (Jansen et al.. 1995 Tacrwe. 1992: Hsu
d Hsu, 1994). As a matter of fact, this strain is an increasing function throughout the whole
est, while the same is not true for the longitudinal strain, unless the material is highly
ﬂﬁmaged (for T = 400°C the material softens and becomes ductile, Felicetti and Gambarova,
1998),
In direct tension, since notched specimens are generally used, the attention is focused on
the relationship between the mean stress in the notched section and the relative displacement
t the notch mouth. This displacement - called CMOD (Crack Mouth Opening Displacement)
- fends to coincide with the CTOD (Crack Tip Opening Displacement), once the crack starts
at the tip of the notch and propagates to the whole notehed section. The complete stress-
EMOD or stress-CTOD curves are instrumental in evaluating the fracture energy, the stress-
strain curve in direct tension and the “critical” crack opening (when there is no stress transfer
across the crack), that are often requested by FE codes (see for instance Felicetti and
Gambarava, 1999,

In the following, the attention is mostly focused on concrete residual behavior in
tompression, since for the behavior in tension there is no need of very realistic curves and
rather simplified curves are generally adopted, on the basis of few parameters (like the tensile
strength and the fracture enerpy).

According to Furamura, Baldwin and North (see Purkiss, 1996). the stress-strain curve of
~any concrete can be put in the following non-dimensional form:

a0 = (ede) exp [1 = (e/8a)] (6-2)

where o, and &, are the actual stress and strain, and ., and &., are the stress and strain
corresponding to the peak of the curve,
A more general formulation was introduced by Popovics (see Purkiss. 1996).

Ou'Tcr = (€81 {07 [n = |+ (g/64)"]} with n=[1 — aa/(g Ei.}]" {6-3)

The parameter n is - unfortunately — a highly-variable parameter (from 2 to 7). that
depends on conerete compressive strength, aggregate size, aggregate-cement ratio, and — more
generally — on any parameter affecting concerete non-linearity, like — for instance — the preload
in the case of fire-exposed structures.

In EC2 — Fire Design the stress-strain curve at high temperature is given the formulation
ntroduced by Schneider in the early cighties (see RILEM, 1985):

GLIL = :'l‘ﬂ:"l': HTI..'I [2 F {E._--';ETCL]J“ for E; = E[.L'| [6_4}

where: &', (strain at the peak stress) = _
2.5%107 + 4. 1107 (T - 20) + 5.5x 107 (T - 20F < 107,
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As for the softening branch, a linear or nonlinear formulation can be adopted, with the
values of the ultimate strain &', ranging from 2% to 4% (T = 200 — 800°C. Franssen. 2004,
Fig. 6-35).
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Fig G-33:  Stress-strain curves for concrete af high temperature (EC2 — EN 1993-1-2 — Firp Design): s o
first approximation, the residual curves may e ohtained from the high-temperatire cumves, by
means of a {3-20% veduction of the peak stress £

In Figs. 6-36a.b two sets of curves are plotted for a highly-siliccous concrete. in the virgin
state and after a thermal cycle at 300°C (f. = 72 MPa. 3 nominally-identical specimens in ecach
case, Felicetti and Gambarova, 1998). For the same conerete, Fig. 6-36¢ shows the mean
stress-strain curves, while Fig. 6-36d refers to a closely-related concrete. with a hi gher
compressive strength. Note that there are no major differences between the first concrete -
lean mix, ¢ = 290 kgfm:;, calcareous filler = 105 kgjm" - and the second concrete with £, = 93
MPa (nich mix, ¢ =415 kgx‘nﬁ no calcareous filler).

For the above-mentioned concretes (f, = 72 and 95 MPa), the stress-CMOQD curves are
shown in Fig. 6-36 (Felicetti and Gambarova, 1999). The reduction of the softening branch is
remarkable indeed (the larger the temperature, the more elastic-plastic the behavior of the
material, with no major differences between the two MiXes).
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Going back to compression, the stress-strain curves of two normal-strength concretes
(with ordinary and light-weight aggregate respectively) and of one hi gh-performance concrete
(with light-weight aggregate) are shown in Fig, 6-37. In Fi g. 6-37a the compressive strength
1s plotted as a function of the temperature, while in Fig. 6-37b the bilateral simplification 1s
sketched, together with the strain at the peak stress (£.1) and the ultimate strain {Eend:

The gain in terms of ductility after a thermal cycle, the loss in terms of compressive
strength and the advantages offered by the passive confinement exerted by the ties are
highlighted by the test results of Bo Wu et al. (2002), as can be seen in Fig. 6-38 (f. = 70
MPa, silica fume = 12% cement; cement = 500 kg.fmj. water/binder ratio = 0.27). Prismatic
specimens made of plain and reinforced conerete were tested in virgin conditions and after a
cycle at 100-900°C (AT = L00°C; prism length and side h , a = 315 and 100 mm). The
specimens of Group A had no reinforcement, while prisms of Groups B and C had 5 and 9
square ties respectively (tie diameter &, and sectional area A, = 6 mm and 283 mm tie
spacing s, = 75 and 37 mm; total steel ratio p, = 4A/5a = 1.5% and 3.0% respectively). The
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specimens of Groups B and C had also 4 longitudinal bars at the corners. to keep up the ties
(@ = 6 mm). In Fig. 6-38 only the stress-strain curves of groups B and C are shown, both 1n
their dimensional (Fig. 6-38a.b) and non-dimensional form (Figs, 6-38c.d). From the latter
curves, what clearly appears is that the descending branches become flatter when the
confinement is increased, but there is not much difference between the two confinement
ratios. Furthermore, looking at the non-dimensional cuives, the effects of the confinement are
not univocal, (It should be noted that the non-dimensional curves are useful to identity the
general trends of both the ascending and the descending branches, but are rather misleading
since the ductility 18 “hidden™ in the strain at the peak stress, this strain being used to put the
strains in a relative form). However, in spite of the rather large scatter, the general trend of the
descending branches is pretty much the same for any temperature. In Figs, 6-35c.d. the full
curves represent the simple relationships proposed by the authors,
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Finally, the critical issue to what extent the “residual™ behavior in compression is different
from the “hot™ behavior should be addressed, since recent results are rather contradictory at
least in the case ol high-performance cementitious composites with small aggregate particles.
The test results by Gawgska-Hager (2004) show that for a conerete with £ = 90 MPa (¢ = 377
ke/m’, s.f. = 10%c, wib = 0.30, calcarcous aggregate) the residual behavior is generally worse
in terms of strength and elastic modulus (Figs. 6-39a,b), while other results — limited to the
compressive strength (Fig, 6-39¢, Bamonte et al., 2006) — show that above 250°C the two
strengths are very close or even coincident. However. it is fair to say that the concrete tested
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by Bamonte et al. is a very-high strength micro-conerete (f. = 120 MPa, ¢ = 635 kgim®, wit =
(.31, siliceous aggrepate) without silica fume, while the concrete mvestigated by Gaweska
Hager is one of the concretes studied within the Project BHP 2000. To explain the above
contradictions, one should remember that there are at least 3 reasons why the residual
behavior tends to be worse than the hot behavior: (a) possible reversed thermal gradients
during the cooling phase. (b) lack of transient thermal creep and lack of compatibility
between the thermal strains in the aggregate and in the mortar, and (¢) re-hydration of caleium
oxide to form calcium hydroxide (portlandite) accompanied by a volume increase.
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Fig. 6-39: Compression — hot and resicual tesis: fah) by Gaweska Huger (2004) an concrete MIDUC ¢ = 90
MPa, ¢ = 377 kgim'- CEMI32.5R, s.f = 10% ¢, d, = 20 mm, calcareous ageregate. ve={.1% by
volume, polvpropylene fibers, wih = 0.30); and (e} by Bamonte et-al. (2006) on a micra-concrete
(e = 1200 MPu, ¢ = 635 kg/m'- 32.5R, no shoody = 4.3 mm siliceons aggregate, v = 0.6% hy
velme — macro- and micro-polypropvlene fibers, wib = wic = .31}

The lack of calcium content and of thermal gradients in the spectmens tested by Bamonte
et al. (because of the limited size of the cylinders - & = 36 mm - and of the very low cooling
rate) give a partial explanation of the better results obtained in Milan, but two other factors
come into play as well: the very homogeneous microstructure (d, = 4.5 mm), that favors
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mortar-to-aggregate strain compatibility, and the lack of silica fume, since there is a general
consensus on the unfavorable — but still not completely clarified - effects that silica fume has
on concrete high-temperature hehavior (Cheyrezy, 2001).

Summing up, high-performance concretes with mixed aggregates seem to have a residual
behavior which is worse than that at high temperature, as usually occurs in normal-strength
concretes, while some results indicate that very small aggregate particles accompanied by a
high cement content reduce or even nullify the gap between the residual and the hot behavior
il compression.

6.1.4 Recent developments
6.1.4.1  Self-compacting concrete

One of the major success stories in conerete research and applications is certainly represented
by Self-Compacting Conerete — SCC. since no energy 1s required to compact the material, to
envelope the reinforcement and to fill the formwork up to most hidden nook. Because of its
astonishing workability, SCC is particularly suitable for any structural member requiring high
durability (homogeneity. permeability, chemical resistance .....), which 1s typical of the
structures exposed to severe conditions (like — for instance - those in contact with soil and
water. or in an industrial environment, like dams, tunncls, piers, tanks, bridges, slabs on
grade, roadways and runways). While many properties related to SCC’s durability have been
studied in the past 10 years (see references in Persson, 2004), fire resistance have received
scanty attention, and mostly for spalling (Jansson and Bostrém, 2005). The paper by Persson
(2004) is still the most authoritative in terms of [ire resistance, and its conclusions are recalled
in the following.

Persson investigated the hot and residual behaviors of 12 SCCs and 4 VCs (vibrated
concretes), with a compressive strength ranging from 40 o 88 MPa, Four SCCs and one VC
contained Portland cement (c = 411-318 kg.-"mh"'; wic = 0.40: f. = 75-88 MPa), while cight
SCCs and three VCs contained blended cement (the clinker was partly replaced with a
limestone filler = 153% by clinker mass; ¢ = 268-447 kgj'm]; wic = 0.40-0.70; . = 40-80
MPa), In two SCCs (one with portland cement and one with blended cement) the mix
included also glass powder (gp = 0.15¢ and 0.25¢. respectively), while in ten SCCs  the mix
included limestone powder (Ip = 0.35¢ and 0.63¢ in the concretes containing portland and
blended cement respectively). The cement grade was 42,5 R in all cases.

The reference temperatures were 20, 200, 400, 600 and 800°C: as a rule, the heating and
cooling rates were 4 and |°C/minute respectively; at the reference temperature, all cylindrical
specimens rested for '4 h, before being tested in compression (“hot" tests) or being cooled
(“residual™ tests). The residual tests were carried out one week after cooling. In normal
environmental conditions, adding | ka/m' of limestone or glass powder increased the
compressive strength by .07 MPa, most probably because of the better packing of the fine
particles (however, the cement content in SCC was generally lower than in V).

In Fig. 6-40 the mean residual properties of the 10 self-compacting limestone-concretes
tested by Persson are plotted in a non-dimensional form, as a function of the reference
emperature. For the sake of comparison, also the strength decays of calcareous and siliceous
concretes suggested by EC-2 are plotted.

On the basis of the results obtained by Persson, the following conclusions can be drawn:

o The residual-strength decay in compression is practically nil up to 200°C and then
tends to become a linear function of the temperature, very similarly to vibrated
concrete; furthermore. the residual compressive strength is smaller than the hot
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compressive strength (not shown here). but the difference seems to be less pronounced
than in vibrated concrete and tends to vanish at high temperature (T = 600°C),

o The residual modulus is more affected by the temperature than the residual
compressive strength. as in vibrated concrete: furthermore, the hot and residual modul;
are practically comeident for T < 600°C. while at higher temperatures the residual
modulus tends to decrease more rapidly and is practically nil at 800°C.

* The residual strain at the peak stress tends to increase more than linearly with the
temperature, but less than the hot strain (not shown here) up Lo 500°C: on the contrary,
the hot strain is larger below 500°C . but then peaks at 600-700°C and later starts
decreasing.

Persson concludes that on the whole SCC and vibrated concrete behave pretty much in
the same way at high temperature and after cooling. However, with reference to HPC, the
elastic modulus seems to be more affected by hi gh temperature in S8C than in VC.
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Fig. =il Mean residhial properiies of the N limestone concretes tested e Persson (2004), and sirenpth
decay proposed in EC2: &, is the strain at Peak siress,

The conclusions by Persson are mostly confirmed by some very recent studies, that show
a renewed interest for SCC subjected to high temperature (f. = 25.90 MPa): the papers by
Remhardt and Stegmaier (2006 standard fire, hot and residual tests): by Noumowé et al., and
by Sideris (2006 and 2007, respectively; steady thermal conditions. residual tests); and by
Bamonte et al. (2008; steady thermal conditions. hot and residual tests) are definitely a step
forward in the direction of a beter understanding of SCC’s thermal and mechanical behaviour
during and after the exposure to high temperature
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Non-destructive test techniques for concrete
62,1 Introduction

As already declared in the above chapters. Fire Design has to do not only with the
structural behavior at high temperature, during a’fire, but also with the residual behavior,
when the safety of the damaged structure has to be checked, in order to define the best
strategy to repair and/or strengthen the structure. as an alternative to its demolition,
Within this context, any experimental and non-destructive method fit for giving
ormation on the maximum temperature locally reached inside the concrete and the bars, on
he local damage, on the residual strength and stiffness 1s welcome.

