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DRAFTS AND ASSESSMENTS

ENV 1992-1-2: 1995 Eurocode 2: Design of concrete structures —
Part 1-2: General rules — Structural fire design

Assessment of comments on ENV 1992-1-2: 1995
TC 250/SC 2 N 283 (= PT Doc N 40, 1999-07-08)

prEN 1992-1-2, 1* informal draft , January 2000
TC 250/SC 2 N 316 ( = PT Doc N 72)

Assessment of comments on 1% informal draft
TC 250/SC 2 PT Doc N 132, 2001-07-10 rev

prEN 1992-1-2, 1° draft , October 2000
TC 250/SC 2 N 351

Assessment of comments on 1% draft
TC 250/SC 2 PT Doc N 139, 2001-07-10 rev

prEN 1992-1-2, 2" draft , July 2001
TC 250/SC 2 N 404

Written comments were not asked, discussion at PT + NTC meeting
12/13 September 2001 in Paris

prEN 1992-1-2, Final draft , December 2001
TC 250/SC 2 N 418

Comments were discussed at PT + NTC meeting 11/12 March in
Berlin

prEN 1992-1-2, Revised Project Team Final draft , April 2002
TC 250/SC 2 N 447

Comments were discussed at TC 250/SC 2 meeting 1/2 July 2002 in
Milan.




FOREWORD

Foreword follows TC 250 document N 250 giving general guidance for all Eurocodes,
and especially Annex K Model clauses for fire parts, and recommendations of TC 250
Horizontal Group Fire.

Table 0.1 has been added to explain the use of alternative methods, and it is specific
for concrete structures.

[SECTION 1 GENERAL

Section 1 follows TC 250 document N 250 giving general guidance for all Eurocodes,
and especially Annex K Model clauses for fire parts, and recommendations of TC 250
Horizontal Group Fire.

SECTION 2 BASIS OF DESIGN

Section 2 follows TC 250 document N 250 giving general guidance for all Eurocodes,
and especially Annex K Model clauses for fire parts, and recommendations of TC 250
Horizontal Group Fire.

2.1.3 Parametric fire exposure

Background for the temperature limits for insulation criteria is given in TC 250
Horizontal Group Fire Document N 221.

Reference:

BDA 1.2 CEN/TC 250 HGF N 221 Insulation criteria for ““natural’ fire development situation
- Note to FRG

2.2 Actions

2.2 (2) Resulting emissivity has been changed to surface emissivity due to changes in EN

1991-1-2 (introduction of plate thermometer in testing).
2.3 Design values of material properties

Recommended values for partial safety factors = 1,0 are based on work done in
Horizontal Group Fire during ENV preparation. Higher probability of failure can be
accepted in fire situation than in Ultimate Limit State design at normal temperature.
Safety factors 1,0 were calibrated to give approximately same results as fire tests.

Reference:
BDA 1.1 CEN/TC 250/SC 2 N 195 Background document for ENV 1992-1-2: 1995.



2.4.2 Member analysis

Clarification for load level and reduction:

ACTIONS RESISTANCES

v

Es x ni =Eqgs Rq R

wi = Eqsi/ Ry

Eq and Rqare known from normal temperature design.

nsi IS defined in 2.4.2, with three possibilities

- calculate accurate value, see EN 1991-1-2 section 4

- calculate by using simplified equations in 2.4.2(3)

- use the safe side recommended value ns = 0,7 (Note in 2.4.2(3))

nri does not take into account if the structure is fully loaded (Eq = Rq) or not (Eq < Ry)
s takes into account if the structure is not fully loaded (Eq < Rg)
Tabulated data is based on reference load level nsi = 0,7, see 5.2(3), safe side value

assuming that the structure is fully loaded, unless otherwise stated in the relevant
clauses.




|SECTION 3 MATERIAL PROPERTIES

3.1 General

Lightweight aggregate concrete:

Material properties are not given, due to wide range of lightweight aggregates and
concrete properties.

This does not exclude use of lightweight aggregates, see e.g. Scope and Tabulated
Data 5.1(2).

3.2.2 Strength and deformation properties of concrete

The relative concrete strength at 100°C was changed (compared to ENV) to 1,00, and
a small corresponding modification was made at 200°C. The reason for this change
was to be in line with Part 1 of Eurocode 2, where material properties are valid up to
100°C.

Further justification can be found e.g. in CEB N° 208 Fire design of concrete
structures, July 1991, Fig. 7.2.5 where recommended practical design curve for
compressive strength has the full strength up to 200°C.

3.2.3 Strength and deformation properties of reinforcing steel

A new class X was introduced, as requested in Finnish comments, PT document N
180. There is requirement in Finland to test reinforcing steel strength at elevated
temperatures, and strength reduction in class X is derived from the Finnish
requirements.

3.2.4 Strength and deformation properties of prestressing steel

References:
BDA 3.8

BDA 3.9

A new class A was introduced, justified in Annexes BDA 3.8 and BDA 3.9.

New proposal for the mechanical properties of prestressing steel (wires and strands)
at elevated temperatures, CERIB, 2003-06-13

Common new proposal from the University of Liege and CERIB for the general and
simplified models for the mechanical properties of prestressing steel (wires and
strands) at elevated temperatures, September 12" 2003

3.3 Thermal and physical properties of concrete

Specific heat and thermal conductivity of concrete have been changed. In 1% draft
October 2000 specific heat and thermal conductivity were taken from the Swedish
design handbook. Background documents for these values are comparisons of
measured and calculated temperatures in Project Team documents:



References:

BDA 3.1
BDA 3.2
BDA 3.3

Reference:
BDA 3.4

Reference:
BDA 3.5

Reference:
BDA 3.6

Reference:
BDA 3.7

PT N 150 Background documentation for thermal conductivity of concrete
PT N 176 Comparison of thermal properties 100 mm slab
PT N 178 Thermal properties of concrete — Additional comparison and response

However, convenor of Project Team EN 1994-1-2 Fire design of steel-concrete-
composite structures could not accept the new thermal properties, arguing that the
ENV properties give good results for composite structures, and a lot of new
calculations would be required if the thermal properties were changed.

After discussions in TC 250 Horizontal Group Fire, a special meeting was held and
the outcome of the meeting was confirmed by TC 250 resolution in May 2002. The
result was to give a range for thermal conductivity, where the lower limit is calibrated
to temperatures measured in concrete structures, and the upper limit is calibrated to
temperatures measured in steel-concrete composite structures.

The agreement is given in HGF document N 219 (= TC 250 N 528-rev)

TC 250 HGF N 219 Special meeting on thermal properties of concrete, Delft 15 May
2002

Additional calibrations for the lower limit are given documents from CERIB (F):
Background document for the new proposal of the lower limit for thermal
conductivity, CERIB/DPO/DCO/FR, 03/06/02

Temperature comparisons CERIB/DPO/DCO/FR

Calibrations for steel-concrete composite structures are given in TC 250/SC 4/PT 1-2
internal document N75. Observations and remarks on this document are presented in:
EC 4 Background document for thermal laws of concrete EC4-1-2/75, Observations

and remarks, Tauno Hietanen, 2002-05-08

Summary of conclusions in the reference documents

- The proposed “prEN” curves (Swedish thermal conductivity) are in good
agreement in comparison to measured temperatures and temperatures given in
CEB 145 in Documents BDA 3.1 and BDA 3.2.

- According to French (CSTB) slab tests the proposed “prEN” curves are in good
agreement with measured temperatures near the exposed surface where the
reinforcement is located, but deeper in the cross-section they give lower
temperatures than measured, and higher surface temperatures than measured, BDA
3.3



This indicates that a small increase of thermal conductivity will give optimum
results. New proposal from France , calibrated in BDA 3.5 gives very good
agreement.

The lower limit of thermal conductivity is therefore recommended for concrete
structures. Temperature profiles in Annex A of EN 1992-1-2 are based on the
lower limit.

For steel-concrete composite structures EN 1994-1-2 will recommend the upper
limit. It seems to give better agreement with measured temperatures, but the
scatter of temperatures is large. A possible clarification may be differences in
modelling the thermal transfer, and composite structures being more complicated
to model.



|SECTION 4 DESIGN PROCEDURES

4.2 Simplified calculation method
Two methods are given:
1. 500°C isotherm method , developed in Sweden, and included in CEB Bulletin
Reference: CEB N° 208 Fire design of concrete structures, July 1991
2. Zone method, developed in Denmark, and included in ENV 1992-1-2

Reference:
BDA 1.1 CEN/TC 250/SC 2 N 195 Background document for ENV 1992-1-2: 1995.

4.2.4.3 Strength reduction of steel

In figures 4.2a and 4.2b the strength reduction depends on the strain. If 2 % steel
strain is possible in the structure (e.g. in most beams and slabs) strength reduction
fsy.o/fyk In Tables 3.2a and 3.2b may be used.

If 2 % steel strain can not be achieved (e.g. some beams with high reinforcement ratio,
or compression reinforcement) a safe side assumption is made: strength corresponding
0,2 % proof strain is given in figures 4.2a and 4.2b, as shown in the figures BD 4.1 to
4.3 below.
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Figure BD 4.1: Principle model for determination of strength at 0.2% proof strain
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[SECTION 5 TABULATED DATA

5.2 GENERAL DESIGN RULES
Reference load level
5.2(3) See background for 2.4.2.

When tabulated data is used for CE-marking of products like precast concrete
elements, reference load level for R-classification should be given, if deviating from

Nnfi = 0,7.

It may also be practical to give several fire resistance times for different load levels,
e.g. Resistance to fire: R60 for ns = 0,7
R90 for nsi = 0,5

Reference curves for critical temperature
Reference curve 1 for reinforcing steel in Figure 5.1 compared to curves for simplified

calculation methods in figure 4.2a, and reference curves 2 and 3 compared to curves
in Figure 4.3 are presented below:

ks(@)

0,8 \
[ \\\/ Curve[1]: Tension
\ .
i \\ reinforcement (hot rolled) for

0,6 \\i( strains & i > 2%

I /’“\ Curve |2]: Tension
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i \\ for strains &si > 2%
02 \\\\ Curve[3]: Compression

- reinforcement and tension

— reinforcement for strains &5 <
0 B 2%
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6 [°C]

Figure BD 5.1: Coefficient ks(&) allowing for decrease of characteristic strength (fy) of
tension and compression reinforcement (Class N)
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Figure BD 5.2: Coefficient k,(6) allowing for decrease of characteristic strength (0.9-fx) of
prestressing steel

Adjustment of axis distance for critical temperature deviating from 500°C

Rules for increasing axis distances for prestressing steel in 5.2 (5) and Equation (5.3)
in 5.2 (7) are approximations:

(5) For prestressing tendons the critical temperature for bars is assumed to be 400°C and for
strands and wires to be 350°C. If no special check according to (6) is made in prestressed tensile
members, beams and slabs the required axis distance a should be increased by:

10 mm for prestressing bars, corresponding to &, = 400°C

15 mm for prestressing wires and strands, corresponding to &, = 350°C

@
Aa=0,1(500 - 6,) (mm) (5.3)

Figure BD 5.3 illustrates the difference between approximation (straight lines) and
temperature profiles for slabs in Annex A. At 500°C the straight lines correspond to
minimum required axis distance for one way slabs (Table 5.8, column 3).

The straight lines do not give lower temperatures than the temperature profiles (Axis
distances below 20°C are disregarded as impossible in practice), except for R 240 with
steel temperatures below 400°C, i.e. the approximation is on the safe side in the
temperature range 350°C<0.,<700°C, and when used for the minimum axis
requirements given in tabulated data, as stated in 5.2 (8).
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5.3 COLUMNS

Tabulated data for columns in ENV was considered in some national comments to be
unsafe, especially for slender columns. Tabulated data in ENV was replaced by two
alternative methods.

Method A was developed in Belgium for the National Application Document. It is
based on analysis of 76 fire tests from 4 different laboratories. Background is given in
PT document N 1609.

Method B is based on calculations as described in Annex B.3. More comprehensive
Tabulated data in Annex C is based on the same calculation method.

Both methods have been compared to test results in Background documents. Method
B is more conservative, and both methods provide sufficient safety.

Both methods in normative part 5.3 have limitations in field of application. Method A
is limited to effective lengths and eccentricities which are covered by test results.
Method B is simplification of more comprehensive Tabulated data in informative
Annex C, covering most columns in multi-storey buildings.

In the background documents mentioned below, “NAD1” refers to Method A, “prEN”
refers to Method B, and “NAD2” refers to a calculation method in Belgian NAD, but
this method is not included in EN 1992-1-2.

Reference:

BDA 5.1 Comparison of fire resistance of columns in Tabulated data to test results

BDA 5.2 Background for Tabulated data Method A for columns

BDA 5.3 Comparison of Belgian simplified calculation methods and ENV 1992-1-2 Tabulated
data to circular column test results

5.4 WALLS

Fire walls

Rules for fire walls have been added, because there is European M — Mechanical
action classification in

Commission decision implementing Council Directive 89/106/EEC as regards the
classification of the resistance to fire performance of construction products,
construction works and parts thereof,

and in

EN 13501-2 fire classification of construction products and building elements — Part
2: Classification using data from fire resistance tests, excluding ventilation services

Test method is given in:
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EN 1363-2 Fire resistance tests- Part 2: Alternative and additional procedures
M-class is additional to REI or El, designation REI-M or EI-M.