In the following. starting from the well-known paper by Schneider (1990), most of the

1 in
the non-destructive techniques developed so far are recalled and commented.
~ Further experimental results are shown. as an extension of those presented by Schneider
(1990), and new technigues are cited, with reference to the following list:
o pew results on the rebound hammer test:
o further data on Ultrasonic Pulse Velocity:
s methods for the interpretation of the indirect UPV technique;
o pull-out test (Capo-test);
& concrete colormetry:
‘o digital image analysis of microcracks:
¢ sonic methods (e.g. MASW ). impact echo);
» resistivity:
o coring and destructive perforation;
e georadar.
A detailed treatment of the Non-Destructive Testing techniques (NDT) is in progress in
e form of a repart by RILEM TC “INR” (Interpretation of NDT results. and assessment of
C structures), where all possible techniques are presented and commented, including those
d at the special case of thermally-damaged structures.
General remarks on conerete testing after a fire
Conecrete is known to exhibit a good behavior at hgh temperature, thanks to s
wcombustible nature and its low thermal diffusivity, which guarantee a slow propagation of
thermal transients within the structural members, As a consequence, the remlorcement cover
gthi (eXperiences very strong thermal gradients during a fire and the material thermal damage
' rapidly decreases [rom a maximum to nil within a few centimeters depth (Fig. 6-41). Only in
e case of quite a long fire duration and relatively small cross sections the thermal damage
oW could deeply affect the integrity of the structural members (Fig. 6-41b). For this reason, most
by ‘of the RC structures surviving a fire still keep a part their load capacity, and their assessment
nd 5 of prime interest for planning any strengthening or repair.
by ~ In the occurrence of spalling. the loss of concrete during a fire has the effeet of exposing
ep \deeper layers of concrete to the maximum fire temperature, thereby increasing the rate of
JUr fransmission of heat to the inner layers of the structure, Nevertheless, in some cases the build-
up of vapor pressure triggers the cxplosive expulsion of concrete chips. This phenomenon
usually take place within a relatively low temperature range (= 400°C) and then the material
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remaiming after the fire might have not experienced a significantly high temperature (as in the
case of the "Chunnel" fire).
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Assessing the residual capacity of concrete structures exposed to fire is then a quite
difficult task, because the traditional destructive or non-destructive testing techniques are
gencrally not suitable for the inspection of such a highly heterogencous lavered-material. The
possible approaches to this problem generally involve the inspection of the average response
of the concrete cover, a point by point analysis of small samples taken at different depths or
some special techniques aimed to interpret the overall response of the concrete member after
fire (Table 6-1).

Table 6-1: Fossible approaches to Nop-Destructive assessiment af fire-damaged concrete structures

Average response Point by point response Special interpretation

of the concrete cover of small samples technigues
Schmidt rebound hammer | Small-scale mechanical tests UPV indirect method
Windsor probe Differential Thermal Analysis Impact echo
Capo test el o : Sonic tomography
BRE internal fraciure 'I:Pg;movgrawmelrm Analysis Mol Analysis of

_ . |(TGA) Surface W ASW

Ultrasonic Pulse Velocity Surface Waves (M )

Dilatometry {TMA)
Thermoluminescence
Porosimelry
Colorimetry

Electric Resistivily

Microcrack-density analysis

Chemical analysis

Several chemo-physical transformations take place in the concrete at mcreasing
temperature (Fig. 6-42): the physically combined water is released above 100°C: the silicate
hydrates decompose above 300°C and the portlandite will be dehydrated above 500°C: some
aggregates begin to convert or to decompose at temperatures above 600 °C (0-pSiOs-
conversion, decomposition of limestone).
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The mechanical response of the material is weakened concurrently and the compressive
strength is expected to be reduced slowly below 450-500°C and rapidly above 500°C.
However, the decay can significantly depend on the mix design and on the heating and
cooling conditions (Fig. 6-42b). As a consequence. no clear relationship can be found
between the maximum temperature and the residual conerete strength. This latter parameter 1s
then of greater intercst in the assessment of the residual capacity of a structural member and it
is generally the object of the Non-Destructive evaluations. On the other hand, the maximum
temperature is of great interest in the assessment of the steel reinforcement residual capacity
or to ascertain some eritical chemo-physical transformations, such as the quartz transition,
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Concerning the other mechanical parameters. a more marked decrease is usually observed
for the Young's modulus, whereas the tensile strength shows the most temperature sensitive
behavior (Fig. 6-43). Other physical properties are more or less affected by the high
femperature exposure. such as density, porosity (total volume and average size of pores),
concentration of microcracks, color, electric conductivity, etc.

This extensive series of transformations casts the base for the material assessment after a
fire by means of NDT techniques. With regards to this point, the most common requirement
of in-situ investigations is the estimation of concrete strength, through the assessment of one
or more well defined concrete properties and the adoption of specific calibration curves. Due
to the fact that not only the material strength is affected by the exposure to fire, different
strength estimates have to be expected from a virgin and a damaged conerete exhibiting the
same ND test response.

As an example, it is known that increased values of rebound hammer index are recorded 1n
the case of a dry concrete. Then, the thermally induced strength decay is initially offset by the
simultancous water loss and enly after a sizable damage the rebound index begins to
diminish.

As a consequence, the usual calibration curves supplied by the ND instrument
manufacturer should not be adopted for heated conerete evaluation. In the case a specific
calibration curve for the thermally damaged concrete at issue is not available, sufficiently
reliable conclusions can generally be attained by determining the variation of the tested
parameter compared to unheated conerete. Weighing this variation against the corresponding
strength decay allows to ascertain the sensitivity of a testing technique (Fig. 6-44). This kind
of relationship is a valuable basis to form an opinion on the effectiveness of each NDT
technique for the assessment ol fire effects on concrete structures.
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6.2.3 Core test

The most direct method of estimating the strength of in situ conerete is by testing cores cut
from the structure. However, little information is available on the behavior of core specimens
having varying strength along the core (which are likely to result from fire-damaged concrete
slructure ).

Nonetheless. extracting cores from a fire-damaged structure is usually the first step for a
number of available test methods {colorimetry, porosimetry, chemical analysis, etc). It should
also be noted that cutting a core itself provides useful information on the damage depth,
provided that a continuous recording of both the coring depth and the encrgy consumption is
carried out. This kind of inspection has been pertormed during the assessment of the concrete
lining in the Mont Blanc Tunnel and is the object of an experimental program in progress at
Milan University of Technology.

6.2.4 Schmidt hammer test

This test gives a measure of the surface hardness of the concrete, although there 15 no
vbvious relationship between this and the strength. In fact, the larger elastic and inelastic
deformability, the more pronounced porosity and microcracking, and the free water loss play
a not negligible role in determining the decay of the rebound index at increasing lemperature.
Moreover, it has to be considered that the instrument provides information about the average
response of a 20-30 mm thick surface layer, Due to the necessity of a flat surface to make the
test, and of a large number of tests for statistical reasons. this test is not generally suitable for
heavily-damaged surfaces, as often occurs in fire-damaged structures, because of spalling.

The results available in the literature are very scattered. probably because of diflerent
concrete mixes (aggregate type and content) and initial moisture content (Fig. 6-45).
However. the rebound hammer is a very popular wol and the test is very casy to he
performed. Hence its application can be suggested for a fast detection of the areas where the
concrete of the exposed surface has lost 30-50% of ity original strength,
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Ultrasonic pulse velocity test

The use of the pulse velocity technique for the assessment of thermally damaged concrete
1s well established. given the fundamemal relationship between pulse velocity and dynamic
glastic modulus and the pronounced temperature sensitivity of this latter parametcer.
Moreover, the initial [ree water loss has the effect of emphasizing the veloeity decay at
relatively low temperatures (Fig. 6-46). Nonctheless the wide dispersion of experimental
results precludes the outlining a general trend for the calibration curves. Again, this test
requires a flat surtace and is therelore appropriate only for the surfaces with no spalling, The
method has been found to be particularly suitable for the use in waffle and trough floors. and
for assessing the damage extent due to a localized fire.

Contrary to normal practice. the transmitting and receiving heads can be profitably placed
on the same side of a structural member (indirect method). In this method, several
measurements ol the pulse arrival time are performed at increasing distance between the
probes. The outcome is a plot on the X-T axes (probe distance - arrival time - Fig. 6-47).
Assuming that the sound wvelocity increases al increasing depths. it s then possible to
investigate deeper and deeper material layers.

Several numerical methods have been proposed for the interpretation of this type of graphs
(Benedetti. 1998). In a recent study performed at Milan University of Technology a general
relationship between some geometric parameters of the X-T curves and the depth and
maximum severity of the pulse velocity profile has been worked out. However, the effect of
possible shrinkage and delamination cracks should be taken into account in the interpretation
of the results.

Other interesting methods have been developed based on the sound velocity, amplitude
attenuation and vibration frequency and modes. Among them the Impact Echo can be
profitably used for detecting possible delamination eracks or for determining the thickness ol
a tunnel lining. The Modal Analvsis of Surface Waves has been profitably used in the
assessment of the sound velocity maps on the Mont Blane Tunnel lining (CETU and
University of Sherbrooke),
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6.2.0 Windsor probe

This test was developed in the USA about 40 vears ago but has not received much
attention in most countries. The test involves shooting a steel probe into the surface of the
concrete. The length of probe left exposed is measured and can be correlated with
compressive strength.

This test has been found to be verv quick and si mple and gives a low within-test variation
and can be used on surfaces subjected to spalling. provided that these surfaces are reasonably
Hlat. Slight preparation is necessary on very rough surfaces, This test may. therefore, be used
on a flat and indented surface. and hence is ideally suitable for determining the strength
profile used on surfaces cut to different depths. Direct correlation with strength is slightly
better with this test than the other test methods but more reliable results will be obtained by
comparison with unaffected concrete, However, no specitic calibration curves are available in
the literature concerning the residual strength of fire-damaged conerete.
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6.2.7 BRE internal fracture test and CAPO test

The BRE (Building Research Establishment) internal fracture test involves drilling a hole
(6mm diameter) in which a wedge anchor bolt with expanding sleeve is placed 20mm below
the surface. The torque required to pull the anchor out gives an indication of strength from a
calibration chart. However. the within-test variation has been found to be fairlv wide, with the
result that direct determination of strength is less reliable, A comparison with sound concrete
usually improves the reliability but the results are perhaps not as good as those obtained from
the Windsor probe unless calibration data is available for the same ype of concrete being
tested.

The "eut and pull-out” test (CAPO test) is a similar technigue that is based on an undercut
anchor and has been developed in Denmark about 25 vears ago (Fig, 6-48a.b). In this case
45mm deep. 18mm diameter hole is drilled. afier which a 25mm groove is cut at 25mm depth
using @ portable milling machine. An expanding ring is then placed and expanded in the
groove and a pulled with a special equipment fit with a 583mm diameter restraint ring,
Compared 1o BRE internal fracture test, this latter techniques has the advantage of more
controlled fracture cone boundary conditions, which should allow for a better repeatability of
the results. Some calibration tests have been performed at Milan University of Technology.
showing a good sensitivity of the method (Fig. 6-48c.d), which seems 10 assess the average
residual strength of a 10-15mm thick surface layer.
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6.2.8 Concrete colorimetry
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bewis (Felicens, 20003
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decreasing as a result of heating.

Recently, some authors have shown that a closer and more objective inspection of the
color changes in heated concrete can be viably achieved by means of the modemn color
measurement systems. In a study on the effects of fire in the Mont Blane Tunnel (Faure and
Hemond, 2004) a colorimeter has been directly applied onto the surface of the concrete
samples. showing a good correlation between the color measure and the maximum
experienced temperature. Another interesting application of colorimetry to heated concrete 15
based on a optical microscope combined with a digital image analvsis workstation (Short et
al.. 2001}, Optical magnification and image resolution make it possible to carry out a point-
byv-point examination of concrete consti-tuents and to obtain of the color profiles.

Following the above encouraging results, a new technique has been recently proposed at
Milan University of Technology, based on a proper processing of the digital images taken via
a common low-cost digital camera, Besides the advantage of focusing the measurement on
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this commonly available device, a single side picture of a concrete core is sufficient to assess
the material color profile at increasing depths and a separate analysis of the cement mortar
and the aggregate can be easily performed (Fig. 6-49, Felicetti, 20035a).

(2.9 Thermoluminescence tesis

Thermoluminescence 1s the visible light emission, which oceurs while heating certain
minerals, including quartz and feldspar: the curve of the light output as a function of the
temperature for a given sample depends on its thermal and radiation history (Bungey, 1982).

In the case of fire-damaged concrete, this technique relies on the measurement of the
residual thermoluminescence in small amounts of sand drilled from the concrete. A major loss
of thermoluminescence occurs in the range 300-500°C, i.e. when concrete strength begins to
be markedly aftected by the temperature. An advantage of this technique is that only small
holes are to be drilled for sampling; then, by quantifving the thermoluminescence the
temperature profiles can be determined, from the heated surface. However, performing this
kind of test requires a special equipment and needs a specific experience.

6.2.10 Carbonation test

Carbonation depth may he determined by spraying the concrete with a phenolphthalein
solution and measuring the depth of the discolored zone. Useful information on the residual
durability of a fire-damaged structure can be obtained by comparing its carbonation depth (a
few years after the fire) and the carbonation depth of an undamaged building having the same
age (Fig. 530} Of course, the carbonation depth depends on tire severity,
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6.2.11 Chemical analysis

Chemical analysis can be performed to find the residual combined water in hardened

cement or the residual chloride in the concrete. The analysis to determine the combined water

was developed in Japan about 30 years ago and is still used today. This method requires the
concrete to be carefully chiselled along the thermally-damaged surface, in order to collect
some conerete powder belonging to each layer. After the elimination of the sand, the sample
of cement powder 15 heated in an electric furnace to measure the residual combined water
content as shown in Fig. 51. From the relation between the residual combined water content
and the maximum measured — or expected - temperature, the temperature profiles can be
drawn and the strength reduction can be evaluated.

Chloride ions may attack the concrete during and after the fire due to the decomposition of
plastics containing polychlonides, e.g. PVC. Originally the chloride exists in the surface layers
at a depth of 5-10 mm. Due to diffusion. chloride tons may later move into deeper concrete
layers and generate localized corrosion in the reinforcement. Therefore the determination of
chloride content 15 one of the mam objectives afier a fire involving — for instance - the plastic
ducts of a tendon. The commercially-available test methods are potentiometric titration, x-ray
fluorescence and test stripes for chlonde analyses,

6.2.12 X-Ray diffraction analysis (XRD)

Phase analysis of hardened cement mortar by XRD shows the presence of usual hydrated
phases such as Portlandite Ca(OH)z, calcium silicate hydrate (C-5-H), ettringite, along with a-
quartz due to siliceous aggregate used in concrete. Multiple XRD patterns of mortar samples
exposed to inercasing temperature in the range 100-1000°C show the gradual reduction in
Ca(OH): content, indicating gradual deterioration in conerete quality (Fig.52a, Handoo et al.,
2002).

6.2.13 Chemo-physical and mechanical tests

A number of testing techniques is based on the repeated testing of small samples of
concrete taken at different depths. inside the fire-damaged members. The following
techniques — to be used i specialized laboratories - are based on the chemo-physical
transformations in the material;

e  Thermo-dilatoMetne Analysis (TMA)
o  ThermoGravimetric Analysis (TGA)
e [ifferential Thermal Analysis (DTA)

Most of the thermally induced transformations of conerete are not reversible. Hence,
during the second heating of the damaged concrete. no significant transformations occur until
the maximum temperature experienced during the previous fire is exceeded. The evidence of
an ongoing transformation during the second material heating in a laboratory furnace can be
provided by length (TMA), weight (TGA) and temperature {DTA) measurements,

The uwse of Differential Thermogravimetmie Analysis after a fire, to evaluate the
temperature attained by a structural member during a fire was introduced by Harmathy in
1968.

The Differential Thermal Analysis involves heating a small sample of powdered concrete
in a furnace, together with a similar sample of inert material. Both samples are monitored to
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provide a trace of their temperature difference, which ensues from the loss of water of
crystallization i the various components and makes it possible to identify the presence of a
number of minerals (Fig.52b, Handoo et al., 2002).

Further approaches based on a point-by-point study of small samples are aimed to assess
the amount of defects, which is directly related to matenal decay (Fig. 53, Short et al., 2000).
Mercury- intrusion porosimetry is commonly used to evaluate the cumulative volume of pores
within a wide range of sizes. Both the quantity and the average size of pores increase owing to
high-temperature exposure. Modern digital-image analysis allows also to measure micro-
crack density (namely the total length of eracks per unit surface). This latter parameter seems
to be markedly aftected by the temperature.
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Other techniques have been proposed. such as the ultrasonic longitudinal scanning of
concrete cores. with the emitter and the receiver applied in diametrically-opposed locations,
A recently-proposed technique suitable for evaluating concrete compressive strength s
the so-called “Disk Punching-Test”, A thermally-damaged conerete core is cut into thin disks,
at different depths from the heated extremity. and then each disk is tested in punching (Fig.
4. Benedetti and Mangoni, 2005). . 1

Fig. 6-34:  Divk Punching-Test Sor the evaluation of the compressive strength (Benedetsi and Mangaoni, 2005)

6.2.14  Drilling resistance

As previeusly indicated, a common approach to the assessment of concrete damage
profiles is to repeatedly analyze a series of small samples taken at different depths. Howewver,
this methodology seems 1o be too demanding for the assessment of R/C structures damaged
by a severe fire, since a lot of testing points have 1o be investigated.

A promusing and much faster technique is based on the measurement of the drilling
resistance, which allows to continuously “scan™ the material response in a single operation
(Felicetti, 2005b). A hammer drill is usually recommended (Fig.55a) in order to prevent bit
wearing and overheating, In this case. the sensitivity to the exerted thrust is markedly reduced
and no special control of either the drilling force or the penetration rate is needed.

For the application to damaged concrete, the work dissipated per unit drilling depth
(J/mm) appears to be the most sensitive indicatar of material integrity. A correlation between
this parameter and the compressive strength cannot be easily worked out, owin g to the strong
influence of other properties like fracture cnergy and aggrepale hardness. However, the
drilling resistance keeps its si gnificance in relative terms ( Fig.55b) and the comparison with
the inner virgin material provides meaningful information on the thickness of the concrete
layer damaged by the fire.

This method usually provides reliable information, especially in the case of a severe
thermal damage (R." < 0.7 R,
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6.3 Concluding remarks

Both the concrete and the reinforcement suffer from the exposure to high temperature, that
causes a loss in terms of strength and stiffhess, starting from 400-450°C. However, the steel
reinforcement tends to recover most — and in some cases the totality — of its initial mechanical
propertics, after cooling to room temperature, while the conecrete undergoes a further loss
during - and immediately after - the cooling process. (This loss is recovered in 6-18 months

after cooling).

As discussed in the first part of this Chapter, the mechanical loss depends on the type of
the material. High-performance silica-fume concretes tends to be more heat-sensitive, but the
loss during — and immediately after - the cooling is more limited than in ordinary concretes
" (however, the same applies to the long-term recovery after cooling). The residual elastic
modulus. whatever may be measured. is more heat-sensitive than the compressive and tensile
strengths. The loss in terms of tensile strength and elastic modulus tends to build up above
100°C, while the compressive strength 1s rather constant up to 300-400°C. The residual
fracture energy increases with the temperature (up to 200-400°C), but then starts decreasing
and tends to be back to the value of the virgin material at 600°C, which means that up to this
temperature the conerete is tougher than in the virgin conditions.

With reference to the residual properties of the reinforcement, hot-rolled bars are
definitely less heat-sensitive than cold-worked bars (be they ordinary bars — even made of
stamnless steel - or high-strength bars for P/C structures). Among hot-rolled bars, quenched
bars (extensively used nowadays) are slightly more heat-sensitive thun carbon-steel bars
(above 550°C), but both are definitely more sensitive than stainless-steel bars, that — even
alter being exposed to 850-900°C — entirely recover their initial strength after cooling.

In spite of matertals heat-sensitivity, coupling concrete and steel is wenerally highly
successful in fire conditions, because of conerete low diffusivity. that guarantees the thermal
insulation of the reinforcement. This is the reason why seldom a R/C or P/C structure
collapses during or after a fire. As a consequence, different non-destructive technigues have
been devised to assess the residual safety level of fire-damaged structures, as shown in the
second part of this Chapter. The first step is to evaluate the maximum temperature reached by
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the outermost layers of the concrete. It can be done in different ways. The methods based on
conerete colorimetry and drilling resistance arc quite promising, since they allow to examine
the concrete layer-by-layer, starting from the heated surface. In the former case. from the
color changes of the lateral surface of a core or of a small hole drilled inside the concrete, the
depth of the thermal damage can be recognized, while in the latter case the work per unit
depth required by drilling a hole with an ordinary hammer drill is a reliable indication of the
local residual strength of the concrete (from hence. the temperature reached during the fire
can be inferred), Once the thermal field is known, the maximum temperature reached by the
reinforcement can be determined as well, and so the residual capacity of the structural
member in question,

Summing up, since the temperature gradients during a fire are quite high, the thermal
damage rapidly decreases starting from the heated surface, making it difficult to have point-
by-point information on the actual thermal field. For this reason. only by using ditferent, more
or less sophisticated techniques it is possible to have a reliable picture of the severity of the
fire, that is the starting point of any structural analysis aimed to identify the best strategy to be
adopted in dealing with a fire-damaged structure (demolition. rehabilitation or rehabilitation
and strengthening).
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Post-fire investigation and repair of fire-damaged
¥
concrete structures

§0:1 Introduction

Each single compartment exhibits its specific damage pattern after a fire and requires, as
“spon as possible, a thorough inspection in order to obtain an answer to the following basic

ks

(uestions:

- 1s 1t possible to repair and refurbish the damaged buildig or structure?
- 15 it necessary to demolish the building or structure, and to build it anew?

In both cases, the answer should come after the assessment of the damage, on the basis of
cost-benelit analysis, in order to allow the owner to take the best decision,

In the following “repair™ covers all the measures, that are nccessary to bring the
‘compartment or the building back to its original state and to allow 1t o work safely in
pecordance with its destination. Therefore the repair measures of fire-damaged concrete
structures comprise the following steps:

o collection of data concerning the fire event and its consequences:

e examination of the damage (due to fire and to fire-extinguishing activitics);
e classification of the damage:

o identification and selection of the most appropriate repair methods,

.2 Data collection

After the end of the fire and the cooling down of the compartment, or - in other words —
‘when the compartment becomes accessible, any possible picee of evidence concerning the
cevolution of the lire must be carefully collected before the clearing works are started.
Especially the location and the state of the many substances subjected to the fire, inside
the compartmer® (such as steel. nonferrous metals, plastics, fibres and timber), give a lot of
information about the maximum temperature reached in each point and fire duration.

In Table 7-1 some information is given about the behaviour and the state at high
temperature of dilferent materials usually found 1 a bulding.

13 Damage analysis

T.3.1 Concrete

One method to determine the depth of the thermal deterioration is to locally break off in
small picces the concrete of some selected members, layer-by-layer, by means of & hammer
and a chisel, looking for the colour of the concrete from pink (close to the surface) fo gray (far
from the surface), Another method is to drill small cores and to analyse them.

The depth of the discoloured zone can be regarded as the 300 “C — isotherm. Besides, drill
powder may be investigated with thermal analysis and small cores by mercury porosimetry.
Other properties may be investigated in situ using the rebound hammer, the drilling-resistance
test machine, ultra-sound velocity methods and/or mechanical methods with bigger cores (for

“by Ulrich Diederichs, Nicls Peter Hoj and Lue Tagrwe
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evaluating such parameters as compressive strength. tensile strength and modulus of
elasticity), to have a more complete picture of concrete residual properties (see also
Chapter 5). Then the temperature distribution should be studied numerically, in order to make
comparisons between the calculated isothermal line 300°C and the observed depth of the
damaged zone.