It depends on the national fire regulations if M — Mechanical action is required for fire
walls.

Reference: Tabulated data for fire walls is taken from DIN 4102 Teil 4.

5.5 TENSILE MEMBERS
Table for tensile members in ENV is identical with table for simply supported beams,
but without intermediate values, and with two exceptions: for R 30 200/10 and for R
90 400/45.

When A > 2b%yin, the same axis distances should be valid for tensile members, beams
exposed on all sides and flanges of | shaped beams.

Therefore table for tensile members is replaced by reference to table for simply
supported beams.

5.6 BEAMS

Axis distance of | shaped beams
Equation (5.7) inin 5.6.1 (6):

Increase of axis distance of | shaped beams where the actual width of the bottom flange
b exceeds the limit 1,4 b,

%ﬁ=au35~%iJ%%)za (5.7)

The reason for this increase is that the bottom flange is heated also from the top of the
flange and due to the small dimensions of the bottom flange heating conditions are
more severe than assumed for beam tables. However, in some cases equation (5.7)
gives higher axis distances than required for beams exposed on all sides.

This is not reasonable, and therefore the validity of the equation has been limited to:
and bxdes < 26%min ...

With this limitation, the following rule in ENV has been deleted as unnecessary:

(7 For flanges with b > 3,5 b, (see (6) above for definitions) 4.2.6.4 applies.
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Because when bxdes> 2b%minand defr> bmin , requirements for beams exposed on all
sides (referred to in ENV) are fulfilled, and axis distances given in tables 5.5 and 5.6

apply.

Minimum width of continuous beams

Minimum width of continuous beam (Table 4.6) have been changed from the ENV
values. The reason for increased minimum width in ENV (compared to CEB 208) was
found to be risk for shear failure due to moment re-distribution.

Because this risk is covered by rule (6) and table 5.7, minimum width of continuous
beams can be the same as for simply supported beams.

Minimum web thickness

5.7 SLABS

Flat slabs

Reference:
BD 5.4

Three classes are introduced. Class WA is the same as in ENV, class WB was
requested by Sweden and class WC by Spain.

Minimum thickness of flat slabs in REI 60 has been changed from 200 mm in ENV to
180 mm. Justification with reference to PT Doc N 35 is given below

PT Doc N 35 Flat slabs under fire, redistribution of the internal forces and punching
tests, Prof. Kordina, Abstract 1993

10 slabs with thickness 200 mm and 4 slabs with thickness 150 mm were tested for
punching.

Investigations show redistribution of bending moments and increase of column loads
at first inside column. This was taken into account by increasing the load during first
30 minutes in the test, approximately by 50 %.

Short summary on test results (see figures 6 and 7 in N 35):

- Two slabs with thickness 150 mm failed before 30 min during the increase of
loads: failure load versus design load 1,31 and 1,37.

- Four slabs with thickness 200 mm failed before 30 min during the increase of
loads: failure load versus design load 1,07, 1,23, 1,36 and 1,39.

- fire resistance of all the other slabs was at least 70 min, the best 180 min without
failure (150 mm thickness)

- there seems to be correlation between load level and fire resistance (see Figure 7),
with two exceptions, one bad (22 min with low load) and one good (120 min with
very high load).

The test arrangements were on the safe side, because there was no restraint for
longitudinal expansion (in practice it increases shear capacity), neither membrane
effect.
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SECTION 6 HIGH STRENGTH CONCRETE

Background for the choice of strength reduction classes is given in:

Mechanical behaviour of HPC at high temperature, Pirre Pimienta, Izabela Hager

Test results on influence of different amounts of polypropylene fibres on spalling are
given in document:

Tunnel fire safety, Kees Both, TNO
Additional Project Team documents:

Design handbook for high performance concrete, Section 3.12 Fire design, Yngve
Anderberg, Jens Oredsson, Bodvar Thomasson, 11.06.97, Rev A

Spalling phenomena of HPC and OC, Yngve Anderberg

Extract from NS 3473:1993, Reduction of concrete compressive strength at high
temperatures

Mechanical properties of high strength concrete at high temperatures — a strain model,
UIf Goransson, 19.03.96

Extract from Finnish code by 34 High strength concrete, Supplementary rules, Fire
design

Spalling considerations from national comments, Le Duff 1999-08-20

Spalling, Comments and assessments, Le Duff 1999-08-20

CSTB, Test results on high strength concrete

HITECO, Task 7 Prenormative action, final report

HITECO, Task 7.2 Background for task 7

Reference:
BDA 6.1
Reference:
BDA 6.2
N 29

N 30

N31 p
N32 p
N37 p
N 49

N 50

N67 p
N68 p
N69 p
N80 p

Acrticles from Concrete, March 2000: High-strength concrete and fire, High-grade
concrete columns in fire
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This document has been prepared by the Project Team Structural Fire Design
of CENITC 250/SC 2.

The aim of this document is to give background information and references
which could be useful in preparing National Application Documents, for use of
the standard and in transferring it to an EN.

Project Team started the work autumn 1991 on the basis of 1890 Draft,
prepared by an expert group for the Commission of European Communities,
and national comments received on it. Drafts August 1992 and May 1993
were prepared for national comments, and voting Draft prENV was completed
in October 1993, It was approved as ENV at SC 2 meeting in January 1994
with changes made at the meeting.

Convenor of the Project Team also participated in GEN/TC 250 Horizontal
Group of Structural Fire Design.
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BASIC PRINCIPLES

Chapter 1 Introduction and Chapter 2 Basic principles are based on
"Model Clauses” agreed by CEN/TC 250 Horizontal Group Structural
Fire Design. Model Clauses have been followed in all Fire Parts of
Eurocodes 2 - 6 as far as relevant.

2.1 PERFORMANCE REQUIREMENTS
Deformation criteria
For loadbearing function there is no deformation criteria.
For separating function it may be necessary to limit the deformation of a
loadbearing structure supporting a separating member (e.g. beam
supporting separating wall), or being situated above a separating member
(e.g. beam above a a separating wall, which could be damaged by the

deflection of the beam).

No general limits can be given, reference is made to relevant product
specifications.

For tests there are deformation limits in test standards, e.g. ISO 834-1
and CEN-standards under preparation. These limitations are generally
expressed as follows:

a) For flexural members:

Limiting deflection of L?/400 d mm; and

Limiting rate of deflection of L2/9000 d mm/min;



2.2 ACTIONS

where L is the clear span of the specimen (mm)

d is the distance from the extreme fibre of the
design compression zone to the extreme fibre of
the design tension zone of the structural section
(mm)

The limiting rate of deflection shall not apply before a
deflection of L/30 is exceeded.

b) For axially loaded members:
Limiting axial contrction of h/100 mm; and
Limiting rate of axial contraction of 3 h/1000 mm/min;
where h is the initial height (mm)

Limiting rate of deflection L?/9000d is based on experience. It indicates
yielding in the reinforcement leading to failure.

Since Tabulated Data are mainly based on tests, they roughly correspond
to deflection L/30 and/or rate of deflection 12/9000d.

See ENV 1991-2-2

Approximation rules on mechanical actions are given in 2.4.3 (4) and (5).
They apply to Analysis of parts of the structure and Member analysis and
may also be used in Global Structural analysis.

Equation (2.5) and 5 given in (4) is safe side simplification. In case of
more than one variable load, ENV 1991-2-2, F.3.1 General Rule may be
used instead if more accurate E , is required.

Safe side simplifications 7, given in (5) may always be applied. Accurate
calculation of Eg , gives more favourable results especially in cases where
ratio between variable and permanent actions is high, see Figure 2.1 in
ENV 1992-1-2,

2.3 DESIGN VALUES OF MATERIAL PROPERTIES

Values given in Chapter 3 and Appendix 1 are characteristic values based
mainly on tests.

Material safety factor for concrete and reinforcement is taken as 1,0,
Justified by following study made by Horizontal Group, see Evaluation of
Yum.q below:



Evaluatiowofy,, . = 1

. ltis agreed to use the following formulge -
(see page 1 of annex 10 of EC1)

at room temperature : ¥, = el304 " Ve - 1645 ;)
[part 1.1)

for fire : 9, = ef07 " Ve - 1645 * ;)
{part 1.2)

The figure 0.7 is due to the relation with existing results obtained from 2 tests.
ANd : Vg = V2 « VE + V32

where:  V_ : coefficient of variation for model uncertainly
Vi : coefficient of variation for geometry of element

Vi 1 coefficient of variation for material property

2. Values of the various coefficients were assumed fo be :

- unchanged {for rcom temperature and fire)

for V4 and v,

Vifie =2 * Vm.room temperature (RT}

3. Theﬂ floliowing values were used and results obtained :

RT = room temperature {part 1.2)

Mot Vy Ve Vet Vi fire VR Rt VR fire YMRT M b
concrele 0.15 0.05 0.05 0.1 0.166 0.187 1.29 0.89
reintorcing 0.05 0.05 0.05 01 0.087 0.122 1.20 1.00
steal
sruclual stest 0,03 0.03 0.03 0.06 0.052 0.073 111 1.00
reguior fimber | (y 50 0.05 0.05 0.10 0.212 0.229 1.37 0.84
laminaled 0.15 0.03 0.05 0.10 0.161 0.183 1.27 0.89
emineted 0.05 0.03 0.03 0.06 0.066 0.084 1.12 0.98
timber *}
masonry 0.20 0.05 to ¢ - - - - -
0.1 :

) These other assumptions were used in order to obtain the vatue of i = 1.1 cumently used in ECS




4. In-order to ensure that values of V;, Vg and V., at room temperature are those already
taken into account for the existing part 1.1 of the various Eurocode, we would be grateful
to the Chairman or the Technical Secretary to check them.

5. iIf these values are right, the proposal is so to use y,, 5 = | whatever the materials are due
to the rough assumptions used so far.

Note for concrete: In room temperature it is assumed that the
difference between calculated yyer = 1,29 and vy, = 1,5 in Eurocode
2 Part 1 takes into account the uncertainty that compressive strength of
concrete is controlled using test specimens not taken from the
structure. Correspondingly, the calculated value vy = 0,89 has to be
increased to approximately 1,0.

2.4 VERIFICATION METHODS

Axis distances

Testing

Following information is also related to 4.2.2 General design rules.

In Tabulated Data the axis distances for tensile and simple supported
bending members correspond to steel temperature 500°C.

Using the safe values E; o/E; = 0,7 and Agreg = Aoy and vy, = 1,15
Equation 4.2 gives 05,/0,,(20°C) = 0,7/1,15 = 0,609. This stress level
corresponds to reduction factor k(@) = 0,6 and steel temperature 500°C
for curve 1 in Figure 3.2.

For prestressing steels the same stress level and reduction factor ki(©) =
0,6 gives steel temperatures 400°C for bars and 350°C for wires and
strands. This is the reason to increased axis distances in 4.2.2 (4).

When modifying axis distances according to 4.2.2 (5), the new critical

temperature (step ¢)) can also be determined using temperature graphs in
Appendix 2, other reliable temperature graphs or tests results.

Test methods relevant for concrete:

ISO 834(EN YYY-1) Fire resistance tests - Elements of building
construction: General requirements for fire resistance testing

Under preparation in CEN/TC 127:

prEN 1363-1 Fire resistance tests of building construction - Part 1:
Alternative and additional procedures



PrEN 1364-1 Fire resistance tests on non-loadbearing elements in
buildings - Part 1: Partitions

PrEN 1364-2 Fire resistance tests on non-loadbearing elements in
buildings - Part 2: External walls

PrEN 1364-3 Fire resistance tests on non-loadbearing elements in
buildings - Part 3: Ceilings '

PrEN 1365-1 Fire resistance tests on loadbearing elements in buildings -
Part 1: Internal walls

prEN 1365-2 Fire resistance tests on loadbearing elements in buildings -
Part 2: External walls

PrEN 1365-3 Fire resistance tests on loadbearing elements in buildings -
Part 3: Floor construction

PrEN 1365-4 Fire resistance tests on loadbearing elements in buildings -
Part 4: Roof constructions heated from the underside

PrEN 1365-5 Fire resistance tests on loadbearing elements in buildings -
Part 5: Beams

PrEN 1365-6 Fire resistance tests on loadbearing elements in buildings -
Part 6: Columns '

PrENV YYYS5 Contribution to fire resistance of structural members -Part
2 Applied protection to concrete elements

Test methods for material properties of concrete and steel at elevated
temperatures are under preparation in CEN/TC 127 and RILEM.

MATERIAL PROPERTIES
Chapter 3 and Appendix 1

Material properties presented in Appendix 1 are unchanged "harmonized
properties” agreed by experts who prepared 1990 Drafts for concrete,
steel and composite structures. Work is going on in CEN/TC 127 and
RILEM to produce test methods for "hot data”. When these methods are
available, the material properties can be checked.