One should also look after the chloride contént and the contamination of reinforced-
concrete surfaces, to determine the chloride ingress profile,

Table 7-10 Effect af high temperatures mn materials commonly fornd in beilelings

Substance Typical examples Conditiony Approximate temper
°C
Palystyrene Food-container  foam,  light  shades, | Collapse 120
handlers, cortain hooks, rdio casings Softening 120 — 140
Sletnng and flowing [50— |80
Palvethylene Bags, lilms, Shriveling 1 26)
bottles, buckets, pipes Softening and melmyg L20 - (40
Pulymethyl- Handles. covers, skylights, glazing Softening 30 - 200
methacrylate Bubble formation 250
PYC Cubles, mipes: ducts, Depradaiion 100
linings, profiles, handles, Smoke | 361
knobs, Bouseware, toys, Browwt colour 20
hotlles Charring = 400 - 500
Cellulose Wood, paper, cotton Dark colour 200 - 30
Solder Plumbing joints Melting 250
T Flimbing Melng
Sunitary devices, 1oys Rounding of sharp edges iy — 350
Drop formation
Aluminium awd | Fixtures, brockets Sottening A0
light alloys mechanical parts and ifems Melting
Drop fermation A0
Gilass Celwzang, botiles Softening, rounding of shamp edges, S0 600
flowing Hi0
Silver lewellery, spoons Melting
cutlery et Drop fermistion AN
Brass Locks, taps, door handles, clasps Melting (particularly at edees)
Dirop fermation GO 1000
Copper Wiring, cables, ornaments Meltng OO0 1100
Cust iron Radintors Melting 1100 1200
Pipes D forination
Line Sanitary deviees, Drop formation 400
putters, down pipes Melting 420
Bronze Windows, firtings, doeor hells, Rounding of the edges ann
Oroanens Dirop Tormiation 00— 1000
I"aints Deterigration KEH
Dstruction 250
Wirinid Burning, ash tormation 240
13.2 Reinforcing and prestressing steel

The residual deformations of the remforeing bars and of the presiressing tendons should
be checked and mapped, and the smoke and soot particles (that may be corrosive) should be
analysed. [t 1s advisable to investigate the residual properties of the steel, by clearing a few
bars from the surrounding concrete and by cutting out a few samples to be tested in tension. In
this way the full o-g-relationships can be determined.

In most cases the mn-situ measurement of the hardness may be sufficient to have the
required information on steel residual properties, In other cases a more complete screening is
required, and coupling cut-out samples and hardness tests is necessary. Metallographic
analyses on ground slices are required only in specific cases.
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7.4 Diagnosis

Generally concrete structures (cither made of plain concrete, or reinforeed/prestressed) can
be repaired even after a severe fire (see Section 7.9). However, for cach element one should
estimate and compare the repair costs with the costs for a complete or partial reconstruction .
The larger the structure and the more severe the damage, the more likely the reconstruction of
the whole structure or of some members.

Only a specific investigation allows to understand whether the residual deformations can
he tolerated or more comprehensive measures are necessary for the rehabilitation (such as
treating the cracks for static and durability purposes).

For concrete it is possible to define “damage factors” (see Figs. 7.2 and 7.3). For instance,
in all the regions, where the temperature did not exceed 100 °(, the damage factor is 1, while
it is 0.85 in all the regions, where the maximum temperature was between 100 °C and 300 °C.
0.4 everywhere the maximum temperature reached 300 °C to 300°C, and 0.0 in all the regions
were the temperature exceeded 500 °C,

The same applies to the reinforcement, that is practically unaffected by the temperature up
to 400°C. For temperatures above 400°C, the residual properties of hot-worked carbon steel
are better than those of tempeore steel, of cold-worked carbon steel and of cold-drawn
prestressing steel, but are worse than those of hot-rolled stainless steel. However, to take care
of the mechanical decay of the reinforcing bars, additional reinforcement may be added.

As for prestressed conerete, on the whole it 1s more fire-sensitive than ordinary concrete,
but it depends on the prestressing system (pre-tensioned members are more heat-sensitive
than post-tensioned members) and on the type of the section. However, a comprehensive
investigation on the residual load-bearing capacity and on the deformations is mandatory,
hecause of the reduction of concrete Young's modulus and of the greal sensitivity of cold-
drawn tendons and strands to high temperature.

In general, had the original design barely respected the safety margins, the occurrence of a
fire could damage the structure beyond the level that is considered acceptable [or its
rehabilitation.

Sometimes, repairing a fire-damaged prestressed structure can he achieved by changing
the load-bearing system from prestressed conerete to remnforced concrete. In other cascs,
structural repairing can be achieved by adding prestressing tendons to heat-damaged RC
structures,

7.5 Damage classification

The effects of high temperature and fire on buildings and structures can be characterized
by introducing a few “classes™ (Table 7-2). This classification makes it possible to define
different strategies for the future use of the damaged building or structure:

o complete repair

e combination of partial repair and partial reconstruction
e change ol the destination or use

e demolition and rebuilding

7.6 Repair criteria
The main objective ol repairing fire-damaged concrete structures 15 to bring back the
structure to its original state and destination, through the following steps:

- the reinforcement should be refurbished and protected, and the concrete sections
should be brought back to their original size;
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- the repaired structure should have the same residual life as before the fire: Ir
- the repaired structure should have the same load-bearing capacity as before the fire: temp
- the repaired structure should meet the same fire-safety requirements as before the [ire, techr
Fable 7-2: Classes of damage
Class Characterization Deseription e

| Cosmetic damage, surfice Characterized by sool deposits and dissoloration. Tn most vases soot wod colout
can he washed off. Uneven distcibution of soor deposits may occur. Permane 1
discoloration of high-guality surfaces may cause thew replocement, Odors an meal
included in the class {they can hardly be removed, but chemicals are available fg mak
their elimination).

2 Technical damage, surface Characterized by damage on surface Ireatments and coatings. Limited extent m[fﬂ
concrete spalling or corresion of unprotecied metals, Paimed surfaces can be diff
repaired. Plastic-coated surfaces need replacement or protection, Minor damages (Tat
due to spalling may he lefl in place or may be replasterced, ! y

3 Structurad damage, surface Characterized by some concrete eracking and spalling, lightly-charred timber
surfaces. some deformation of mital surfices or moderate corrasion, This ype o
damage meludes slse vlass 2 domages: and ean be repaired in similar wavs.

4 Structura! damigee, cross-section Characterized by major concrete crackimg and spalling m the web of 1-beams.
deformed fManges and partly charred cross-sections in timber mombers, deprudad Conc
plastics. Coatl
Damapes can be often repaired in the existing structore. Within the class are ols AT
{a) the farge structural deformations that reduce the load-bearing capacity, and i) Coat
the large dimenstonal alterations, that prevent the proper fiing ol the different Coal
substructures and systems into the building. This applics in particular te metallic
constructions.

5 structural  damage 1o members and | Characterized by severe domages to structural members and componcnts, wil

COMPEHIENLS local failures in the matertals and large deformativns, Concrele constrictions r| foll
characterized by exiensive spalling, cxposcd reinforcement and  damaged
compression sones, In steel sirmctures cxtensive permanent deformations due @
dimmished load-hearing capacity caused by high temperatore. Timber struciures!
muy hive almost fully charred cross-sections. Mechanical decay m materiuls may |
oceur a8 a conseguence of the fire. Class 5 dwmoges’ usually will canse the]
chsmissal ot the struciure.
T Repair methods
" Depending on the damage class, repairing should be performed with one - or more - of the
following technigues: Ol
ey
- Cleaning and acsthetical renovation., the
- Repair of concrete surfaces by using approved materials (polvmer-modified mortars pr
and coatings).
- Repair of concrete members and recreation of the original shape (for instance in re
damaged sections) by using shoterete (according to DIN 18351 or to equivalent EN or sh
ISO standards). he
- Replacement of single elements (in the case of steel or prefabricated-concrete hi
members).
- Addition of extra reinforcement. by using glued carbon- or glass-fibre laminates
(ERP), -
- Addition of extra fire-safety equipments.
- Repair of concrete eracks by injecting resins or cement slurries.
- Pull-down of the structure and build it anew. °
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In the case of concrete members, lirst all the exwerira .,
temperatures in excess of 300°C should be removed according to the following: v
techniques:

s Chiselling and sand blasting.
. Cleaning with high-pressure water jets.

Then the tensile strength of the new concrete layers should be assessed, for instance by
means ol pull-off tests. The correlation between the pull-off load and conerete tensile strength
makes it possible 1o have sufficient information on conerete strength for the application of
mortar and protective coatings, as well as for the instalment (if required) of anchors of
different tvpes. The following pull-ofl’ strengths are generally considersd adequate
(Table 7-3).

Table 7-30 Minimun values jor e pull-off sirengil of the concrete subsirane

Svystem Mean value [Nimm?) Min. single value [N/mm?|
Concrete replacement |.5 14
Coating 1.4F 116

{paint withoul fire oo |

Costimg systems with line mortar )8

[ e

Coglimg systerms umber moterear lanes 1.3

Should the sections be brought back to the initial size and shape by using shoterete, the
following steps would be appropriate:

e Instalment ol auxiliary moulds (if necessary).

e Placement of additional reinforcement as required by the load-bearing capacity.
«  Washing and moistering of the subsirate.

o Shotereting in subsequent layers not thicker than 30 mm each.

s Special treatments (if necessary) of the surfaces after shotereting.

e Application of a mortar layer (1f requested for architectural reasons).

The application of special adhesives between the subgrade (= original undamaged
concrete) and the shoterete is generally superfluous. since the rebound of the coarse
agpregates contained in the shoterete leaves a thin transition layer between the subgrade and
the shoterete. Since this transition layer 1s very rich in fine aggregates, its “bridging”
properties (between the original concrete and the new conerete) are very good.

When using shoterete, there is no need to apply specific anti-corrosion products to the
reinforcement, because shoterete i very similar to ordinary cast-in-situ conerete. It is true that
shoterete is an extremely-dense material, that may spall under fire, but several additives have
been developed - and are available on the market - aimed at preventing shotcrete spalling at
high temperature.

The repair with the aid of repair mortars requires the following steps:

e Painting of the cleaned bars (a) with an anti-corrosion epoxy-based coating (containing
corrosion inhibitors and pigments), or (b) with a slurry (containing Portland cement, sand
and styrol-butadien acrylate), that later solidifies and becomes elastie.

e Application of an adhesive layer on the original cleaned concrete. to favour the cohesion
between the subgrade and the mortar, (This layer may be based either on epoxy resin or
on a polymer-modified cementitious mortar).
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* Recreation of the original size and shape of the member in question, by using polymer-
modified repair mortars, that should fulfill the following requirements:

Pull-off strength larger than that of the subgrade.
High capability of remaining stuck to the subgrade (high sticking capability).
Good capability of retaining the water added to the mix (as in ordinary
cementitious materials). ’
Same strength as in the subgrade (= original undamaged and cleaned conerete).
Same thermal expansion as in the subgrade.
Meodulus of clasticity from 1/3 to 1/4 of that of the subgrade.
Frost resistance.
Good handling in ordinary building-site conditions.

@ Forapplications on small thin spots also polymer-bound concretes are now available.

The previously-mentioned mortars have been available for the last twenty years: they are
obtained by mixing together water, fine/medium aggregates and a soluble polymeric powder.
These mortars are generally prepared by using different max.-size aggregates (d, between
I-2 mm and 8 mm}. The mortar should be applied in layers when the damaged arcas are
relatively deep (max. thickness of each laver close to 30 mm; d, up to & mm). When the
damaged areas are shallow, smaller aggregates should be used (d, = 1-2 mm).

Whenever necessary, a tine mortar should be applied as a finish, to close the surface pores
and to adjust each member to the contiguous members.

Last but not least, a protective laver can or must be apphed, depending on specific
requirements and specific types of exposure.

The many coatings available today can be classified as shown in Table 7-4,

In some cases, crack filling with special resins or mortars to re-establish structural
continuity is required by statics.

Fabie 74 Deseription of the various protective surfiice coatings

Deseription

Main tvpe of binder

| Hydraphobic Impreonation

Silan, Silexane, Silicen tosing

Caatings for non accessible surtaces with very low cravk-bridging
capithility

(a) polymer

L{b) polymer'cement inix

Coltings for non accessible surfaces with low crack-bridgimg
capability

{i) polymer cement mix
12} polymer dispersion

Coating with enhapced  crack-bridging  capability for non
aceessible surfaces

L) pedyvurethane
thitwo-component polymethy methacrylate-
mudified epoxy resins

Lamtimgs below  Mmnunous or  other  protective  layers on
aecessible surfices

Polyurelhane

Coatings with low or high bridging capabiline for accessible
surfices

(] multilayer epoxy resins

by epoxy resins and polyurethane resins

7.8 Real fires

7.8.1 Warchouse in Ghent

[n 1974 a firc occurred in a warchouse in the port of Ghent. which was half filled with

cotton bales. The 3-storey cast-in-situ R/C building, measuring 50x50m in plan, larecly
satisfied all criteria regarding minimum cross sections and concrete covers. Nevertheless.,
after about 80" of fire exposure, part of the building started to collapse. The fairly deep heams
in the fire zone were heated along three faces and showed a sizable longitudinal expansion.
This expansion, being restrained by the surrounding unheated structure, mainly occurred in
one direction. Consequently, shear failure of several columns (Fig. 7-1) occurred, resulting in
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the collapse of a substantial part of the building (Fig. 7-2). Computer simulations showed that
the collapse occurred after the temperature in the beams increased - on average - hy 130-
200°C.

The fact that axial restraint forces can reach very high values is illustrated by the test
results shown in Fig. 7-3. Fire tests were performed on precast TT sections for various values
of the longitudinal expansion (Issen et al., 1970). Tt can be noticed that axial restraint forces
up to 2.5 MN were measured. [n this case, the axial forces were favourable because thewr line
of thrust was located close to the intrados of the specimens. The same favorable situation
oceurs in the support conditions shown in the left part of Fig, 7-4, but not in the case of the
support geometry shown in the right part of Fig. 7-4 where the restramt force causes
additional deflections in the beam or slab. The values of the thrust shown n Fig. 7-3 were
measured before any significant relaxation of the concrete occurred. In the case of protracted
fires, relaxation effects prevail and reduce the effects of end restraints.

Fig. 7=1: Shear fatliore ino colwmn due $ooaxtad restratnt

Fig 7-20 Fire-induced collapse of a warehonse i the poet of Chent
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Fig. 7-3: Thermal restraint force on specimens with restricted longituding! expansion (lssen et al,, 1970)
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Fig. 74 Favourable (1) and nnfavonrable (2) support geometry with respect fo axial restraints (Kording et

al.. 1981}
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7.8.2 Library in Linképing

In 1996, a similar collapse occurred in the city library of Linkiping, Sweden (Anderberg
et al., 1996), which was exposed to a severe fire, that spread quite rapidly. The two-storey
part of the building collapsed after 30 minutes, although the design fire resistance was 60°.
The building consisted of cast-in-situ concrete columns. structurally connected to the beams,
to the floor (ground level) and to the roof slabs (2™ storey and part of the 17 storey)
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Crass-section af the city Jibrary of Linkdping (A, vherg ef al, 1996}

The main reason for the early collapse is attributed to the fact that there was a 52 m long
and 3.6m wide opening in the slab of the first {loor (see cross section in Fig. 7-3) along a one-
storey and a two- storey part of the building (Anderberg et al., 1996). Because of this opening,
the ground floor and the first floor were combined into one fire compartment (dashed zone in
Fig. 7-5). Moreover. the opening acted as a “chimney™ during the fire resulting in an intense
two- or multi-sided heating of the edge beams along the opening, as well as in the
neighbouring parts of the first floor. After the closure of a 30mm- wide expansion joint, due
to the thermal elongation of the adjacent floor parts, the further thermal expansion was
restrained. The restraint compressive forces from the fMoor slab and the roof deformed the
columns. Finally the compressive forces caused a shear failure ocecurring at the top of a
critical column (Fig. 7-6) and a sudden shear failure in the mamn stabilizing walls. These
failures led to the progressive collapse of a part of the building.

Tharmal expansion

h
2nd Floor 13

Principal lllustration

Fra. o ustration of the principle af Bre impact of roof rotation on the commean colee colims
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Fig. 7-6b: Thermal expansion in longitudinal direction after shear failure in the farizentally stiffening walls fn
the gronmd fToor

In Figs.7-7a,b the caleulated temperature profile over the cross section of a slab (after
S0min of IS0 834 fire), and the calculated mean slab temperature (as a function of fire
duration) are plotted. The latter plot shows that after a fire duration of 30min the mean
calculated temperature is about 163°C. The normal force is very dependent on the joint aap.
Here the gap was presumably about 30 mm and the total horizontal force for the 17 m wide
Noor was in the magnitude 5000 — 6000 kN, which finally exceeded the shear capacity of the

walls. With a joint gap of 70 mm or a modified structural system, it may have been possible to
prevent the failure mechanism,

Fig. 7o Shear failure at the top of o colunm (Anderbero ot af, 1996)
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7.8.3 Windsor building (Madrid)

The Windsor building, located in the commercial and [inancial centre of Madrid, was built
in 19741979 (Fig. 7-8). Among the 37 storcys, 5 were underground and 2 were technical
storevs (Fig. 7-10), From the third storey up, the in-plan section was rectangular (40 % 26 m).
The tower was built around a central reintorced-concrete core, lel housed the lifts and the
stairways. The steel columns placed along the fagades from the 3" storey up were supported
by the technical storeys. The internal columns were RC columns,

Fir 7-8; Windsor gy huile [Cafavera Fig. 7-9: Windsor building during the fire of 23 Fehrtery 2003
efafl r_-"””.'l.llu"

The rehabilitation works in progress since August 2003 included the upgrading of the
existing structure lo meet the most recent fire-safety legislation, Specilically. all the steel
parts of the structure were being fireproofed, a precaution that was nol required when rh:,
tower was designed and built. W hcn rhe fire broke out. the structural members above the
storey and all the floors above the 2™ technical storey had yet to be fireprooted (Calavera ct
al., 20035).

In the night of 25 February 2003, the fire started at the 21" floor and spread lhrt‘llll_hmlt the
building until it was extinguished roughly 26 hours later. All the storeys above the A" storey
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were affected. Because of the rehabilitation works, no occupants were inside the building

Figs. 7-9 and 7-11 show the upper part of the building during and after the fire, respectively,
The steel columns on  storeys 18 to 27 had collapsed. Due to their fall, nearly all the
perimetric floor slabs fell down and the debris accumulated on floor 17, 1.e. on top of lilé:
second technical floor. Since this conerete floor was stiffened by solid RC slabs and deep
beams, it was sufficiently strong to resist the impact of the falling debris and of their
accumulated weight, Thus complete collapse of the building was avoided. y
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In light of the damage caused by the hre o .. -
buildings, the Municipal Authorities of Madrid decided to demobsh we ...
Intemac was asked to prepare a proposal and to act as specialized consultant for the
demolition works (Calavera et al., 2005}, [t was concluded that the concrete structure
performed extraordinarily well under such a severe fire, and that the fireproofing of steel
members, to guarantee their fire performance was absolutely necessary.

7.9 Repair of a pretensioned roof girder after a fire
7.9.1 Deseription of the building

In 1974, a full-scale fire test was performed on an industrial precast hall, designed and
built especially for being tested in such severe conditions. This experiment was performed in
order o gain Orst-hand knowledge on the fire behaviour of a typical building. with the
structure composed of precast members. After the fire test, the building was dismantled and
the structural assessment of several concrete members was performed. This paper focuses on
the residual propertics of a pretensioned roof girder and on its structural behaviour after bemng
repaired by shotereting.

A detailed description of the real-scale fire test can be found in (Almey et al,
1974,1976,1977). The building measured 12 m x I8 m in plan. had a free height of 6 m under
the roof girders and entirely consisted of precast concrete members (Fig. 7-12). The load-
bearing structure consisted of three portal frames, each consisting of two columns (cross
section 400 mm x 400 mm) with a girder that supported the roof, The columns were anchored
t the foundations (Fig. 12). Wood was sclected as fuel. The total amount of wood used was
27 tons (125 kg/m?®) sawn in small beams, loosely stacked and dried. From the tests it
appeared that the actual value of the calorific value was 1442 Mlkg. Consequently, the
theoretical fire load was 1.8.10" kl/im?
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782 Temperature development during the fire

The ignition of the wood stacks took about 2 minutes. Twenty minutes past the fre
tgmition, enormous smoke clouds could be observed. Opening of the doors and stirring up the
fire by means of four fans was not sufficient to obtain a fully-developed fire. Only after 34
minutes, when the light-domes collapsed. the fire fully developed (with lames cscaping
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through the roof) and the inside temperature reached the level of the [SO-curve. From that
moment on, the fire rate was roughly controlled by the closing and opening of the doors. In
spite of the very high amount of fuel and of the ventilation of the building, the heating curve
[SO 834 was followed only during 75" (from 20" to 95" afier fire ignition, Fig. 7-13). After
707 no flames were seen through the openings of the building, and probably after 95" the
average air temperature was decreasing at a relatively fast pace. Since then, reliable
measurements were no longer available. because some thermocouples had fallen into the layer
of burning charcoal, while in other thermocouples the wiring and the supports were destroyed.
The fire died out after 1207 by lack of fuel.

[FE=

L]

! Limind
i i E.
; <O R R S W ™ % ® ™ 90w Al
Fig. 7-13: dverage afr femperature at differens fevely Fig. 7-14: Evolution of the measured temperature in
inside the building the central roaf givdey

Fig. 7-14 shows the position of the thermocouples and the temperatures measured in the

central root girder of the building. The following comments can be made:

= The surface temperature increases very rapidly after 307 since fire ignition and follows
closely the evolution of air temperature inside the building, with a delay that is smaller
than for the other elements.(The smaller delay is probably related to the position of the
girder inside the building).

= The average temperature of the remforcement remains almost constant during 357, but
then there is a sudden increase, most probably because of the detachment of the cover, due
to concrete spalling. (During the test, this sudden increase was attributed to some
unknown phenomenon and the measurements were considered to be unreliable).

7.93 Characteristics of the roof girder
One of the pretensioned roof girders, with a total length of 18 m. was removed from the

test site and brought to Magnel Laboratory. The I[-shaped cross-section had the following
dimensions: total depth at midspan/at the supports = 1,2/0.75 m: width of the flanges = 0.4 m;
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web thickness = 0.12 m (Fig. 7-15). Twelve 7-wire prestressing strands (nominal diameter
12.7 mm) were located in the lower flange and two strands in the upper flange. Fig. 7-16
shows one side of the girder, that was severily damaged during the fire test. Surface spalling
could be observed in many zones. In some cases the spalling in the web reached a depth of
several centimeters and at one point  the very deep spalling led to the formation of a hole
through the full thickness of the web (Fig. 7-16). In several zones, both the stirrups and the
longitudmal rebars were visible, and in other zones the cover of some strands was also
expelled.

Q

d

54 82
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Figres 713 amed 7-16; Pre-tensioned roof gisder — Crass section and view after the fire west

In the lab, the surface of the girder was cleaned and prepared by means of a pneumatic
hammer and by gritblasting. Afterwards, the girder was repaired by shotereting (Figs, 7-18
and 7-19),

7.94 Test of the roof girder under static loads

The repaired girder was tested under static loads with a span of 17.6 m. Four point loads
were applied by means of hydraulic actuators (Figs. 7-17 and 7-20), The design service load
of the girder (15 kN/m, dead weight excluded) was achieved by means of 4 equivalent point
loads of 66 kN each.
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Fig. 7-17: Ouwtline af the girder and of the foads [ e static fest
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Fig. 7-19: Central part of the girder after shotereting (Taerwe cral,, 2006)
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Fig. 7-20: Test xet-up

During the static test, the four point loads were increased in steps of 5 kN each, up to the
service load of 66 kN. After unloading, the girder was reloaded up to 66 kN with the previous
procedure, and then the girder was brought to fmlure. by mcreasing the loads by 10 kN at
each step.

Failure occurred at a load level of 162 kN per point load, which was 2.45 times higher
than the service load. Crushing of the concrete in the upper flange occurred after yielding of
the prestressing strands in a cross-section where a broken strand could be observed after the
fire test (Fig, 7-21).

The calculated resisting moment of the repaired girder is My = 1616 kNm. The maximum
bending moment in the critical section caused by the four point loads and the dead weight of
the beam was Mg = 1629 kNm. Hence, a very good agreement is obtained between the
maximum applied bending moment during the static test and the calculated value of the
residual resisting moment.

This example shows that - although the girder was seriously damaged during the fire - still
a sufficient safety margin could be achieved by applying an appropriate repair technique.

Fig, 7-21: Failuee zone of the repaived roof givder
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Al Beam-column-floor connections.

Al.l Introduction
Al.1.1 General .

Because of the possible large deformations which may ocour during a fire, the connections
should be designed for a large ductility and rotation capacity. In precast structures. the
solutions are somewhat simpler than in cast in-situ construction, because of the simple
support conditions of most connections.

[n cast m-situ structures, alternative connections should be studied to cope with the
dilatation problem. The aim is to avoid shear failure, as happened in the buildings in Gent and
Linkéipig. The problem is that as far as cast in-situ concrete structures are concerned, there has
not been much research on the functioning of their connections under fire circumstances.

For both types of structures, connections are vital parts and shall be designed. constructed
and maintained in such a way that they fulfil their functions and perform as required in the
case of fire.

An axial restraint force near the top of the beam as shown in Figure Al-1 would lead w a
premature Failure of the floor system,

Weldad plates Centroicial
axis

—

Fig, A=A The axial restraine would lead to faituve (Buchapan, 2002)

It 15 essential that the line of thermally induced thrust is below the centroid of the
compression region of the beam or the slab (Figure A1-2 (a) & (b)) so thal the eccentricity
(between the line ol action of the thermal thrust and the centroid of the compression block
near the top of the beam) has a positive value. [n this case, the axial restraint has a beneficial
elfect.

Sliding connection Centroidal Centroidal

cremmamsegle || s -

- Shirm =

Sliding bearing

(a)

Fig, Al=27 The axial restraint has o beneficial effect (Buchanan, 2002)

(b)
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Al.1.2 Literature review

The Working Group A-1: Element Tests of NIST (1997) recognizes the necessity of
testing the connections for a better understanding and a possible prediction of the behaviour
of structures under fire. However, tests on entire frames or joints between members are not
pursued due to the size and the high cost associated with them.,

A joint report from Cemburcaw/FIP (1979) indicates that the performance of a building
structure in an actual fire depends not only on the theoretical functionin g of each element, but
also on the efficiency of detailing, 1t is necessary to consider whether the removal of one
element can lead to the progressive collapse of the whole structure. It is recommended that:

. all main reinforeing bars should be properly anchored

° the top and boltom reinforcement in continuous beams should be continuous with
effective overlaps at the supports (in order to avoid premature failure in the case that
tension develops at the bottom steel, which was in compression before the fire occurred)

s some form of fire-stopping should be provided in the service ducts that penetrale a fire
compartment wall or floor.