Material properties which are needed for Tabulated Data and for some
simplified calculations, have been included in Chapter 3, in some cases
modified to be suitable for practical design.



STRUCTURAL FIRE DESIGN
Chapter 4

4.1 GENERAL

Spalling
A number of Finnish tests on hollow core slabs and German tests on
columns show that spalling does not occur when moisture content does
not exceed 2 - 2,5 weight-%. According to Finnish investigations the
moisture content of concrete is between 1 and 2 % in dry indoor climate.

References

Hietanen, T., Fire tests for Finnish hollow core slabs, November 1992,
summary of 40 full scale fire tests made at Technical Research Center of
Finland

Walter, R., Brandversuche an Stahlbetonstiitzen ohne
Langsdehnungsbehinderung, Technische Universitidt Braunschweig, 1977

4.2 TABULATED DATA
4.2.2 GENERAL DESIGN RULES

Tabulated Data is mainly based on CEB recommendations. Some rules
have been modified taking into account new test results.

Reference

CEB, Bulletin d’Information N° 208, Fire Design of Concrete Structures,
July 1991

This Bulletin is mainly based on tests.
Criteria used in Tabulated Data

Separating function has been taken into account by minimum thicknesses
of walls and slabs.

Loadbearing function has been taken into account by considering different
possible failure modes and by giving rules for minimum dimensions, axis
distances for the reinforcement etc., generally being on the safe side.

Yielding of the reinforcement is taken into account by the critical steel
temparature. Yielding of the main reinforcement of beams and slabs leads
to rapid increase of the deflection, followed by compression failure of
concrete.
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The Tables are based on critical temperature 500°C which roughly
corresponds to the highest possible steel stress in fire situation. Axis
distances in the Tables are given to limit the steel temperature to 500°C.
Rules are given to reduce the axis distances when the actual stee! stress is
calculated.

Compression failure of concrete is taken into account by minimum
dimensions of the cross-section. Generally, it is possible to deviate from
the minimum dimension only by using simplified and general calculation
method, but then also other possible failure modes, and sometimes
separating function, have to be considered.

Shear and anchorage failure can occur in seldom cases only. They are
covered by minimum dimensions and some additional detailing rules e.g.
for continuous beams.

4.2.3 COLUMNS and

4.2.4 WALLS

Table 4.1: Reinforced concrete columns; rectangular and circular section
and Table 4.3: Load-bearing reinforced concrete walls have been
calculated by the computer program STABA-F [1]. The general validity
of the theoretical approach of this program is demonstrated by analysis of
tests on columnse[Z]. Fig. 1 shows the comparison between calculated t,,
and measured t,;* failure times of approx. 30 tests on reinforced concrete

columns.
tg {min] 150
120 -
90
60 ‘ P
) & ool
L ] I L
" 60 0 120 150
to [min]
Figure 1: Comparison between calculated t,™ and measured t,,°

failure times of approx. 30 tests on reinforced concrete
columns



[1]

[2]

(3]
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Quast, U,; Hass, R.; Rudolph, K.: STABA-F; A Computer Rro-
gram for the Determination of Loard-Bearing and Deformation
Behaviour of Uni-Axial Structural Elements under Fire Action.
Institut fiir Baustoffe, Massivbau und Brandschutz der
Technischen Universitit Braunschweig. 1984.

Hass, R.: Zur praxisgerechten brandschutztechnischen Beurteilung
von Stiitzen aus Stahl und Beton. Institut fiir Baustoffe, Massivbau
und Brandschutz der Technischen Universitit Braunschweig, Heft
69, 1986. _

Hass, R.; Klingsch, W.; Walter, R.: Brandversuche an Stahlbeton-
stitzen - Versuchsergebnisse und numerische Analyse. Sonder-
forschungsbereich 148 "Brandverhalten von Bauteilen", Arbeitsbe-
richte 1975 - 1977 und 1978 - 1980, Technische Universitit
Braunschweig, 1977 und 1980.

4.2.5 TENSILE MEMBERS

4.2.6 BEAMS

Generally, it is adviced not to use higher critical temperatures than 400°C,
if the deformations and their influence have not been calculated. For
calculation of deformations, the stress-strain curves in Appendix 1 may be
used. '

In 4.2.6.1 it is possible to deviate from the rules (5) to (9) if the steel
temperatures have been determined and the procedure given in 4.2.2 (5)
has been followed.

The rules for continuous beams are based on moment redistribution from
the spans to the supports. The main reinforcement at the supports has full
or almost full strength due to the lower temperature. Axis distances in
spans may be decreased. It is to note, that axis distances in Table 4.6 are
not based on critical temperature 500,C, but higher, and should not be
futher reduced.

It also may be necessary to increase the length of the negative
reinforcement due to the increased negative moment. A simplified rule in
4.2.6.3 (3) covers this. Several trial calculations show that this is not
always needed, because the variable loads are often reduced in fire
design. Thus, the most unfavourable load case in design according to Part
1 may require longer negative reinforcement than the increased negative
moment in fire design.

On the other hand, the shear forces may change. Therefore the minimum
beam widths are larger for continuous beams than for simply supported

beams for high fire resistances. For end spans, a special rule is given in
4.2.6.3 (6).
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4.2.7 SLABS

It is to note that the axis distances for two way slabs are not based on
critical temperature 500°C,

For continuous slabs, the same principles as for continuous beams apply.

4.3 SIMPLIFIED CALCULATION METHOD

See Annex of this Background Document.

5. PROTECTIVE LAYERS

See test methods in 2.4.

APPENDIX 1
See Chapter 3 Material properties.

APPENDIX 2
The temperature graphs for slabs are from CEB Bulletin N° 145, 1982.
The graphs for beams are from Dutch code with minor modifications to
be in line with CEB.

APPENDIX 3
This is a limited simplified calculation method for practical use.

APPENDIX 4

This is guidance for general calculation method, not excluding other
methods.

ANNEX Kristian Hertz: Simplified calculation method
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SUMMARY

The distributions of the compressive strength and
the E-modulus through a fire exposed cross-section is
analysed, and simple methods are developed for the
estimation of the ultimate compressive resistance and
the stiffness of a cross-section subjected to com-
pression and to bending.

Reduced cross sections are egtablished for the
analysis in the ultimate limit state of beams and
slabs in positive and negative bending, where nega-
tive bending is defined by fire exposure at the more
compressed edge of the cross-section. Further, it is
shown how the reduced cross sections can be uged
estimating the shear capacity of beams and walls.

The methcde mentioned can be applied analyzing the
load-bearing capacity of a structure with or without
prestressing at any time of any fire course and
especially at a fixed time of a standard fire expo-
sure.

In Appendix A examples are shown of the development
of the load- bearing capacity and the deflections of
fire exposed concrete columne and beams.

The calculated values are compared with test
results on the same structural elements as reported
in the literature.

In general it appears that the calculational pro-
cedures are on the safe side and quite close to the
data obsgerved.

In Appendix B drawings are shown of the distribu-
tion of temperature and strength through cross-
sections of various thicknesses and exposed to
various fire courses.
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area of a concrete cross-section
area of a steel cross-section

area of shear reinforcement

thermal diffusivity

width of damaged zone

width of web

thickness of cross-section

constant of number i

depth of a cross-section

depth of the force of the compr. zone
depth of steel reinforcement
E-modulus

E-modulus of concrete

initial tangent modulus of concrete

E at 20°C

tangent modulus of a prestressed steel
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E-modulus of a steel

E, at 20°C

force

Euler force of a concrete column
force at a concrete cross-section
critical force

ult. force of a concr. cross-section
force of a steel cross-section
force of steel at strain 0.2%

force of steel at arain 2.0%

Euler force of a steel column

ult. force of a steel cross-section
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strength

compressive strength of concrete
average of f_

£, at 20°C

tensile strength of concrete

f.. at 20°c

characteristic yield strength of steel

ultimate tensile stress of steel

moment of inertia

I of a reduced concrete cross-section

I of a steel cross-section

number

parameter defined as N/F_,

reduction of concrete strength

do at mid point of a wall

average reduction of concrete strength

reduction of yield stress of steel

reduction of 0.2% stress of steel

reduction of 2.0% stress of steel

reduction of 0.2% stress of ghear reinf.

length of a beam or a column

moment load

ultimate moment capacity

normal load

number of layers

preatressing force

time
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shear capacity

V width reap. to concrete in compres.

V width resp. to ceoncrete in tension

V defined in ENV 1992-1-1

V defined in ENV 1992-1-1

V width respect to the steel links

half width of two sided exposed wall

depth of the neutral axis

depth of a compression zone

coordinate

strain

ult. concrete strain at the stress f__

do at mid point of wall or section
maximum of ult. concrete strain

£., at 20°C

steel strain

cu

transient strain of concrete
stress distribution factor
temperature

temperature at mid point
temperature of shear reinforcement
stress

prestress of steel

stregs of steel
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IDEALIZED MECHANI PROPERTIES

In the code proposal idealized mechanical prop-
erties are given in chapter 3 for concrete and steel
exposed to a standard fire until the time of maximum
temperature. The values given are considered to be cn
the safe side compared to those expected for ordinary
building materials in Europe, and the designer is
alloewed to use other values, if these are known for
the material used in the actual construction.

Since the variation of the compressive strength and
the E-modulus of concrete is highly debending on the
actual material and on the time of a fire exposure at
which the property is wanted, it is obvious that:
¢alculational procedures for analyzing fire exposed
concrete satructures should be able to take into
account different relationships of the mechanical
propertiea of the concrete and the temperature.

Furthermore, since the percentile reduction of the
compregsive strength of a heat exposed concrete
within a wide range is not dependent on the water-
cement ratio and thus is not dependent on the orig-
inal compressive strength (Hertz [14]), it is advan-
tageous, that the eriginal compresaive strength is an
independent parameter in the calculation.

These requiréments are fulfilled by the procedures
presented in the chapter 4.3 on a simplified calcula-
tion method.

Comparing a large number of curves {documented in
Hertz [14])) on the development of the short time
modulus of elasticity to curves on the development of
the compressive strength with temperature for the
game concretes exposed to the same temperature-time
courses and subjected to the same loading, it appears
tc be a universal truth, that the reduction of the
short time modulus of elasticity is the square of the
reduction of the compressive strength.
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The relation, which is discovered by the author,
seems to be valid for a large variety of concretes in
a hot condition as well as after a cooling phase.

The relation is valid for the short time values of
the properties not including creep and transient
strain, where the transient atrain is the part of the
thermal expansion which is hindered by application of
compressive astresses.

Analyzing fire exposed columns and walls the load
bearing capacity decreases during the fire course due
to the increase in temperature, and buckling becomes
more likely to occur. At a certain time the capacity
meets the load applied and the member buckles, which
means that a deflection and additional stresses
caused by this quickly increases. In the analysis the
flexural stiffneas is used for the estimation of the
deflections and the distribution of these additional
stresses. And because these appears at the time of
buckling, short time values not including creep or
trangient strains should be used for calculating the
flexural stiffness.

During investigations on heated concretes a con-
siderable increase of the ultimate strain £,, with
temperature is noticed. (See for example Hertz [14],
Schneider ([25), Harmathy and Berndt [12], Harada et
al. [11i] and Fischer [10]).

From the stresgs-strain curves of these references
it can also be seen that the increase in strain
follows the decrease in stress, and the simple model
is suggested that the product of stress and strain
remains a constant for each point of the stress-
strain curve while the material is weakened due to
the heat.

A
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This means that
GEKCi

where C; is a constant for each point of the stress-
Btrain curve.

Thus, the ultimate strain will be increased by the
reciprocal reduction of the compressive strength

ecu = £cu20 /kc

which is in accordance with the short time test
resultg.

For an idealized elasto-plastic stress-strain curve
the point of change in gradient will be transformed
from

£
(S,O’) = [ﬂ t fckZO] to ['kl_ fckzu i kcfckzo]

'co2n (-] cQ2d

and it is seen that the constant product of ¢ and £
with fo =« k.f,, also leads to a fulfilment of the
relation

1
2
Eco = kiEzqg

The lack of knowledge about these relationships has
been a main obstacle sc far to the development of
simple and rationale methods for calculations of the
Stress-strain developments of fire exposed concrete
structures.

Applying a certain variation of the single pa-
rameter k. it is now possible to generate the heat
induced changes of idealized stress-strain curves
whether the idealizations are elasto-plastic or
curved line relations are used.
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S SECTION
1

Consider a cross-section of thickness 2w exposed to
fire at two parallel surfaces.

The isotherms will all be parallel to the surfaces
at any time of any fire exposure, and the reduction
of the compressive strength of the concrete k, then
is a function of the depth from the surface.

The maximum temperature occurring in the middle of
the cross-section until the actual time is denoted
Gy, and the corresponding reduction of the
compressive strength of the concrete is kg, = k.(8,) .