Furthermore, a range of codes examined, mcluding the 1SO 834 — Fire Resistanice Tests:
Elements of Building Construction; ASTM E 119 - Standard Test Methods for Fire Tests of
Building Construction and Materials; JIS A 1304 — Method for Fire Resistance Test for
Structural Parts of Buildings: New Zealand Building Code; Conerete Structures Standard
NZS 3101:1995; Loadings Standard NZS 4203: (992 Building Code of Australia 1996;
Singapore Civil Defence Force Fire Code; and the Eurocodes. do not seem to provide
guidelines for the design of connections.

ACHTMS (1997) suggests that resistance to potential thermal expansion can be achieved
when continuous concrete structural topping is used. Members should be designed in such
way that flexural tension governs the design. In addition, negative moment reinforcement
should be long enough to accommodate the complete redistributed moment (the required
lengths of the negative moment reinforcement shall be determined assuming that the span
being considered is subjected to its minimum probable load whereas the adjacent span(s) are
loaded to their maximum unfactored service loads).

AlLL3  Connections and fire indirect effects

In general, the normal permanent and variable actions on a structure will not give rise to
specific design problems for connections, since the load level is mostly smaller at fire than in
the normal situation and also lower safety factors are used for the ultimate state design
because of the aceidental character of fire. However this is not the case for indirect actions,
where important alterations may oceur, mainly affecting the connections.

ALL3.1 Increase of the support moment for restrained continuous structures

The thermal dilatation of the exposed underside of a beam or a floor, forces the member to
curve, which in tum results in an increase of the support moment at the colder top side of the
member, see also CEB (1991). The effect on the connection can be important, since the
thermal restraint may lead to the yieldine of the top remnlorcement. However, precast
structures are penerally designed for simple supporting conditions, where the rotational
capacity 1s large enough to cope with this action.
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Al.1.3.2 Forces due to hindered thermal expansion

When a fire occurs locally in the centre of a large building, this expansion will be hindered
by the surrounding floor structure, and very large compressive forces will generate in all
directions. Experience from real fires learns that the effect of hindered expansion is generally
less critical since conerete connections are generally capable to take up large forces. In any
case it 1s recommended to take account of the phenomenon at the design stage.

Al.1.3.3 Large deformations due to cumulated thermal dilatations

When a fire covers a wide building surface and lasts for a long period, it may lead to large
cumulated deformations of fire exposed floors and beams at the building structure edge. It is
not unrealistic to assume that, in a large open store hall, the cumulated longitudinal
deformation of a bay during a long fire, may amount to 100 mm and more. The rotational
capacity of the connection between, for example, beams and columns at the edge of a building
is a critical parameter for the stability of the entire structure.

Al.1.34 Local damage at the support (due to the eccentricity of the support reaction)

The curvature of beams and floors during a severe fire may have an mfluence of the
location of the vertical force transterred through the connection, The edge of the supporting
member might split off, when the contact between the supported and the supporting member
is moving towards the edge of the latter. The problem can be solved by increasing the
thickness ol the bearing pad.

Al.1.3.5 Cooling effect after a fire

The cooling of a structure after a long fire may introduce tensile forces on the connections
between long structural members. However, these effects are normally not taken into account
at the design,

Al.2 Structural fire resistance

It is suggested (PCI, 1985) that many types of connections in precast concrete construction
are not vulnerable to the effects of fire and as a result they do not require any special
attention. Gravity-lype connections, such as the bearings between precast conerete panels and
conerete footings or beams that support them, do not generally require special fire protection,
If the panels rest on pads made of combustible materials, protection of the pads is not usually
needed since deterioration of the pads would not cause collapse.

The principles and solutions valid for the fire resistance of structural concrete components,
apply also for the design of connections: minimum cross-sectional dimensions and sufficient
cover to the reinforcement. The design philosophy is based on the large firc insulating
capacity ol concrete. Most conerete connections will normally not require additional
measures. This is also the case for supporting details such as bearing pads n neoprene or
another material, since they are protected by the surrounding components.
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Al2l Dowel connections

Simply support connections perform better during a fire than heavy continuous ones
because of their higher rotational capacity. Dowel connections are a good solution to transfer
horizontal forces in simple supports. They need no special considerations since the dowel is
well protected by the surrounding concrete. In addition, dowel connections can provide
additional stiffness to the structure because of the semi-ngid behaviour, After a certain
horizontal deformation, an intemal force couple is created between the dowel and the
surrounding concrete, giving additional stiffness in the ultmate limit state. This is normally
not taken into account in the design, but represents nevertheless a reserve in safety.

Al.2.1.1 Connections between superposed columns

Columns are often intervening in the horizontal stiffness of low rise precast concrete
structures. This is generally the case for industrial buildings. where the horizontal stability s
ensured by portal frames composed of columns and beams. The columns are restrained into
the foundations and have a dowel connection with the beams. The horizontal blocking of
possible large deformations depends on the stiffness of the column and the rigidity of the
restraint. Experience with real fires has shown that such column connections behave rather
well in a fire and do not lead to structural incompatibility,

In multi-floor precast structures, columns generally transfer only vertical forces, the
horizontal rigidity being assumed by central cores and shear walls. The question to be
answered with regard to the fire resistance concerns the choice whether to use single storey
columns or continuous columns over several storeys. When a fire occurs at an intermediate
floor, the horizontal blocking will be smaller in the case of single storey columns than with
continuous columns (Fig. Al1-3). The blocking in itself 1s not so dangerous, since it provides a

kind of prestressing to the heat exposed structure, but the forces may lead to shear failure of

the column itself. The latter phenomenen has effectively been stated in a real fire on a very
rigid cast in-situ structure. The example shows that the connection between superposed
columns may influence the indirect actions on the column,
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A1.2.1.2 Floor-beam connections

The connections between precast floors and supporting beams are situated within the
colder zone of the structure, and hence not affected by the fire. The position of the
longitudinal tie remmforcement (longitudinal means in the direction of the floor span) should
preferably be in the centre of the floor thickness, or a type of hair-pin connecting
reinforcement.
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Fig. A1-4: Hair-pin connection at floor-wall or floor-heanr suppart

In case of restrained support connections, the Eurocode prescribes the provision of
sufficient continuous tensile reinforcement in the floor itself to cover possible modifications
of the positive and negative moments,

A1.2.1.3 Floor-wall connections

Walls exposed to fire at one side will curve because of the differential temperature
gradient. At the same time the supported floor will expand in the longitudinal direction. Both
phenomena will lead to an increasing eccentricity of the load transfer between floor and wall,
with a risk of collapse (Fig. A1-5). For masonry walls. only reinforced or confined masonry
should he used. the strength of the wall should be increased. by providing internal ties in the
slab that are efficiently connected with the peripheral ties in the walls.

Fie. A1-53 Wall curvatirs and floor expaision may lead to large support e gIiricine

Al.2.1.4 Hollow core slab connections

Experience during lire tests in laboratories has learnt that the structural integrity and
diaphragm capacity of hollow care floors through correctly designed connections. which as a
matter of fact constitutes the basis for the stability of the floor at ambient temperature, are
also essential in the fire situation. Due to the thermal dilatation of the underside. the slab will
curve. As 4 consequence. compressive stresses appear at the top and the bottom of the
concrete cross-section and tensile stresses in the middle (explained in Chapter 2 : Fire action
and design approach). The induced thermal stresses may lead to internal cracking. In
principle. cracked concrete sections can take up shear as good as non-cracked sections. In
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fact, the crack borders are rough and shear forces can be transmitted by shear friction and
aggregate inlerlocking (Fig Al1-6), on condition that the transversal wedging forces are
balanced by an adequate reinforcement or by the surrounding structure. [n hollow core floors.
this transversal force is taken up by the transversal tie reinforcement at the support.

o ’o

Fig. Al-6i: Shear friction and biterlocking

Also mn fire conditions, the same principle remains valid. The decrease of the concrete
strength at higher temperatures is hardly playing a role. Such temperatures appear only at the
bottom part of the concrete section, and much less in the centre. From the foregoing, it
appears that at the design stage, provisions are to be taken to realize the necessary coherence
between the units in order to obtain an effective force transfer through cracked concrete
sections. The fact that shear failures never were observed in real fires shows that there exist
enough possibilities to realize this coherence between the units. As a matter of fact, this has
also been proven in numerous fire tests in different laboratorics. The possible design
provisions arc explained here afier:

Al.2.1.5 Remforcing bars in cast open corcs

The remforcing bars arce in the first place designed to connect the floor units at the support
construction. The reinforcing bars are placed mn the central part of the cross-scction, there
where the thermal stresses appear. They are keeping the cracks closed. The effectiveness of
such reinforcement in the preservation of the shear capacity of the units. at fire. has been
proven over during tests in different laboratories,

Al.2.1.6 Reinforcing bars in the longitudinal joints

This is a variant solution of the above given connection with open cores. To transfer
forces in an effective way, provisions must be taken to ensure a good anchorage of the bars in
the joints. This presupposes that the joints remain closed, which can be realized through a
gond peripheral tie reinforcement. The real function of the latter is to ensure the diaphragm
action of the floor and the lateral distribution of concentrated loadings, even through cracked
joints. Indeed, the interlocking effect ensures the force transfer. The anchorage capacity of
steel bars in cracked longitudmal joints between hollow core units bas been extensively
studied at Chalmers University of Technology, Gotenborg [Engstrém (1992)]. It is
recommended to mit the diameter of the bars to maximum 12 mm and to provide a larger
anchorage length than normally needed, e.g. 1.50 m for a bar of 12 mm. When the above
conditions are met, the reinforcing bars m the joints ensure the interlocking effect of the
possible cracked concrete section, and hence the shear capacity of the units at fire. Also this
case has been proven repeatedly in many SO fire tests.
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Al.2.1.7 Peripheral ties

As already mentioned, peripheral ties are playing an cssential role with respect to the
diaphragm action of the floor and the transversal distribution of concentrated loads. The
peripheral ties are also contributing in a positive way to the preserving of the shear capacity of
the units when exposed to fire. Indeed, the peripheral Beam obstruct directly and indirectly the
expansion of the floor, at one side through the rigidity of the tic beam itself together with the
supporting construction, and at the other through the coherence between neighbouring floor
units.

When fire occurs in the central part of a large floor, the thermal expansion ol the units will
be practically completely blocked by the rigidity of the surrounding floor, The blocking will
mobhilize important compressive forces in the fire exposed tloor units. As a matter of fact, this
has been stated at real fires, where sometimes large spalling occurred under the high
compressive forces, In such cases, the central part of the cross-section will certainly not be
cracked any longer through the differential thermal stresses, but the whole section will be
subjected to compression. The shear capacity will therefore be unaffected.

Al.2. 1.8 Steel connechions

Steel connections, such as steel corbels and similar, shall be protected against the effect of
fire, either by encasing them into concrete or by an adequate fire insulation. The concrete
cover should be at least 30 mm for | hour of fire resistance and 50 mm for two hours.
Precautions are to be taken to prevent spalling of the concrete cover by adequate
reinforcement.

In case of partially encased steel profiles, for example in slim floor structures. the
temperature rise in the steel profile will be slower than in non-encased unprotected profiles.
due to the effect of the thermal conductivity of the surrounding concrete. However, it is
recommended to protect the exposed steel flange by a fire insulating material.

——=s o\

Fig. Af-7: Examples of siim flooy structurves

AlL3  Separating Tunction

Requirements with respect to the separating function are expressed as limit states of
thermal insulation and structural integrity against fire penetration. They apply mainly for
joints between prefabricated floors, walls, or walls and columns, which should be constructed
to prevent the passage of flames or hot gases.

Longitudinal joints between precast floor elements generally do not require any special
protection. The precondition for thermal isolation and structural integrity is a minimum
section thickness (unit plus finishing) according to the required fire resistance. Mimimum
dimensions are given in the Table 1.1 (according to CEB Bulletin n® 208 "Fire design of
concrete structures"). The joint should also remain closed. The latter is realised through the
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peripheral tie reinforcement. When the section is too small, for example due to the limited
thickness of flanges of TT-floor elements, a special fire insulating joint strip can be used.

Fable AL-T) Minimion joint thickness h,

Standd s Minmmum joint thickness (mm)
resistance Bensc ageregate concrete Lightweight a ggrcg:a}tc
R conerete (1.2 t'm )
R 30 60 60
R 60 80 63
R 90 100 80 ]
R120 120 95 ]

Joints between walls and columns can be made fire tight by either a connecting
reinforcement at half height, or through a special profile of the column cross-section (Fig. Al-
8).