The average compressive strength of the concrete in
a cross-section of the thickness 2w is expressed as

Lox,ave = MeewEckan

where f .., is the compressive strength at 20°C, and
n is a factor expressing the distribution of
stresses.

The factor is determined by

= 1 ¥
7 Wk—c,,L k (6 (z))dz

and is the ratio of the average compressive strength
of the cross-section to the compressive strength at
the centre of the cross-section, which is

fckﬂ = kcnfckzo

14

Furthermore is utilized that if the compressive
strength at any point of the cross-section is reduced
by the factor k. to

fck = kcfckzn ’

then the initial modulus of elasticity of the con-
crete at the same point ie '

= 2
ECO - kc E:oZO

and the ultimate strain is
£ = £\t':u2€|/ki:

where £_,,, is often considered to be 0.35 pct.

From elasto-plastic stress-strain relaticns it is
then seen that the ultimate stress is reached at the
strain £,,, for most of the temperature levels.

It is therefore a reasonable approximation to
asgume the cross-section being able to act at its
ultimate stresses at every point, when compressed to
a uniform strain of £_,, in a plastic analysis.

If k. i# less than unity the approximation is even
more valid whén the entire cross-section is com-
pressed to £,y = E.ue/kow > Ecuzn-

This means that the cross-gection can be loaded to
an ultimate resistance equal to the average
compressive strength multiplied by the thickness of
the section, before the ultimate strain is reached at
the centre-line,



is

For applications, where the strain may vary along
the centre-line, but has a constant value across the
Bection, the material could be considered te be
uniformly damaged through the section.

The stress-strain curve of the material is assessed
to be the one of an impaired concrete with a
compressive strength equal to the mean value through
the cross-section, but with an ultimate strain not
exceeding £.,4.

The ultimate resistance per unit length of the
cross-section thus is

Nk eufoyz02W

and the ipitial stiffness per unit length is

2J ) ké dZEcozo
o

If the crogs-section is aseumed to consist of an
uniform *average® concrete, the initial stiffneas per
unit length may alsc be

2w (ko J2E gap

The factor (nk.,)? is smaller than the integral, and
thus it would be a safe approximation to be used for
calculations of instability and deflections of
structural members.

1.0
0.9
0.8
0.7 s
0.6 .
05] 5

0.4
0.3 4
0.2
0.1

01 02 03 0A 05 06 07 08 09 1.0 I E
Relation between the summation of k.2 108

and the approximation n4/3,

However, calculations of the integral for a large
number of different fire exposures and thicknesses of
the concrete cross-section show that a better approx-
imation would be

Zﬁ:kgdz-n;k&2w
.

The average deviation was less thanp § pet., and no
single deviation was above 10 pct.

The distributions of the maximum temperatures and
of the corresponding reductions of strength are shown
in Appendix B for a hot condition, where the tempera-
ture is a maximum at 30 mm from the surface, and in
the cold condition after the fire exposure for a num-
ber of fully developed fires and cross-section
thicknessges.

Thus, the initial stiffness per unit length isg

4
2
N kA Eggp 2W.
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Comparison between the model using a reduced cross-
section and the actual distribution of stiffness for
a typical fire development.

(2w = 0.40 m, granite aggregates, A\’h/At = 0.04 mw¥,
q = 400 MJI/m?, after cocling).

If elastic parts of elasto-plastic stress-strain
relations are used, or a more detailed analysis is
made based on a curved stress-strain relation, the
cross-section could be considered to have a fictive

thickness of

732w

and to consist of concrete with the mechanical
properties of the concrete at the centre-line, i.e.

2 =
fck = kcnfckzo 4 Eco = kCHEcozo r Eou = scuzolkcﬂ

This means that the cross-section is considered to
be reduced by the thickness

4
wil-n7)

from each side.

18
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Relation between the relative flexural stiffness and
the approximation f'k_,?.

This rough model, where the E_ -modulus is zero at
both sides and of full central value over the thick-
ness 7%/3C at the middle, is actually very close to
the distribution of k. ? over the cross-section.

The agreement is so close, that even the moment of
inertia weightéd by the E_, -modulus is almost ident-
ical for the two models.

This means that

w
2J; z? kg Ecozu dz = 1—12 77‘ {2w) sk:M Ecozo

Also the validity of this approximation has been
tested by calculation of the integral for the previ-
ously mentioned fires and cross-sections.
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The average deviation was less than 1 pct. and the
maximum deviation less than 4 pct. of the initial
- value of the moment of inertia times the E ,-modulus
before the fire expoasure.

The model wusing a reduced cross-section of
thickness %%/?2w therefore is valuable to the cal-
culation of the load-bearing capacity of a fire
exposed wall or column as well as for the elastic- or
curved-line analysis of a cross-section.

However, in case a plastic analysis is carried out,
all parts of the cross-section will be able to act by
their ultimate stresses, when they are compressed at
a large uniform strain.

For this analysis the cross-gection could be
reduced to one of a thickness 2w having the uniform
mechanical properties of the concrete at the centre-
line

fck = kcH fcxzo r Scu = Ecuzo /kcH

In the early phases of a fire, development of large
temperature gradients may occur near the surface of
the cross-section.

For practical calculations the cross section may be
divided intc n parallel zones of equal thickness,
where n 2 3. The temperature #, is calculated for the
middle of each zone, and the corresponding reductions
ke(8;) of the compressive strength of the concrete
are determined.

The average reduction is found as

1-0.2
ke = A220:2/00 g (g,

where a factor (1 - 0.2/n) allows for the variation
in temperature within each zone.

20

The factor 7 is thus equal to

and the reduced c¢ross section for compressive
strength, i.e. for beams, slabs and members subjected
to implane shear becomes the thickness 2wn, which is
found by neqlecting a damaged zone of thickneas

kc.m
soofoai]

at each fire exposed surface.

The reduced cross section for axial or flexural
stiffness, i.e. for columns, walls and other con-
etructions where second order effects may be calcu-
lated the thickness becomes 2wn'/3, which is found by
neglecting a damaged zone at each fire exposed
surface of thickness
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CALCULATIONS OF LOAD BEARING CAPACITIES

It is seen from the theory mentioned above that if
reduced properties are introduced for the reinforce-
ment, the reduced crosa secticns have the same
ultimate compressive reaistances and the same short
time flexural stiffnesses as those of corresponding
fire exposed members. This means that any cross
section based method which is applicable for the
calculation of the ultimate capacity of a structural
member without a fire exposure may be used for the
analysie of the same member exposed to fire. 1In
particular the methods of the application rules of
the main part of the Eurocode may be used unchanged
to calculate the fire resistance of the members using
the properties of the reduced cross sectioms. This
ensures continuity between the two parts of the code
and it opens a possibility of reusing computer
routines for calculation of structural members.

For a single fire such as the standard fire and a
single concrete quality such as a siliceous concrete
on standard cement, the reduced cross section can be
estimated extremely quick by meanas of cne page of
curves like those presented in appendix 2 of pr-
ENV 1992-1-2 page 73.

For other fires and concretes similar pages can be
made or the reduced cross sections calculated by
calculation of the temperature in 3 points of a wall
of the same thickness as the smallest dimension of
the fire exposed c¢ross section according to the
.detailed method given in the code text.

This appears to be the simplest possible method by
means of which different fire courses and different
concrete qualities can be treated.
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EXAMPLE ON SIMPLE CALCULATION OF A BEAM.
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The ultimate moment of a rectangular cross

section with siliceous aggregates subjected

to a 1 hour standard fire exposure is

calculated.
The characteristic material properties are

£, (20°C) = 560 MPa, £ (20°C) = 20 MPa.
The ultimate steel force is

F, = 402#10°°#560010% = 225 kN.

Temperatures are estimated by means of diagram.
Temperature of a steel 8, = 480°C,
Temperature in mid-point 8y = 250°C, k_(250°C) =
0.90.
The average reduction of the concrete strength is
found through the thickness w = 80 mm from the
reduction in,n = 4 points in depths x;
Xy 8, k. (8))

10 mm 580°C 0.51

30 mm '360°C 0.83

S0 mm 290°C 0.87

70 mm 260°C 0.89

Sum = 3.10, kg, = (1-0.2/4)¢3.10/4 = 0.74
Damaged zone
a, = 80 {1-0.74/0.90) = B80e0.18 = 14.6 mm
With of reduced cross section = 160-2#14.6 = 131 mm.
If 2.0 % straip in steel is assumed.
Kg 2.0y 1480°C) = 0.67,
Ultimate steel force Fyy oy = 0.67#225 kN = 150.8 Kn.
Depth of compression zone
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Y = 150.8/{(0.13190.9¢20#10%) = 0.0640 m.

Ultimate moment capacity

M, = 150.8{0.280-0.0640/2) = 37.4 kNm.

€cu,max = 0.0035/0.9 = 0.00389 = 0.389 %,

X = 64/0.8 = 80 mm.

Obtained steel strain

£, = 0.389(280 - BO}/80 = 0.97 % < 2.0 %,

which is not in agreement with the assumption.
Therefore: 0,2 % gtrain in steel is assumed.

Kgo.2v (480°C) = 0.51.

Ultimate steel force

Fgio.2a) = 0.510225 kN = 114.8 kN.

Pepth of compression zone

Y = 114.8/(0.1310.9¢20010%) = 0,0487 m.

Ultimate moment capacity

M, = 114.8{(0.280-0.0487/2) = 29.4 KkNm.

X = 48.7/0.8 = 60.9 mm. Obtained steel strain

£y = 0.389(280 - 60.9)/60.9 = 1.40 ¥ > 0.2 %, which
is pufficient,

The ultimate load bearing capacity of the cross
section is 29.4 kNm_ after 1 hour standard fire
exposure,

Sheay If the ghear capacity is wanted, the tempera-
ture is found (diagram) of the stirrups (Y8 per 100
mm in depth 28 mm) to be

& = 380°C, Kywig.2vy = 0.720. According to Part 1
(4.3.2.4.4) is

zZ ~ 0.9¢0.280 = 0.252 m, v = 0.7 ~ 20/200 = 0.6, and
with @ = 45° the characteristic capacities are found
before the fire as

Vegca t20°C) = by,zvsindcosd £,
= 0.16%0.25200,690.5020410° = 242 kN,

and Vg, (20°C) = (A, /s)zi, cotf

= (100010°%/0.1}0.252e560#10%1.0 =142 kN.

After 1 hour fire exposure these becomes

Vpoz = {0.131/0.160) 00, 909242 = 178 kN and

Vges = 0.7209142 = 302 kN.
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EXAMPLE ON SIMPLE CALCULATION OF A BEAM.
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The ultimate moment of a T-shaped
cross section with siliceocus
aggregates subjected to a 2 hour
standard fire exposure is

calculated.

The characteristic material ,
properties are

£,(20°C) = 560 MPa, £_,{20°C) = 25 MPa.
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The ultimate steel force is

F, = 20628010°5e560010% = 20352 = 704 kN.
Temperatures are estimated by means of diagram.
Temperature of the steels 8,, = 650°C, 8., = 520°C.
Temperature at top of slab

8, = 360°C, k. (360°C) = 0.826.

The average reduction of the concrete strength is
found through the thickneas w = 100 mm of the slab
from the reduction in n = 3 pointse in depths x;

i 8, k.{8;)

17 mm 760°C 0.224

50 mm 520°C 0.608

83 mm 3apeC 0.813

x

Sum = 1.645,
Ko n = (1 - 0.2/3}¢1.645/3 = 0.512
Damaged zone a, = 100 (1 - 0.512/0.826) = 38.0 mm

2.0 % strain in steel is assumed.

Ky(z.0v) (650°C) = 0.229. kg(g oy (520°C) = 0.563.
Ultimate steel force

Farz.on = (0.229 + 0.563}¢352 kN

= B0.6 + 198.2 = 279 kN.

Depth of compression zone

y = 279/(0.8#0.826225010%) = 0.0169 m.

It is seen that 16.9 mm < 100 - 38 = 62 mm,

and the entire compression zone is in the slab.

fhe ultimate moment capacity is

M, = 80.6(0.50-0.0169/2) + 198.2{0.45-0.174/2)

= 127.1 kNm,

Ecumax = 0.0035/0.826 = 0.00424 = 0.424 %,

x = 16.9/0.8 = 21.1 mm.

Obtained steel strain £, = 0.424(450 - 21.1)/21.1

= 8.62 ¥ > 2.0 %,

and the assumption is valid.

The ultimate load bearing capacity of the cross
section is 127 kNm after 2 hours standard fire
exposure.,
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EXAMPLE ON SIMPLE CALCULATION OF A COLUMN.
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The load bearing capacity is calculated for

a centrally loaded column with a quadratic

cross section and an effective height of 4 m
subjected to a 1 hour standard fire exposure.

The concrete is based on siliceous aggregates.

The characterigtic material properties are

£,x(20°C) = S60 MPa, £,(20°C) = 20 Mpa,

E,{(20°C}) = 210 GPa, E_{20°C}) = 31 GPa

The area of the reinforcement is

A, = 2¢628010°% = 12579106 m?.

Temperatures are estimated by means of diagram.
Temperature of a steel

B, = 360°C. k,(y 2y (360°C) = 0.740.

A maximum steel strain of 0.2% is assumed to ensure
the coherence between the strains of concrete and
steel.

Temperature at mid point #, = 20°C, k_(20°C) = 1.00.
The average reduction of the concrete strength is

found through the thickness W = 150 mm from the
reduction in n = 3 points in depths x;
x; 0y k.{6;)

25 mm 430°C 0.752
75 mm 150°¢C 0.967
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125 mm 50°C 1.000Q

Sum = 2.719,

kew = (1 - 0.2/3}#2,719/3 = 0.846

Damaged zone a, = 150 (1 - (0.846/1.0)%?) = 29.3 mm
The with of the reduced cross section is

= 300 - 2¢29.3 = 241 mm, and the material properties
of this section are

fy = 0.740¢560 = 414 MPa, £, = 1.0020 = 20 MPa,

Eg = 0.7400210 = 155.4 GPa, E_ = 1.0%#31 = 31 GPa.
The flexural stiffness of concrete section is

I.E, = {0.241%/12)31910° = 8715 kNm®.

The flexural stiffness of steel section in the

concrete is

I,E, = 20628¢107%#0.10%#155,4e10% = 1952 kNm?.

This reduced column may be analyzed by means of any
method applicable to concrete columns.

(If for example the ultimate load bearing capacity of
the centrally loaded column is estimated by means of
the Rankine formula it becomes

1/{1/(0.241%%20010* + 1257010 %¢4140103%)

+ 42/7%{8715 + 1952)) = 1340 kN

The ultimate load bearing capacity of the column is
1340 kN after 1 hour standard fire exposure.)
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A number of structural elements has been analysed
by means of the procedures presented in the main
text, and the main data and results are shown in
gtandardized schedules.

In addition each schedule is provided with two
illustrations showing the structural element in
question and the development in time of the load-
bearing capacity and for beams also that of the
deflection.

The data of the examples are chosen in accordance
with the data of testings reported in the literature,
and the test results are for comparison shown with
the results of the calculations.

In general the calculatione of the load-bearing
capacities are slightly on the safe side due to the
congervative idealizations made in the theory and
estimating the material properties.

Alsc the calculated deflections appear to be in a
reascnable agreement with the observaticns.

Yet, some differences are seen immediately before
collapse of the structural elements, mainly caused by
a plastic behaviour of the reinforcement at this
stage of the tést and the neglect cof creep strains.

The calculational procedures could be extended to
take these effects into account, but structural
elements, having been s0 close to collapse, would be
of almost no use after the fire, and the contribu-
tions to the deflections calculated are found to be
clearly unacceptable for most purposes.
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Cross-section and structural system. {All measures in mm).

FIRE DATA: Standard 1.38h
LOAD: M = 76,0 kNm, N = kN, dN= m
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CONCRETE: a = 0.520mm/s agaregate: Siliceous age: 106 days
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APPENDIX B
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HGF - 221

BDA 1.2 July 2002

Note from CEN TC 250 — Horizontal Group "Fire"

To the Fire Regulator Group

Insulation criteria for "natural" fire development situation

The criteria currently used, as far as fire resistance of separating elements is concerned,
for assessing the thermal insulation is an increase of temperature of 140 K in average or
of 180 K in maximum.

When dealing with standard fire (ISO fire) these criteria are checked for each rating (30
min, 60 min, ... 180 min, ...) assuming the fire is put out after the relevant time.

When making calculation of heat transfer with a natural fire development (meaning that a
cooling phase will be considered) the maximum increase of temperature of a separating
element will be obtained after the fire reached its maximum (in the cooling phase), due to
its thermal inertia.

Here after is explained the reason why CEN TC 250/HGF is proposing an increase of the
above mentioned insulation criteria for natural fire assessment to, respectively, 200 K and
240 K in the cooling phase.

CEN TC 250/HGEF is keen to obtain the support of the FRG on these new criteria, since it
is connected to physical phenomena. However if a full consensus could not be obtained
within FRG, it should possible to consider these limiting values as Nationally Determined
Parameters.
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Background for increasing insulation criteria in natural fire situation

1. INTRODUCTION

In the Model Clauses for the fire parts of Eurocodes (to be used by prEN 1992-1.2 to prEN 1996-1.2
and prEN 1999-1.2), as far as the insulation criterion is concerned, the following proposal is made:

" The separating function with respect to insulation is ensured when:

- the average temperature rise over the whole of the non-exposed surface is limited to 140 K, and
the maximum temperature rise of that surface does not exceed 200 K at the time of the maximum
gas temperature,

- and the average temperature rise over the whole of the non-exposed surface is limited to 180 K,
and the maximum temperature rise of that surface does not exceed 240 K during the decay phase
of the fire or up to a required period of time."

Since this proposal is not exactly in line with criteria used with the Standard fire (140 K average and
180 K maximum, for both testing and calculation), it was planned to refer to the Fire Regulator Group
(FRG of the CPD Standing Committee) to obtain their agreement.

However, a comment was already made by the Finnish mirror group (see annex 1) and was sent to
the CEN TC 127 and FRG. This item was shortly discussed within TC 127 at its last meeting on 23"
October 2001, and | have given some explanations and said that a background document will be
provided later by CEN TC 250-HGF.

2. PURPOSE OF THE INSULATION CRITERIA

The main purpose of insulation criterion is to avoid thermal ignition of combustible materials on the
unexposed side of separating elements.

The figures mentioned, regarding Standard fire tests, in ISO 834 and EN1363-1 is 140 K average and
180 K maximum at any point of a separating element.

According to these figures, it cannot be considered that the purpose of this reduction of temperature is

against skin burning since it is too high. But it is for preventing the spread of fire through a wall or a
floor.

3. BACKGROUND OF THE LIMITING VALUES

The 140K average increase of temperature comes from US ASTM E119 standard in which 250°F (139
K) was required in 1933, assuming that:
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- the temperature of the unexposed side could rise up to 300°F after the furnace fire was
extinguished,
- a300°F (167K) rise could be a risk for ignition of wood or cotton waste.

In fact further experimentations were carried out in the 80s ("Investigating the unexposed surface
temperature criteria of standard ASTM E 119", by K. J. Schwartz and T.T. Lie, Fire technology, vol 21,
NO 3, August 1985) and concluded that :

e The self-ignition temperatures of ordinary combustibles, in contact with unexposed surface of
separating element are in excess of 520 °F (271°C),

e It is suggested that a 400°F (222 K) average temperature rise and a maximum 450°F (250 K)
temperature rise at any point be considered for criteria of the unexposed surface temperatures.

In addition the situation in Sweden was also considered. The functional requirement from the Swedish
Building Regulations SBN 1980 (later on they were removed and passed to handbooks) is that the
mean temperature on the ambient side was not greater than 200°C and the maximum local
temperature was 240°C. (NB: Since this is an ignition criterion, the temperature is given, not the
temperature rise)

4. "Natural FIRE" VERSUS "Standard FIRE"

When the criteria | is required by regulation, it is for a specified period of time : 130, 160 ... 1240, and is
never alone, but always associated with the criteria for integrity E (and R for load bearing elements)
which means that for ignition there is no risk of piloted ignition by hot gas or flames going through a
separating element.

Regarding requirements expressed in terms of Standard fire durations, when testing, or even when
calculating, the only parameter for insulation criterion is the temperature reached on the unexposed
face at the requested time (30 min, 60min... 240 min) whatever the temperature rise could be after.

For example in figure 1 gives the temperature history on the unexposed face of 2 partitions able to
provide either EI30 or EI240. Assuming that just after this period of time, the furnace is shut down,
there is still a decay phase in the compartment / furnace. Due to the thermal inertia of the separating
element, a maximum increase of temperature of 210 K is obtained after 49 min for the 130 element
and of 187 K after 181 min for the 1240 element.

1000 7 Standard fire

Unexposed side of the separating element \
Separating
element for | 120:
+187 K at 181 min

Seperating
element for 130 :
+210 K at 49 min.

Temperature [°C]

0 30 60 90 120 150 180 210 240

Time [min]
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Figure 1 : Temperature of unexposed side of separating elements, having a fire rating
of 130 and 1120 regarding the insulation criteria of 140K in average.

Of course, this behaviour is never taken into account in the current classification system since it is only
requested to have a look to the temperature reached at a given requested period of time.

But when dealing with natural fire, as it is mentioned in ENV 1991-1.2 clause 2.4 (4), the calculation
has to be done for the whole fire duration, including cooling phase (unless otherwise specified by
national authority).

Consequently it seems adequate to have the same behaviour as it is really happening when
considering Standard fire :

e average temperature increase of 140 K in the growing phase of the fire,
e but limiting average temperature of 180 K for the whole duration of the fire (mainly within the
decay phase)

And regarding the maximum temperature increase, in any point of a separating element, it is also wise
to allow a higher value in the cooling phase, for instance 240 K.

In this respect , the current proposals of Model Clauses can be summarized as given in table 1.

Table 1: Limiting values for A®nen exposed, @S proposed in Eurocodes “Fire” (prEN version)

ABnon exposed [K] growing phase decay phase ignition conditions
only included based
on Schwartz et al
average 140 180 220
max 200 240 250

5. PROPOSAL for FURTHER IMPROVEMENT

In order to have a more consistent "safety" margin with respect to both the average temperature and
the maximum temperature rise, as far as the ignition conditions are concerned; and also to keep the
same criteria for the growing phase as used with the Standard fire, the alternative proposal given in
table 2 could be followed.

Table 2: Alternative proposal

ABnon exposed [K] growing phase decay phase ignition conditions
only included based
on Schwartz et al
average 140 200 220
max 180 240 250

With such figures, there is still a safety margin with the self-ignition temperatures of combustible
materials as reported above.

J. Kruppa
On the behalf of TC 250-HG"Fire"
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Fire Regulators Group
Ms Helen Sutcliffe

Finnish comments on surface temperature rise limits presented in Fire Design Parts of Eurocodes for
parametric fire exposure

Second draft of prEN 1992-1-2 concerning structural fire design of concrete structures has been considered in
the Finnish National Mirror Group. In paragraph 2.1.3 (2) of the 2" draft performance requirements have been
given for parametric fire exposure concerning the separating function of a structure with respect to insulation.
Following allowed values have been defined in this paragraph:

- at the time of the maximum gas temperature the average temperature rise over the whole of the non-exposed
surface (140 °K) and the maximum temperature rise of that surface (200 °K)

- during the decay phase of the fire or up to a required period of time the average temperature rise over the whole
of the non-exposed surface (180 °K) and the maximum temperature rise of that surface (240 °K).

We wonder 1) why these values deviate from those given for nominal fire exposure (which is the basis of
resistance to fire classification) and 2) why such values should be given at all. In our opinion, when parametric
fire is applied the criteria should be considered case by case, taking into account the risks caused by temperature
rise on the unexposed surface, without setting any binding temperature limits beforehand. Moreover, it is up to
the competent authorities in the Member States to define the acceptance criteria for parametric fire exposure.

We suggest that the given temperature rise limits be removed. If any limits would be set the criteria should be the
same as in nominal fire exposure. The corresponding change should be done in other Fire Design Parts of
material-based Eurocodes, too.

On behalf of the Finnish Mirror Group

Jaakko Huuhtanen
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BDA 3.1
Background documentation for thermal conductivity of concrete

This report is aimed to validate the use of thermal properties given in the first and second draft of
prEN 1992-1-2 for concrete structures. 6 different computer simulations will illustrate the good
concordance between measurements and computer simulations by use of the thermal properties given
in the first and second draft of prEN 1992-1-2 (see figure 1). The use of the former thermal properties
in ENV 1992-1-2 give a very conservative result.
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Figure 1
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Conductivity Density*Capacitivity

Temperature-dependent thermal material properties of concrete with a moisture content of
3% and a density of 2300 kg/m® according to the first and second draft of prEN 1992-1-2.

For comparison the former EC-thermal properties shown in figure 2 are used in the two first

simulations.
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Figure 2  Temperature-dependent thermal material properties of concrete with a moisture content of

4% and a density of 2450 kg/m® according to ENV 1992-1-2.
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Simulation 1

A computer simulation of a fire resistance test on a prestressed TT-roof slab (240-07/40) (Figure 3)
(test carried out 1977-07-06 at TNO in Holland).

|
|
|
|
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15 i
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j__,‘i.—,[/

Figure 3  Cross-section of TTF 240-07/40 slab.

The measured temperatures shall be compared with the curve representing prEN 1992-1-2 properties. Measured
and calculated curves are very close to each other in Figure 4. The curve representing the ENV properties is

deviating up to 90 °C which is unacceptable.
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Figure 4  Comparison between measured and calculated temperature in reinforcement located 10
mm to the left of the centre line and 59 mm from the bottom of the TT slab.
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Simulation 2

The same TT slab (240-07/40) as in simulation 1 was tested at SP in Boras, Sweden 1978-06-09. The
slab was exposed to 60 minutes of 1SO 834 standard fire. A very good agreement was also attained in

this simulation as shown in Figure 5. Also here the ENV-properties gave too high temperatures (90
°C).
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Figure 5 Comparison between measured and calculated temperature in reinforcement located on
the centre line of the web and 59 mm from the bottom of the TT slab.