! |

= F——

Fig, A1-8: Connecrtion between column wad wall
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A2  Faslenings

A2.1 Introduction

With the increasing use of fasteners in civil engineering, the need for estimating their fire
resistance 1s becoming more and more important. However, there are no unified test
procedures at the moment and no commonly-accepted design rules for fasteming svstems
exposed to fire, this being a ¢lear demonstration of the difficulties of the problem. Moreover,
the different failure modes exhibited by loaded fasteners in fire conditions have not been so
far investigated in a systemalic way.
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Fige 4200 Typivad failure wrodes of fasteners:d al under tensife load, aud ) wnder sthear loaed (Eligeficasen
et al, 200h)

The typical failure modes observed during the tests on anchors loaded in tension or shear
or m combmed tension and shear m ordinary environmental conditions are schematically
shown in Fig. A2-1 (Eligehausen et al., 2006). Under tensile load (Fig, A2-1a) fasteners
usually fail after the formation of a concrete cone (conerete-cone failure mode), which means
that concrete tensile strength s the controlling parameter, together with the (limited)
toughness of the material. The ultimate anchor resistance depends on the embedment depth
and on concrete [racture properties. The second typical failure mode 15 due to shank yielding,
when the steel capacity is exhausted. This failure mode is typical of large embedment depths
and of small-diameter anchors. A third possible failure mode ensues from the pull-out of the
anchor, when the mechanical interlock or the chemical adhesion hetween the shank and the
concrete fails, and in so domng the load tansfer [tom the anchor o the concrete is no longer
possible.

Under shear loading anchors can fail because of concrete edge-failures, pry-out failures
and steel failures. Concrete edge-fatlure has some similarities with concrete-cone failure
under tensile loading (sce Fig. A2-1b), The ultimate failure load depends mainly on the
distance from the edges and on concrete strength. In the case of anchors having a small
embedment depth and a large distance from the nearest edge, either steel failure or prv-out
failure oceurs, In case of pry-out failure, anchors may exhibit a sufficient rotation capacity to
produce a concrete cone fatlure “behind” the point of load application.

by Cioran Perskic and Josko Cibole
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A2.2 Behaviour of fasteners under fire

In a number of fire tests, mainly performed by various manufacturers to test their specific
products, the most frequently-observed failure mode was due to steel failure. However, in
most of these tests concrete failure modes (concrete-cone failure and pull-out lailure, in case
of tension load, or concrete pry-out and edge failures in the case of shear load, see Fig. A2-1)
were deliberately excluded, for instance by adopting relatively-large embedment depths.
However. some recent experimental investigations (Reick, 2001) and numerical simulations
based on 3D thermo-mechanical FE modelling (OZbolt et al., 2005) have demonstrated that
concrete-related failure modes can also take place. This is especially the case for (a) anchors
with relatively-small embedment depths, (b) anchors installed close to an edge and (¢)
anchors and anchor groups made of high-quality steel ({or instance stainless steel).
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Fig. A2-20 Ultimate steel stresy ax a function of time to faifluve under a standard five (Reick, 2001

According to the tests where steel failure was observed. there are basically two parameters
that play a major role in the stecl failure of a fastener; (a) type of steel; and (b) diameter of the
anchor. Figure A2-2 shows the results of more than 300 fire tests on different anchor types
and different anchor sizes. The tests were performed in different laboratorics, by using
different fixture geometries, and are summarized by Reick (2001), The anchors were installed
in both un-cracked and cracked concrete, and then a sustained tensile load was applied. The
collapse was caused by rupture of the anchor bolt (i.e, anchor shank) or by stripping of the
threads. In Fig. A2-2 each data point represents the ultimate steel stress, caleulated from the
applied load at the onset of failure. The curves shown in Figure A2-2 represent the average
behaviour and demonstrate that the larger the fire duration, the smaller the ultimate steel
stress, with stainless steel in a much better position than galvanized steel.

The very large scatter of the test results is mamly due to the different anchor sizes used in
the tests. Therefore, in Fig. A2-3 the test results concerning the galvanized anchors mentioned
m Fig. A2-2 are shown for different anchor sizes. Note that the ultimate steel stress increases
with the anchor diameter. However, the influence of the anchor diameter is very pronounced
for any fire duration below 60 minutes, since the larger the diameter, the smaller the mean
temperature inside the bolt.
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The scatter of the test results turns out to be rather large for any given diameter,
particularly for small values of the fire duration, the reason being that some anchors were
installed in eracked conerete, while others were installed in solid conerete. During the first 30
minutes of any fire test, water evaporates from the concrete, and the ev aporation is definitely
lareer along the pre-existing cracks. However, evaporating water temporarily cools the
fastener. Especially when a fastener is installed in a relatively small concrete mass, extensive
waler evaporation can be observed during the tests. As a consequence, the steel lemperature
decreases to about 100 °C, Water evaporation diminishes after = 60 minutes. of the fire
dutation and so effects the behaviour of the fastener.

To minimize the scatter of the results obtained in different laboratories, the test procedures
for anchors in fire conditions should be standardised. A proposal is contained in the current
CEN Technical Document (European Committee for Standardisation, 2006). On the basis of
the results shown in Fig. A2-2, the characteristic steel strengths for fasteners under fire were
defined and the results are summarised in CEN/TS - 2006 (compare Tables A2-1 and A2-2).

Tahie A2-}- Characteristic tension streneth for galvanised carbon-steel fasteners exposed to stewmdard fire
(CEN/TS, (2006)
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A limited number of test results indicate that under fire exposure the shear and tension
strength of an anchor are similar, Therefore in CEN/TS (2006) it is recommended that the
values given in Tables A2-1 and A2-2 can also be used for the characteristic shear resistance
of [asteners exposed to standard fire.

The pull-out of the fasteners (Fig. A2-1a) is mainly caused by the splitting cracks in
concrete that reduce the friction between the anchor and the concrete. Since there are very fow
experimental data on this failure mode, the proposed design load according to CEN/TS 1s
based on theoretical considerations. Because of the thermal strains in the concrete,
compressive stresses are generated in the surface layer (approximately 35 mm deep) of a
concrete member. Since these compressive stresses cause the closure of the splitting cracks,
heating has imitially a positive influence on the pull-out capacity of the anchors. However,
when severe sagging in a concrete member subjected to bending — like a beam or a slab -
oceurs because of fire, a fastener may exhibit a pull-out failure. shortly before the collapse of
the member, due to rapid propagation ol bending cracks. However, the critical moment for the
pull-out failure would probably occur after the fire, since concrete damage increases during
the cooling of the concrete member. With regard to this point, recent finite element studies
(Ozbolt et al., 2005) demonstrate that - because of irreversible thermal strains in the concréte
closest to the anchor (load-induced thermal strains) - additional cracks are generated in the
concrete, with a reduction of the friction at the interface with the anchor, In the CEN/TS
document, the reduction of the pull-out capacity after 90 minutes of standard fire (150 834) is
evaluated as 25 % of the pull-out resistance al room temperature.

As previously mentioned, the typical concrete-related failure mode of a fastener loaded in
tension 1s controlled by the formation of a concrete cone (concrete-cone failure). According to
the available experimental data (Reick. 2001) and to recently-performed numerical
simulations (Ozbolt et al., 2005), the reduction of the ultmate resistance in tension depends
mainly on the embedment depth (anchors with small embedment depths exhibit reductions up
to 60 % of the ultimate resistance at room temperature), However, for anchors with large
embedment depths. small or even no reduction at all has been observed (Fig. A2-4). For
relatively-small embedment depths. the whole shank of the anchor is surrounded by very hot
concrete, that 1s severely damaged (concrete tensile and compressive strengths, as well as
Young's modulus are significantly reduced). For anchors with large embedment depths, the
head of the anchor (in undercut fasteners) and a sizable part of the shank (in expansion
fasteners) are relatively far from the heated surface. in a zone of lower temperatures, where
the concrete 18 less damaged and its properties are still good. Such conditions contmbute to the
relatively low reduction of the concrete-cone resistance. In the CEN/TS document, for
anchors with embedment depths up to A= 200 mm, the reduction of the characteristic
resistance (MNpie) after 90 minutes of heating s formulated as a linear function ol the
embedment depth — Npy o(90) = (57 200)-Ngye. For anchors with embedment depths larger
than 200 mm, no reduction 15 proposed (Fig A2-4.)
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Conerete cone failure is particularly critical in the case of group anchors. especially when
the anchor spacing is small. In these cases the steel capacity is k-times the capacity ol a single
anchor (& = number ol the anchors in a group). whereas the conerete cone capacity depends
on anchor spacing and varies between /- and k-times the capacity of a single anchor
(Eligehausen et al., 2006). Consequently, the possibility for anchors with large embedment
depths to fail according to the conerete-cone mode cannot be ruled out. Furthermore. any
explosive spalling in the concrete lavers closest to the heated surface would additionally
weaken concrete-cone resistance. lor either single or group anchors. Unfortunately. there are
no experimental results and theoretical predictions on this issue.

All the presented and commented so far are about anchor behaviour at high temperature
and/or under the standard fire. However, since concrete behaviour tends to worsen during and
after cooling, anchors should be designed considering also the post-fire situation. for at least
two reasons. Fiestly, new anchors may be installed in thermally-damaged concrete (whose
deterioration is not always evident). and secondly the anchors installed before the fire may be
unsafe after the fire. In both cases, the most typical failure mode (under pure tension and far
from the edges) is that related o concrete-cone formation. since the thstener s either
undamaged {first case) or recovers most of its initial mechanical propertics alter the cooling
process. With reference to this context, small- and medium-diameter fasteners — that
necessarily have a rather small instalment depth - are likely w lail because of the formation of
a concrete cone after a fire, even it in ordinary conditions (before the fire) they have been
designed to fail because to shank vielding, Only scanty attention has been devoted so far to
the post-lire situation of an anchor, but seme recent results may be cited (Bamonte et al.,
2007}, with reference to undercut fasteners installed in a conerete block. slowly heated along
one of the faces (AT/At = 1-2"C/minute. sce Fig. A2-34a). In Fig. A2-5b the capacity in tension
of an undercut medium-diameter fastener (shank diameter £ = 10 mm. nominal suggested
mstalment depth 1".&;_.«_',,.,-.-. = 101 = [ 00 mm. actual instalment depth hey 4q = 0.8 n".t:_.-_',.,-.._.,.. = & mm)
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i5 plotted against the temperature reached underneath the head, at the reference depth h* = §&@
= 80 mm), for 3 concrete grades.

Depending on the grade, at a temperature between 150°C and 220°C the failure mode
shifis from shank yielding to concrete-cone formation. and for higher temperatures the
capacity of the fastener is greatly affected by the temperature. Of course. under a real fire
characterized by much higher heating rates (AT/At = 100°C/minute). the capacity is even
more affected by the temperature, For the same fastener type shown in Fig. A2-5a and for
different instalment depths, a rather qualitative diagram of the reduction factor is plotted in
Fig. A2-3¢. This factor takes care of the much larger thermal damage that occurs in a rapidly-
heated concrete mass, compared to a slowly-heated mass, for the same temperature reached at
a prefixed depth.
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Summing up. it ean be concluded that further theoretical and experimental investigations
of fasteners in fire conditions are needed. Furthermore, the anchor behaviour discussed so far
is valid only if the exposure to the fire is limited to one face (i.e. one side). However. if the
exposure involves two or more sides, and the distance of the anchor {rom an edge is relatively
small, there is an additional re influence. In order to investigate these cases and to avoid — at
least partly - very expensive experiments, 31 numerical simulations of concrete members are
needed. In these numerical simulations. the so-called transport phenomena (mostly related to
moisture and vapour migration inside the conerete) should be modelled in order to predict the
possible occurrence of explosive spalling. There is an obvious need for developing realistic
hydro-thermo-mechanical models. with full coupling of these three different domains. 1o
verify these models. theoretical investigations must be supported by specific tests. whose
results will be instrumental in improving the current design codes for fasteners and in
formulating new, more rational and possibly simpler design rules.
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A3 Integrity of compartmentation i

Al Introduction

The fire resistance of lvadbearing and non-loadbearing components that  form
compartment walls and floors are typically assessed in isolation. using standard fire test
procedures according to EN1363 Part | or the relevant national standards. It is then assumed
that the construction will provide the appropriate level of resistance in an actual fire in a real
building. However, the mode of failure may be different to that experienced in the isolated
iests. In the case of loadbearing walls and infill masonry panels. horizontal thermal expansion
of the surrounding structure could cause instability of the wall, leading to premature failure.
For non-loadbearing walls, the vertical displacement of the structure during a fire is not
directly considered when assessing its performance and may lead to premature failure when
used in actual buildings.

A3.2 Regulatory requirements and standard fire tests

Compartmentation has traditionally been assumed based on the concept of fire resistance
and measured in relation to the resistance to collapse, resistance to fire penetration, and
resistance to the transfer of excessive heal.