Simulation 3

A hollow core slab (see figure 6a) was fire-tested by VTT in Finland in 1991 and the duration of the
ISO 834 fire was 157 min with a subsequent cooling phase. In figure 6 b the measured temperature in
the prestressing bar 50 mm from the surface is very close to the predicted one both during the heating
and cooling phase when based on the prEN 1992-1-2 thermal properties. Based on the ENV-properties
the temperatures are up tp 80 °C too high which also is unacceptable.
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0.1+ O
‘ ‘

Figure 6 a Cross-section of hollow core slab with a measureing point 50 mm from the bottom
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Figure 6 b Temperature development in a point located 50 mm from the bottom as indicated in the
figure. Measured temperatures are shown as the thicker line. Temperature history as
calculated with prEN 1992-1-2 properties are represented by the solid thin line and the
corresponding ENV- properties calculations are represented by the thin, dashed line.
(Point 13 in test report, [.535 .05])

Simulation 4
A hollow core slab (Pal 1126/91), see figure 7, was tested in Finland 26 april 1991 and test and simulated

results are shown in Fig 8 and 9 respectively. A very good agreement can be found between measurements and
predictions based on the prEN 1992-1-2 thermal properties.
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Figure 7 Cross-section and finite element mesh of hollow slab, Pal 1126/91
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Figure 8 Measured temperature curves at different depths
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Figure 9 Calculated results for hollow core slab Pal 1126/91 when based on prEN 1992-1-2 thermal properties

Simulation 5

Two concrete walls (Dift Rep x 526 50) of a thickness of 120 mm and 150 mm and fire-exposed on one side was
tested in Denmark, November 1999. Test results and predicted results ( based on prEN 1992-1-2 thermal
properties) are shown in Fig 10 and 11 for the slab of thickness 120 mm and in 12 and 13 respectively. A
comparison illustrates a very good agreement.
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Figure 10 Measured temperatures at different depths of the wall (120 mm).
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Figure 11 Predicted temperatures for the wall (120 mm)
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Figure 12 Measured temperatures at different depths of the wall (150 mm).
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Figure 13 Predicted temperatures for the wall (150 mm)



CEN/TC 250/SC 2/PT 1-2 Doc N 150

Yngve Anderberg  2001-07-03

Simulation 6

A standard fire resistance test was carried out in UK in July 1969 on a floor of prestressed concrete ”Spiroll
units, frosi No 4904. The hollow core slab is shown in Figure 14. Measured and predicted results are gathered in
Figurs 15 illustrating a very good agreement for the prestressing bar as well as on the unexposed surface.

1:3 mix (by vol) Precast 'Spiroll’ units
cement /sand grout {limestone aggregate
concrete)

Dert -~
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Prestressing .
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\ L
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ENLARGED SECTION B-B 102mm (4%) dia

Figure 14 Cross-section of ”Spiroll” units — hollow core slab
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COMPARISON OF THERMAL PROPERTIES, SLAB 100 mm

Ref: Annex to minutes of Horizontal Group Fire 12 October 2001

HGF convenor Kruppa had calculated temperatures of 100 mm by using thermal properties in
prEN 1992-1-2 and thermal properties used in ENV 1992-1-2 and ENV 1994-1-2, attached as
Annex to minutes of Horizontal Group Fire 12 October 2001.

This calculation was made without moisture content. He has also made additional calculations
with 4 % moisture content, and presented them with his conclusions as follows:

From Kruppa :
21 Novembre 2001

Effect of thermal properties of concrete

Temperature calculation within a 100mm concrete slab with :
- thermal properties given by ENV 1992-1.2 / ENV 1994 1.2
- thermal properties proposed by prEN 1992-1.2
- assuming furnace control by plate thermometer : "furnace emissivity = 1.0
- concrete emissivity = 0.7
- convection coefficient on exposed side : 25, on unexposed side : 4
- with 4% moisture and without

Conclusion:
- without moisture, new thermal properties lead to +18% for fire stability and + 74% for insulation
criterion
- with 4% moisture, new thermal properties lead to + 17% for fire stability and + 61% for insulation
criterion
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However, there was no comparison to test results.

In the figure below temperatures given in CEB Bulletin d’Information 145 « Design of concrete
structures for fire resistance » have been added. These temperatures are based on tests, used as

basis for Tabulated Data in many national fire design codes, and also in ENV 1992-1-2.

The figure is self-explaining: the proposed thermal properties in prEN 1992-1-2 give very similar
temperatures as CEB 145, and are in this comparison on the safe side. ENV values give clearly

conservative results.
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BDA 3.3

THERMAL PROPERTIES OF CONCRETE
- ADDITIONAL COMPARISON AND RESPONSE

Background
SC 4 Fire part Project Team does not accept the change of thermal properties of
concrete included in prEN 1992-1-2. There has been an extensive exchange of
opinions and e-mails.
Summary of the arguments against justification of the values in prEN 1992-1-2 are
presented in document by Jules Mathieu/Profil Arbed 4/02/2002. This document is
copied in the first part of this document, with response from SC 2 Fire part Project
Team.
Response to arguments concerning insulation criteria is given in the second part.

Third part of this document is comparison to French slab tests.

1. Document by Jules Mathieu/Profil Arbed and EC 2 PT response

Document CEN/TC 250/SC 2/PT 1-2 Doc N 150
Yngve Anderberg 2001-07-03

Background documentation for thermal conductivity of concrete

Critical analysis of the conclusions (summary)

In the report above the new modified thermal laws of concrete (conductivity and
specific heat) introduced in prEN 1992-1-2 are justified on the basis of 6 different
computer simulations of tests. They concern, in detail:

- simulation 1 : Prestressed TT-roof slab (1977 at TNO) : about 60 minutes

- simulation 2 : Prestressed TT-roof slab (1978 in Sweden) : about 60 minutes

- simulation 3 : Hollow core slab (1991 at VTT) : about 200 minutes

- simulation 4 : Hollow core slab (1991 in Finland): about 200 minutes

- simulation 5 : Concrete wall 120 mm (1999 in Danmark) : about 33 minutes

- simulation 5 bis : Concrete wall 150 mm (1999 in Danmark) : about 65 minutes

- simulation 6 : Hollow core slab (1969 in UK): about 120 minutes

The following remarks can be made about these simulations:



1) The range of temperatures put in the comparison is limited to 500 °C.
Therefore the validity of the new laws is not established for temperatures over that
value.

Response:  Temperatures above 500°C are not much of interest for concrete structures because
temperatures between exposed surface and reinforcement has practically no influence
on the fire resistance of concrete structures.

Comparison to French slab tests show that that prEN 1992-1-2 values are safe near the
exposed surface.

2) The simulations 3, 4 and 6 concern hollow core slabs. They cannot be accepted as
relevant, for the results don’t depend only on the material laws for concrete,
but also depend on the material laws adopted for the enclosed air in the holes, and
on the conditions of radiation (and convection?) into the holes.

Response:  The holes have been modelled in the simulations as mentioned several times by Dr
Anderberg. Critics on the modelling seems to be an assumption only made without
knowing the details of the modelling.

It would be a funny coincidence if thermal properties were wrong and the simulation
model was wrong but the results fit with temperatures measured in the tests?

3) The simulations 3, 4 and 6 are the only ones going over 60 minutes. If they are
not relevant as observed in 2) above, the validity of the new laws in prEN is not
established for calculations exceeding 60 minutes.

Response: It follows from response to point 2 above that this point 3 is not correct. Additionally,
the French slab tests go to 120 minutes.

Strange comment: Thermal properties depend on temperature, why would they depend
on time?

4) The tests used for simulations 1 and 2 are very old, and it seems that some
informations are missing to check the validity of the comparison.

Response:  Why would tests from late 70’ies not be valid?

5) In the Danish tests 5 and 5bis, the calculated temperatures have been compared
with the average temperatures of a group of thermocouples including one at the
centre of the wall, and 3 or 4 located at the periphery. It can be seen on figures 10
and 12 reproduced in the document that the peripheral thermocouples have
given temperatures well grouped but lower (up to 100°C) than in the centre
of the wall panel. It is obvious that a border effect could not be neglected, and the
average temperature is lower up to about 60°C than the maximum one. The




conclusion should have been draft on the basis of the maximum temperature
in the centre, and not on the basis of the average temperature.

Response:  Calculated temperatures at depth 15 mm (Fig 13 in N 150) are approximately 50°C
higher than reinforcement temperature in the middle of the wall (T4 DB1500A in Fig
12). Concrete cover is 15 mm, reinforcing bar diameter 6 mm, this makes axis
distance 18 mm. 3 mm difference in axis distance corresponds approximately 30°C
difference in temperature. This means that calculated temperatures are 20°C higher
than the measured ones.

6) The simulation of the Danish tests with the ENV previous concrete laws give
temperature in good concordance with the maximum measured temperature
in centre of the wall. (See enclosed file comparison.xIs)

Response: It was not mentioned in the attached excel file at which depth the temperatures were
calculated. In comparison to measured reinforcement temperature it should be axis
distance (18 mm). Compared to N 150 Fig 13 the prEN 1992-1-2 curve seems to be
too low.

7) The need and the experience in simulating tests or in realistic calculations are
much smaller in the concrete industry than in the composite and steel industry.
Therefore it is not logical to calibrate thermal laws only on pure concrete
elements, without consideration for composite elements.

Response:  We agree to the statement that the need is smaller for concrete structures. It is very
important to have correct temperature for reinforcement. For reinforcing steel this
temperature area is around 450°C to 600°C and for prestressing steel around 350°C to
450°C. Concrete temperatures below 300°C are of no interest, because in those
temperatures concrete has practically the full strength.

For insulation criteria, see response below and PT document N 176.

EC 2 Project Team has not considered composite elements. Of course, thermal
properties of concrete are the same in concrete structures and in composite structures.
We do not know how composite elements have been modelled, like thermal transfer to
steel and from steel to concrete, different conditions for the moisture to evaporate
when concrete in encased in steel, possible buckling of steel sheet etc.

Conclusion: the background document is not sufficient in itself to justify a
modification of the existing concrete thermal laws in ENV1992-1-2, which seem to
be more realistic as well for concrete elements (Danish tests) as for composite
elements.

Response:  EC 2 Project Team can not agree to this conclusion.
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2. Response to arguments concerning insulation criteria

Reference is made to EC 2 Project Team Document N 176.

Conclusion is clear: Compared to experimental experience and Tabulated Data in
prEN 1992-1-2 (the same as in ENV 1992-1-2) prEN 1992-1-2 thermal properties do
not give unsafe values. ENV 1992-1-2 thermal properties give very conservative
values, or the temperature calculation models are not reliable.

Unfortunately the curves calculated by Horizontal Group Fire convenor Kruppa have
been widely distributed, even as annexes to last TC 250 meeting minutes.

3. French slab tests

CSTB fire tests 1975 for 4 slabs 140 mm and 2 columns 200x200 and 300x300 mm.

Slab temperatures were measured each 10 mm from the exposed side at several points
on axis, diagonal and on a line between centre and the % of the side.

Aggregates were 70 % siliceous and 30 5 calcareous. Moisture content from 1,7 to 4,3
%.

Measured temperatures (range between minimum and maximum of 4 tests) are
presented in the attached figure for 60 and 120 min. Also corresponding temperature
profiles given in Annex A of prEN 1992-1-2 and CEB Bulletin 145 are presented.
Observations:

At 500°C maximum of 60 min test results, prEN 1992-1-2 and CEB are the same.
At 500°C average of 120 min test results, prEN 1992-1-2 are the same, CEB curve
and maximum of test results are the same. Difference of the depth from exposed

surface at 500°C between prEN 1992-1-2 and CEB curves is 3 mm.

At higher temperatures prEN 1992-1-2 and CEB are practically identical and safe
compared to test results.



Between 500°C and 100°C prEN 1992-1-2 are within the scatter of test results, except
for 120 min blow 270°C they are below minimum of test results. CEB curves are
between maximum and average of tests results.

Below 100°C both prEN 1992-1-2 and CEB curves are below test results. These
temperatures have no influence on the fire resistance of concrete structures.
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After presentation of available information and large amount of discussions among the members, the
following conclusions were agreed, as far as concrete with siliceous and calcareous aggregates is

concerned.

1- The following values for the variation of mass unit (density) versus temperature shall be used
in both prEN 1992-1.2 and prEN 1994-1.2

p(0) = p(20°C)
2(0) = p(20°C)-(1 - 0,02(0 - 115)/85)
() = p(20°C)-(0,98 — 0,03(@ - 200)/200)
p(0) = p(20°C)-(0,95 - 0,07(8 - 400)/800)

where @is the concrete temperature (°C)

for 20°C < #<115°C
for 115°C < §< 200°C
for 200°C < §< 400°C
for 400°C < #<1200°C

2- The following values for specific heat of dry concrete shall be used in both prEN 1992-1.2 and
prEN 1994-1.2

Cc = 900 (J/kgK)
C. = 900 + (@ - 100) (J/kgK)
Cc= 1000 + (@ - 200)/2 (J/kgK)

for 20°C < #<100°C
for 100°C < < 200°C
for 200°C < 6<400°C



C. = 1100 (J/kgK) for 400°C < < 1200°C

where @is the concrete temperature (°C)

Where the moisture content is not considered explicitly in the calculation method, the
function given for the specific heat of concrete with siliceous or calcareous aggregates

may be modelled by a constant peak- value situated-between 100°C and 115°C such
as

Cppeak = 900 J/kgK for moisture content of 0 % of concrete weight
Cppeak = 1470 J/kgK for moisture content of 1,5 % of concrete weight
Cppeak = 2020 J/kgK for moisture content of 3,0 % of concrete weight

and linear relationship between (115, C; peax) @nd (200, 1000).

For other moisture contents a linear interpolation regarding Cp peax iS acceptable.

3- The thermal conductivity shall be a Nationally Determined Parameter with, in both prEN 1992-
1.2 and prEN 1994-1.2, the same lower and upper recommended limit values, with the
possibility, for member states, to choose values in-between :

a. The upper limit will be derived from the "ENV" values, taking into account the agreed

b.

values for density and specific,

The lower limit will be derived from a new proposal (connected to the "prEN 1992-
1.2" proposal) presented by Ms Robert.

4-  Final proposals for thermal conductivity have to be ready by end of June 2002 to be presented
at the next TC 250/SC2 on 1% and 2™ of July 2002. Proposals will be made by :

a. Prof. Stark, with the help of L. Twilt and Prof Schleich (convenor of TC 250/SC2 —

b.

J. Kruppa

PT2) as far as the upper limit is concerned

Ms Robert, with the help of Dr Anderberg and T. Hietanen (convenor of TC 250/SC2 —
PT2), in consultation with the other members of this special meeting, as far as the
lower limit is concerned.

Nota : compared to the document TC 250 N 528, distributed at the TC 250 meeting, the modifications
made in this final document (highlighted) are due to comments received and discussion with T.

Hietanen.
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CEN/TC 250 agrees to adopt the compromise specified in document N 528
concerning rules to be implemented in parts 1.2 of prEN 1992 and prEN 1994.
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BDA 3.5 Background document for the new proposal of the lower
limit for thermal conductivity
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Time for an increase of 140 K on the unexposed side
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Proposed revision of prEN 1992-1-2 revised Final draft April 2002 :

2) The upper limit of thermal conductivity A. of nozrmal weight concrete may be determined from:
Ac=2-0,24 (6_1120)+0,012 (6, /120)" WimK for 20°C < @_<1200°C
where ¢9c is the concrete temperature.

The lower limit of thermal conductivity A, of normal wzeight concrete may be determined from:
A =1,36 - 0,163 (HC /120) + 0,0082 (HC /120) W/m K for 20°C < HC <1200°C
where ¢ _is the concrete temperature.

Ac [W/m K] 5
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Temperature comparisons CERIB/DPO/DCO/FR

Thermal conductivity of concrete
Comparisons of measured and calculated temperatures

Curve 1 “ENV”: ENV curve and upper limitin EN

Curve 2 “EN”: Lower limit in ENV

Curve 3 “prEN”: Curve proposed by PT, used in comparisons in BDA 3.1, BDA 3.2
and BDA 3. 3

Curve 4 “Proposition”: Curve proposed by Fabienne Robert/CERIB/France and
used in comparisons in this document
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Thermal conductivity curves compared to measured temperatures
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CSTB (France)

Evolution of the temperature in the slab at 60 minutes - slab 14 cm - water
content 4 %

1000

900

- - - measured

—+—prN
ENV
prENtest5

800

700

600

500

400

300

200

100

0 20 40 60 80 100 120 140 160
depth (mm)

Evolution of the temperature in the slab at 120 minutes - slab 14 cm -
water content 4 %

1200

1000
- - - measured

—+—prEN
——ENV
prENtest5

800

600

400

200

0 20 40 60 80 100 120 140 160
depth (mm)



temperature (°C)

Japanese and Danish (prENtest5) tests
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EC 4 Background document for thermal laws of concrete EC4-1-2/75

Observations and remarks

Document EC4-1-2/75, 28 December 2001, Profil Arbed, concludes on the basis of 18
fire tests for composite structures and one concrete wall test:

The old thermal laws (ENV) give a very good evaluation for the temperature of the
reinforcement, and

The new proposed thermal laws according to prEN 1992-1-2 are unsafe, for they
under-evaluate the temperature of the re-bars by 50°C from 60 to 120 minutes.

A quick study shows following observations:

In more than half of the reported measurements the difference between measured
and calculated (ENV thermal properties) is more than 50°C, even 200°C

A general tendency is that near the fire exposed surface the measured temperatures
are higher than calculated (e.g. corner reinforcement) and deeper inside the cross
section lower (upper flange). This indicates that thermal conductivity in calcula-
tions should be lower.

All the measurements are not included in the document. Only for one test the
lower flange temperatures were given, although there were thermocouples in all
tests. In this one test, the measured temperature was clearly higher than calculated.
Conclusion that prEN 1992-1-2 is unsafe is based on one measurement in one test
and compared to EC 2 background document there seems to be a gross error
(concrete cover/axis distance).

Further remarks:

Composite structures with heavy steel sections are not the best examples for cali-
bration of concrete properties (sensitivity for modelling, emissivity and thermal trans-
fer from one material to another).

Comparisons measured/calculated temperatures

Note: The values presented in the table below are based on readings from a paper copy
and they are not very accurate. Deviations less than 50°C are neglected. Also some
very large deviations are neglected (possibly errors?)

Tauno Hietanen
P.O. Box 381

Phone +358 917284435
Fax +358 917284444

FIN - 00131 HELSINKI e-mail tauno.hietanen@rtt.ttliitot.fi
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Test type

Page refer-
ence

Measured - calculated temperature A (°C)
“<“means A < £50°C

Reinforcement

Steel web

Upper flange

Column

Al9

A20

+100

A21

Column

A30

+100

A3l

Column

A39

+100

A40

+100

A4l

-200, +150

Beam

A48

+50

A49

AS50

-100

Beam

A61

A62

A64

+50

A69

A70

A72

Beam + slab

A80

A81

A84

A85 slab <

A87

A89

A91 slab <

A92 slab <

Beam + slab

A87

+50

A89

A99

Column

B4

+70

B5

Column

B12

B13

B15

Column

B21

B24

Column

B30

B31

B32

50

Frame beam + column

B4l

+100

B42

+100

B43

B45

B48

B49

-50

B51 slab <

B53 slab <

Frame beam + column

B66

B67

B68

-150

B70

+100

B73

+70

B74

-50

B76 slab <

B78 slab <

Tauno Hietanen
P.O. Box 381
FIN - 00131 HELSINKI

Phone +358 917284435
Fax +358 917284444

e-mail tauno.hietanen@rtt.ttliitot.fi
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Remarks:

Tests with p

Reinforcement: Only in 1 case of 16 the temperature difference is less than + 50°C.
there seems to be a tendency that the bottom corner bars have lower temperatures than

calculated.

Steel section web: In 12 cases of 25 the temperature difference is less than + 50°C.
Steel section upper flange: Only a few measurements, in most cases within + 50°C.

Steel section lower flange: No information is given, although there has been thermocou-
ples. Why?

Are some pages missing, because there are jumps in the page references?
arametric fire exposure

Many results with low temperatures (less than 300°C) where the temperature difference
is less than + 50°C.

Interesting results are C.2.2, D.2.2, composite beams where also the lower flange tem-
perature is measures. During the cooling phase the measured temperature exceeds the
calculated by 50 to 100°C. In D.2.3, D.2.4 and D.2.5 steel section web and reinforce-

ment temperature are exceeded by around + 70°C.

Tauno Hietanen Phone +358 917284435

P.O. Box 381

Fax +358 917284444

FIN - 00131 HELSINKI e-mail tauno.hietanen@rtt.ttliitot.fi
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BDA 3.8 Eurocode 2 Part 1.2 :
New proposal for the mechanical properties of prestressing
steel (wires and strands) at elevated temperatures

1. Introduction

The translation of the prEN 1992-1.2 brought our attention to the values used for the
mechanical properties of prestressing steel. Some comparisons between fire design of
prestressed elements following prEN 1992-1.2 [1] rules and our national code DTU-FB [2],
which is based on experimental results, were then carried out. They have shown that prEN
1992-1.2 rules were unfavourable due in part to the mechanical properties of prestressing
steel. This could lead to the banning of some products which are currently present on the
French market.

That’s why we present in this document a new proposal (chapter 3) whose values have been
chosen to be the nearest to the experimental evidences obtained in several countries (UK,
Belgium, France) while keeping the mathematical model for stress-strain relationship of
reinforcing steel as the actual prEN 1992-1.2 do.

In spite of the progress of prEN 1992-1.2, we are asking for the adoption of one of the
options proposed below :

- 1. change the Table 3.3 of the prEN 1992-1.2 using the table given in chapter 3 of
this document

- 2. propose a new class in the normative part of the prEN 1992-1.2, based on the
table given in the chapter 3 of this document, as it has been done for the reinforcing
steel.

- 3. if neither option 1. nor option 2. can be adopted, the values for the Table 3.3 of the
prEN 1992-1.2 may be found in the National Annex.

2. Comparison between the ENV 1992-1.2 [3], the prEN 1992-1.2 [1], the
DTU-FB [2] values and the experimental results

2.1 Reduction factor of mechanical properties at elevated temperature

It has to be mentioned that the values currently used in prEN 1992-1.2 were given in an
informative annex of the ENV 1992-1.2. They did not fit with the values which were given in
the normative part of the ENV 1992-1.2 (see annex A).

The detailed description of the tests conducted by Holmes & Co [4] are given in annex B, the
results, presented by Malaval [5], on which DTU-FB is based are given in annex C.
Furthermore, some other results obtained at the university of Liége and presented by
Dotreppe [6] are given in annex D. In this last study, the tests were conducted up to 400°C.
In all these studies, wires and strands with different diameters were tested.

For the comparison presented after, only the lowest results of each study are plotted.
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Figure 1 : Normalised ultimate tensile strength
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At 500°C, the values given in prEN 1992-1.2 are 34 % lower than the lowest results obtained
by Holmes and Co and Malaval.

Figure 2 : Normalised yield strength
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At 400°C, the values given in prEN 1992-1.2 are 71 % lower than the lowest results obtained
by Holmes and Co.



CERIB

DPO/DCO/FR-AC 2003-06-13

Figure 3 : Normalised elastic modulus
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At 600°C, the values given in prEN 1992-1.2 are 46 % higher than the lowest results
obtained by Holmes and Co.

2.2 Stress-strain relationships

The figures below show a comparison of stress-strain relationships of prestressing steel at
20°C, 350°C and 500°C. The DTU-FB relationship is based on the BPEL relationship [7]
affected of the DTU-FB coefficient of reduction.

Figure 4 : stress-strain relationships of prestressing steel at 20°C
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Figure 5 : stress-strain relationships of prestressing steel at 350°C
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Figure 6 : stress-strain relationships of prestressing steel at 500°C
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2.3 Application in the case of a floor with shuttering floor slabs elements

Some comparative calculations have been done on a typical case of floor with shuttering
prestressed floor slabs (for example, the floor of a car park). The shuttering floor slabs
considered were 6 cm depth ; they were prestressed with strands T 5,2 2060. Three
scenarios of reinforcement have been studied :
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The fire resistance calculations have been made in isostatic situation at 90 minutes. The
results are given in the following table.

floor with shuttering floor slabs elements 6 + 14

calcareous aggregates, R90

span span span
case 1l case 2 case 3
p (strands) 0,07% 0,07% 0,07%
p (¢8) 0,07% 0,07%
a concrete cover (m) 0,025 0,025 0,025
My Ec2 (N m) 0,0372 0,0464 0,0446
esteel EC2 (°C) - steel layer 1 588,7 588,7 588,7
e:steel EC2 (°C) - steel layer 2 475,4 252,3
Mu, i Ec2 (MN m) 0,0044 0,0138 0,0136
Nfi Ec2 0,1182 0,2981 0,3049
My BAEL (MN m) 0,0351 0,0426 0,0414
esteel DTU (°C) - steel layer 1 521,1 521,1 521,1
esteel DTU (°C) - steel layer 2 0,0 0,0
My fi bTu (MN m) 0,0113 0,0186 0,0199
Nfi bTU 0,3211 0,4368 0,4798
Mu, fi EC2 / Mu, fi DTU -61% -26% -32%
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3. New proposal for the mechanical properties of prestressing steel
(wires and strands) at elevated temperatures

The values below are given on the basis of the different tests results. They have been
chosen to be the nearest of these results while keeping the mathematical model for stress-
strain relationship of reinforcing steel as the actual prEN 1992-1.2 do.