The purpose of sub-dividing spaces into separate fire compartments s twofold. Firstly to
prevent rapid fire spread which could trap occupants of the building and secondly to restnct
the overall size of the fire, According to the UK guidance there should be continuity at the
junctions of the fire resisting elements enclosing a compartment, Typically this would be the
junction between a wall (either loadbearing or non-loadbearing) and a foor. The general
method for elements of structure (including compartment floors and walls) 1s to rely on
prescribed values in the regulations. The values relate to a minimum period for which the
element must survive in the standard fire test measured against the relevant performance
criteria of stability, integrity and insulation. Given that the standard test relates to single
elements it is difficult to see how such a reliance can achieve the requirement related to the
provision of continuity at the junction between two clements,

The principr] area of concern is related to separating elements required to satisfy the
criteria of integrity and insulation in addition to loadbearing capacity where appropriate. It 13
therefore necessary to investigate the methods used to assess performance against the defined
criteria for both floor and wall elements.

Al3 Loadbearing capacity
A3 Floors

For horizontal members failure in a standard test is assumed to have vecurred when the
deflection reaches a value of Li20 where L is the clear span of the specimen or where the rate
of deflection (mm/min) exceeds a value of L¥9000d where d 1s the distance from the top of
the section to the bottom of the design tension zone (mm). The rate of deflection eriteria only
applies once the deflection has reached a value of LI30.

The origin of the deflection limits are unclear but they, at least in part, are based on the
limitations of test furnaces and the requirement to avoid damage to the furnace. This is not a
logical basis on which to assess loadbearing capacity. The full-scale tests carried out at
Cardington have demonstrated that loadbearing capacity can be maintamed when deflections

by Tom Lennon
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much greater than those used to measure “failure™ in a standard test have been mobilised. For
conerete [loor elements failure is generally a tfunction of the insulation capacity rather than
toadbearing capacity.

A3.3.2 Walls

For vertical loadbearing clements failure of the test specimen is deemed to occur when the
specimen can no longer support the applied load. There is no clear definttion of failure in
rclation to the standard test, Laboratories are only required to provide for maximum
deformations of 120mm and values over and above this limit would require the test to be
terminated. The state of failure is characterised by a rapid increase in the rate of deformation
tending towards infinity. It is therefore recommended that laboratories monitor the rate of
deformation to predict the onset of fatlure and support the test load.

A34 Integrity
Al4l Floors and walls

The basic criteria for integrity failure of floor and wall elements is the same. An integrity
failure is deemed to oceur when either collapse, sustained flaming or impermeability have
occurred. Impermeability, that 15 the presence of gaps and fissures, should be assessed using
cither a cotton pad or gap gauges, After the first 5 minutes of heating all gaps are subject to
periodic evaluation using a cotton pad 100mm square by 20mm thick mounted in a wire
holder which 1s held against the surface of the specimen. If the pad fails to ignite or glow the
procedure is repeated at intervals determined by the condition of the clement. For vertical
clements where the gaps appear below the neutral pressure axis position gap gauges will be
used to evaluate the integnty of the specimen. If the 25mm gauge can penetrate the gap to its
full length (25mm + thickness of the specimen as a minimum value) or the 6mm gauge can be
moved mn any one opening for a distance of 150mm then integrity failure 15 recorded. The
cotton pad 15 no longer used when the temperature of the unexposed face in the vicinity of the
cap exceeds 300°C, At this point the gap gauges are used.

Again the origins of the measures used to determine performance are unclear.

A35 Insulation
A3.5.1 Floors and walls

The basic criteria for insulation failure of floors and wall elements 15 the same. Insulation
failure 1s deemed to occur when cither the mean unexposed face temperature increases by
more than 140°C above its initial value or the temperature at any position on the unexposed
face exceeds 180°C above its initial value.

The effect ol these localised temperature rises on the unexposed face is unclear, For
timber products 1gnition by a pilot flame can occur between 270°C and 290°C whilst
spontanecus ignition (required if there is no mtegrity failure) occurs between 330°C and
S00°C" depending on species. These figures suggest that the temperatures used to define
insulation failure may be too low particularly for structural elements passing through
compartment walls where storage of combustible materials on the unexposed side is unlikely.

The UK test standard states specifically that the standard test method is not applicable to
assemblies of elements such as wall and floor combinations. There is some limited guidance
to suggest that the test method may be used as the basis for the evaluation of three-
dimensional constructions with each element loaded according to the practical application and
cach element monitored with respect to compliance with the relevant criteria,
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A3.6 Results from standard tests

A study has been undertaken based on a series ol fire resistance tests carried out by the
UK Fire Research Station [Davey, Ashton (1953)]. There are issues to be considered about
the allowable deflection to be accommedated in relation to fire resisting construction on the
fire floor 1self, the floor below and the floor above. Compartment walls are often built under
existing lines of compartmentation. For residential buildings where the requiremenis for
compartmentation are particularly stringent the building layout 1s generally regular with
compartment walls running continuously from floor to floor. In such cases the anticipated
deflection 1s hikely to be quite small where structural elements span from compartment wall to
compartment wall. However, there is no guarantee that compartment walls will alwavs be
located in such an advantageous arrangement and there is nothing in the regulations to prevent
a compartment wall being constructed immediately underneath or immediately above the
mid-span of the supporting element. A useful starting point would therefore be a review of the
hikely range of deflections to be accommodated for a number of different forms of
construction both in terms of standard fire tests and measured results from natural fire tests.

Figure A3.1 shows the spread of results for the maximum deflection of tested reinforced
concrete tloors in the centre ol the span. In general the fire resistance of concrete floors in the
absence of spalling 15 govermned by the insulation requirement. Therefore. excluding those
values where overall collapse took place and limiting the results to those elements that either
survived for the entire duration of the test or failed by an insulation [ailure the displacement at
the centre of the slab is shown in Figure A3.2.

There 1s an assumption that the current method of meeting the regulatory requirement
provides acceptable results. In general the tests referred to above were carricd out on
specimens spanning 4m. Liniting the deflection to a value of Li20 should exclude results
greater than 200mm for a 4m span, The values quoted are for the maximum deflection
recorded and do not provide any information on the time-deflection history throughout the
[est.

maximum deflection from standard fire tests on reinforced concrete floors
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deflection of relnforced concroto floors in standard fire tests

ASl —— e — - -

450 . el == ke e

350

i ——————— _— -

s

- —— I S | — —-

diflection jmm)

-

o

=
|
|
|

10— - . o ——— e - R, o — A

Fad Fa45 FiE Faad m Fra F74 Fz2 F23 Fad
raferanca

Fa? FTz F75 Fra Fid

Fig, A3-2: Maximum deflection of reinforced concrete siabs excluding loadbearing and integrity failure

The “allowable” deflection of floor slabs and beams should be seen alongside the
requirements for both loadbearing and non-loadbearing walls and partitions. For loadbearing
walls there 1s a requirement to measure vertical deformation and lateral deflection. For non-
loadbeaning wall elements (partitions) there is a requirement to measure the lateral movement

and record the maximum value. The nature of the deformation

of walls in standard tests 1s

very much a function of the test set-up. For non-loadbearing walls they are restrained in a
frame and therefore can only move laterally due to thermal bowing. For loadbearing walls
they are restrained along the free edges but free to move in the direction of load.

The results for non-leadbearing and loadbearing brick walls in standard tests are shown in
Figure A3.3 and Figure A3.4. For Figure A3.3 the results generally relate to a time period of
120 minutes. The loaded specimens are generally twice the thickness of those in Figure A3.3

»and the test duration s 360 minutes for all cases.

The values for vertical movement are a result of the balance between thermal expansion of
the heated face and a reduction in the load carryving capacity of the member due to the

corresponding reduction in material properties at the heated face.

The values m the figures provide some indication of the magnitude of the deformation
associated with floors, beams and walls i the standard fire test. . However, there is no direct
relationship between the deflection limits applied to floors and beams and the deformation

criteria applied to walls.
Although fire resisting compartment walls are often built on

the main structural gridlines

there is no reguirement for this to be the case. Architectural and commercial requirements
require flexibihity i order to optimise the available space. Therefore compartment walls may
be located at any location within the span. If the assumption from standard fire tests is that
supporting clements may deflect as much as span/20 and that non-loadbearing compartment
walls can be located anywhere within the span of the heam then there is clearly a potential for

premature  fatlure of compartmentation. This potential for

failure applies to existing

preseriptive methads (i.e a reliance on the results from standard fire tests) of providing the
necessary fire resistance to ensure the integrity of compartmentation.

154

AZ fmegrite of comparomentation




lateral deflection of non-loadbearing brick walls
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Ald.7 Results from natural fire tests

The effect of the thermal and mechanical deformations of Hoor slabs on the performance
of compartment walls 15 an 1ssue that has been highlighted through the programme of full-
scale hire tests carmed out at BRE's Cardington test facility, The design guidance [Newman et
al (2000), ECSC (2002)] produced as a result of the tests concluded that, wherever possible,
compartment walls should be located beneath and in line with the main building gridlines.
The cftects of deformation of the floor slab on compartment walls built up to the underside of
the supporting beams (Figure A3.5) and offset from the main gridlines (Figure A3.6) is shown
below,
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For compartment walls made from lightweight plasterboard systems, the manufacturer can
supply a range of standard details to accommodate movement from the floor abeve. A range
ol such standard details may be found in Appendix C, In general, the deflection heads are
there to accommodate movement at ambient temperature and have not been designed for the
large levels of vertical deflection typically oceurring during fires.

The limited guidance available [Newman et al (2000}, ECSC (2002)] on mamtaining the
integrity of compartmentation during a fire makes mention of deformable blanket and sliding
joints without providing any specific details of how to design or install such products whilst
maintaining the required insulation and integrity characteristics of the wall.

The UK code of practice for the use of masonry [BS 5628 (2001)] mentions that
consideration should be given to the interaction of the whole structure of which the masonry
forms a parl. The connections of other elements with the walls should be sufficient to transmit
all vertical and honzontal loads. For internal walls and partitions not designed for imposed

loading, the code provides guidance on the ratio of length to thickness and height to thickness
dependent on the degree of restraint present.
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If the wall is restrained at both ends but not at the top (a common scenario for non-
loadbearing walls), then t=L/40 and t>H/15with no restriction on the value of L. Where
restraint is present at both the ends and the top, then the same restriction on length to
thickness applies and there is a restriction on the height to thickness ratio of 30 with no
restriction on the value of L. I the wall is restrained at the top but not at the edges then the
height to thickness ratio should be greater than 3U.

Where a wall is supported by a structural member it is suggested that a separation joint
may be included at the base of the wall or bed joint reinforcement should be included in the
lower part of the wall.

Where a partition is located below a struetural member and 1s not designed to carry any
vertical load from the structure above it should be separated by a gap or by a layer of resilient
material to accommodate deformation. Mention is also made of the need to consider lateral
restraint and fire integrity in such situations,

For masonry walls whether loadbearing or not one of the most important aspects of
behaviour in fire is the impact of thermal bowing. Some guidance is available in BRE
Information Paper 21/88 [Cooke (1988})]. This is the basis of the calculation of the thermal
bowing component ol the displacement eriteria adopted by Bailey (2003) who applied a
calibration tactor based on the results from the full-scale fire tests to apply the equation to
composite floor slabs. The original equations apply to metallic elements,

Concrete, brickwork and blockwerk have a lower thermal conductivity than steel and the
temperature distribution 1s therefore highly non-linear with a large thermal gradient across the
section. Cooke (1988) presented data for free-standing (cantilever} walls subject o a standard
fire exposure. Two thicknesses ol wall were tested (225mm and 337mm) with corresponding
slenderness (height/thickness) of approximately 13 and 9, The horizontal deflections at the
top of the wall were 70mm and 53mm after just 30 minutes fire exposure. (Given that the
thickness of the walls was well within the limits set by the code of practice BS 5628 (2001)
this provides some cause for concern. Walls built to the limits of the code would deflect
comsiderably more than the test values,

A number of design factors can be used to alleviate the effects of thermal bowing. These
include:

e The choice of a material with a low cocfficient of thermal expansion

o _ Increasing the thickness of the element

e Providing restraint at the top wherever possible (even for non-toadbearing walls) as the
mid-span deflection of simply supported members 1s a quarter of that at the free end

+ Providing edge support

Cooke’s paper also pointed to the importance of the thermal exposure in determining the
extent of thermal bowing highlighting the need to consider time/temperature regimes other
than the stundard curve.
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(a) Support section — Negative moment (b) Mid-span section — Positive moment

Fig, A4-32; Bending moment —axial force interaction curves; Yo span roctangnlar heam

{a) Support section — Negative moment (b} Mid-span section — Positive moment

Fig, Ad532 Beiding momens - gl force interaction curves; Yo span one-way sfoh

i jurs

(a) Support section — Negative moment (b) Mid-span section - Positive moment

Fig, A4-34 Beading soment — axial force intergotion curves; Yo span Toheam
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