The following figures show the stress-strain relationships obtained with this proposal. The
example with a floor with shuttering floor slabs elements has been recalculated.

Values for the parameters of the stress-strain relationship of cold worked (cw) (wires
and strands) and quenched and tempered (q & t) (bars) prestressing steel at elevated
temperatures

Steel foyo! (0,9 fx) fop.o! (0,9 fox) E,o/Ep Eto [] &uo []
temp.
0[°C] cw q&t cw q&t cw q&t cw, q&t cw, q&t
2 3 4 5 6 7 8 9
20 1,00 1,00 1,00 1,00 1,00 1,00 0,050 0,100
100 1,00 0,98 0,86 0,77 0,98 0,76 0,050 0,100
200 1,00 0,92 0,78 0,62 0,9 0,61 0,050 0,100
300 0,77 0,86 0,51 0,58 0,82 0,52 0,055 0,105
400 0,54 0,69 0,33 0,52 0,57 0,41 0,060 0,110
500 0,32 0,26 0,2 0,14 0,3 0,20 0,065 0,115
600 0,19 0,21 0,1 0,11 0,2 0,15 0,070 0,120
700 0,08 0,15 0,03 0,09 0,10 0,10 0,075 0,125
800 0,05 0,09 0,02 0,06 0,07 0,06 0,080 0,130
900 0,03 0,04 0,01 0,03 0,03 0,03 0,085 0,135
1000 0,00 0,00 0,00 0,00 0,00 0,00 0,090 0,140
1100 0,00 0,00 0,00 0,00 0,00 0,00 0,095 0,145
1200 0,00 0,00 0,00 0,00 0,00 0,00 0,100 0,150
Figure 7 : Normalised ultimate tensile strength
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Figure 8 : Normalised yield strength
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Figure 9 : Normalised elastic modulus
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Figure 10 : stress-strain relationships of prestressing steel at different temperatures
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The table below gives the results of the recalculation of the floor with shuttering floor slabs
elements.

floor with shuttering floor slabs elements 6 + 14

calcareous aggregates, R90

span span span
case 1 case 2 case 3

p (strands) 0,07% 0,07% 0,07%
p (48) 0,07% 0,07%
a concrete cover (m) 0,025 0,025 0,025
My ec2 (N m) 0,0372 0,0464 0,0446
esteel EC2 (°C) - steel layer 1 588,7 588,7 588,7

esteel EC2 (°C) - steel layer 2 475,4 252,3

My, fi Ec2 (MN m) 0,0079 0,0174 0,0171
Nfi Ec2 0,2130 0,3740 0,3841
M. BPEL (VN m) 0,0351 0,0426 0,0414
esteel DTU (°C) - steel layer 1 521,1 521,1 521,1

esteel DTU (°C) - steel layer 2 427,8 241,9
My, fi oTU (MN m) 0,0113 0,0186 0,0199
Nfi pTU 0,3211 0,4368 0,4798
Mu, fi EC2 / Mu, fi DTU -30% -7% -14%
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ANNEX A - values in different standards

ANNEX A - Values given for the determination of the
mechanical properties of prestressing steel at elevated
temperature in the standards mentioned

1. ENV 1992-1.2

The reduction of the characteristic strength of prestressing steel is defined as a function of
the temperature by the factor k() as follow :

fo (0) = Kp(0) fo(20°C)
for wires and strands

ko(0) = 1,0 for 20°C < 0 < 100°C
ko(0) = (850 — 0) / 750 for 100°C < 0 < 250°C
ko(0) = (650 — 0) / 500 for 250°C < § < 600°C
ko(0) = (1000 — 0) / 4000 for 600°C < 6 < 1000°C
ko(0) = 0 for 1000°C < 0 < 1200°C

2. prEN 1992-1.2

(1) The strength and deformation properties of prestressing steel at elevated temperatures
may be obtained by the same mathematical model as that presented in for reinforcing steel
(see below).

o}

fsy,e

fpo

Espo Esyo Esto Esuo &
Range Stress o(6) Tangent modulus
sp,0 €Esp Esp
b(gsy,() - g)
2 210,5 ,
Espp S EX Gy fsp,e —C+ (b/a)[a —(Esy,e— 8) ] a|:az 3 (g 3 ESW )2 :|05
Esyp S EX &t fsy0 0
Estp S ES Esup fsy,e [1_(5_ 5st,9)/(<9su,9 - gst,e)] -
&= &up 0,00 -

10



ANNEX A - values in different standards

Parameter * Ey0=002  &,6=015  &,=0,20
Ssto = 0,05 Ssup = 0,10

a’= (&sy.0 — &sp,0)(Esy,0 — Espo +CIEs )

Esp,0 = fsp,e / Es,e

ass A reinforcement:

Functions

b? = ¢ (&sy6— &spip) Eso + C°

C= (fsy,e_fsp,9)2
(Esy,e - gsp,G)Es,G - 2(fsy,9 - fsp,e)

*) Values for the parameters &y and &, for prestressing steel may be taken from Table 3.3

Mathematical model for stress-strain relationships of reinforcing and
prestressing steel at elevated temperatures (notations for prestressing
steel “p” instead of “s”)

Figure 1:

(2) Values for the parameters for cold worked (wires and strands) and quenched and
tempered (bars) prestressing steel at elevated temperatures are given in Table 1. For
intermediate values of the temperature, linear interpolation may be used.

Table 1: Values for the parameters of the stress-strain relationship of cold worked
(cw) (wires and strands) and quenched and tempered (q & t) (bars)
prestressing steel at elevated temperatures
Steel foye! (0,9 fo) fop0/ (0,9 o) EpolEp &to [] &uo [-]
temp.
0[°C] cw q&t cw q&t cw q&t cw, q&t cw, q&t
1 2 3 4 5 6 7 8 9
20 1,00 1,00 1,00 1,00 1,00 1,00 0,050 0,100
100 0,99 0,98 0,68 0,77 0,98 0,76 0,050 0,100
200 0,87 0,92 0,51 0,62 0,95 0,61 0,050 0,100
300 0,72 0,86 0,32 0,58 0,88 0,52 0,055 0,105
400 0,46 0,69 0,13 0,52 0,81 0,41 0,060 0,110
500 0,22 0,26 0,07 0,14 0,54 0,20 0,065 0,115
600 0,10 0,21 0,05 0,11 0,41 0,15 0,070 0,120
700 0,08 0,15 0,03 0,09 0,10 0,10 0,075 0,125
800 0,05 0,09 0,02 0,06 0,07 0,06 0,080 0,130
900 0,03 0,04 0,01 0,03 0,03 0,03 0,085 0,135
1000 0,00 0,00 0,00 0,00 0,00 0,00 0,090 0,140
1100 0,00 0,00 0,00 0,00 0,00 0,00 0,095 0,145
1200 0,00 0,00 0,00 0,00 0,00 0,00 0,100 0,150
3. DTU-FB P 92-701
The reduction factor ¢s for the mechanical properties of prestressing steel at elevated
temperature for fire design is defined as below :
Temperature (°C)
0 175 500 750
Wires and strands 1 0,30 0

11
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The effects of elevated
temperatures on the strength
properties of reinforcing and
prestressing steels

M. Holmes, PhD, DSc, CEng, FiStructE, FICE
Depariment of Ciwil Enginearing, University of Asion

R. D. Anchor, BSc. CEng. FIStructE, FICE
Lnivareily al Asfton and B. . Anchor Conealiania

G. M. E. Cook, BS:. CEng. MIMachE, MICE. FIFireE
Fira Ressarch Sintion. ARE

E. N. Crook, Bse, PhD
Camenl & Concrete Associalion

5y npsis
The effect of elesared resipenmiures on dhe sireegéh ong sffnes
Freagties af e retnfarcing aad rheee presreeiing sieely of veramg size,
muanufectured ro Bririh Saendand specjficotions, has feen imvenipaned,
T asulede the femperaiures Wkely 1o be éxperivaced b the stes! during a
Sire, o temperatune range of J0° fo M0F war adopred, T el wens
Ieqdd [0 rhele ‘er momgfoctuned” somdivion &y g paarpoebdln, Al
fewing  mechime with  fwbe  trnooer omd associeted  revowding
ferrumesiarion. The fesr peogromie wer desipned Jo provide date an
AR aEiOr SrreNgih permwe fers—ield for -7 T peoali rrew, witimarne
strenpih, and elele il Using ihe dede 7 i possible T aniess The
desprierarion in streapth of @ Strucho? durinp @ e aad T rewdes)
Strengih & aribben? Meripdrmiure gifer o fire,

Iniradielisan

Estimales of the resisiance of struciures to fire exposure are curresily
ohingd by exponing strociural elemenss 1o 8 sandasd fire (BS 4780
ASTME? and P50 B34, The Fully-loaded struciored elemens under 1 s
enposed i ke Slandard fire 2nd the dme messired mnid collapse akes
place. Trodicionally, in the UK (ke strucioral fire redcinnes of @ pember
Is decided by applying nales concerning concgle coner, mirimum member
size, and proieciion affersd By surface Finishes,

The jeinl report by The Concrele Seciery and The [nsiitutan of
Structural Engineers® sugpesis 1Bat a more razional design spprcach for
fee mesislance should be adopesd wsing limit siate philosophy. Soch an
approach would Imglve consideration of the 10wl sinssiune feipoee io
fire, rather ihan consideraibon of the behmdonr of isolated struciuml
elaments, The repert alse makes clear that, before Nimit sale principles
can b adopeed foo flee resisianes, much additional informasion and dan
neads 1o b2 @lgiiired, inchoding ihe behaviour of weel reinfarcement at
ticvaled semperaiure,,

Thits pager desciibis an exvensive sidy af the behavious of reinforcing
&nd presgressing. steel ani elevaned wemperatures and varicus applied siress
condifions. The daia ahiained may be used (o fonmu luing the lisi state
design procedures for fige reslstence menlionnd phave,

Types ol steel investigased
Fat the investipasion, four types of reinforcemesd and thees wypes of
presresiing steel were selecied 1o pepresest the wide range of tisals
catrenily avallable so e constroction Imdustry. For the reinforcing stecls,
three namisal diameters were chogen, ie, & me, 12 mm, and 24 mm. Thiy
wirald enable a correlatian, il any,. 1o be made & 1o the effet of sice an
the sizengih properiies. The presspesssng wire was chosen im 5 mam
diameter form and the arend as -3 mm seven-wire srand

Table | glves the 1ype of sizel 10 be used, it IrRde same, and supplier.

The Structural Engineer™Volume 50BMo., 1/March 1982

The recent inraductlons of the Torbar type of cold-worked, kigh vield
sz, wich imach improved bond characieristics, has lod 10 ceased
produectian of the sguine rwisted oype of cold-warked @eel, Haowever,
sinez the lter 1ype of steel has been widely wsed En the constreetion
indusery, the tests were sl considered necessary 5o rhad an swessmens of
the performuance and residusl properties of existing comeress jinactunes
demaged by ire cam be made.

The manufacture of the varions tvpes of reinforcemes was i
accordancd with BS 4485 and HS 4851% wirh presiressing siesls covered
by BS 26017 and BS 1617, These smasdards lay down specific
requirermenis far chemical cosnposslion, characierisiic siresgrh {yickd or
proall, ultimale tensile strength, esc. Although these siandards give
values ihat are accepanhile for peneral wage, it was declded 1o cbaain as
many of 1he praperties given Im che standands from the acisal deliversd
siezl.

Tesiing equigmesi

& lensile besting machine with the versatility o sccammodate the size and
lengah of specimen and deformation under loed 2nd capable af operaling
&l elevaled temperature, was ni avadlable commercially, Therefors, a
specis]l purpse machine, wooking om ahe hasie soncept of iwo load
plaizens moving apar, was designed and buils. A schempife diagram is
show in Fig 1. The loading mechanism Bad a maximum exession af 150
mm, bur bl was extended o 300 mm by the wme of & spacer mmeried
between the ram amd top Icading platien, while the ram core was
nElracted,

The stesl was to be tes2ad in ils “as rolled’ condition snd this required
the wie of serraved mechanical wedges so as 1o grip the reinflarcement and
enzhle the lcad to be transferred 0 ®. Propriemry presiressing
anchorages and smooth wedges were used for lnsding the presiresing
sioel specimens,

TABRLE J—Siee rymes ana' suppiers

Type of ne= mm?ﬁ“rrnéun:::mm Supplier/munufactarer
il Bleel Bl sresl BRC Engineening Ca,
SamlTord
Huot-rodled high Linisieed Reinforcement Stecl
wield Services, Shelli=ld
Cold-worked high | GK Tarbar GKM (South Wales) Led,,
yield Cardiff
Square twisied BRC Engineering Co
StaiTord
Pregsvrgssing wire | Mill Cail
OEM {Somerset Wirel
Suabdlised wire Lid., CasdifT
Presireising sirard | seven wire sieand
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Paper: Holmes/Anchor!/Cook/Crook

T hiemi the specimans a cvlindrical tubs furnace having an inner silicos
heacing ke of B1 % mm dismeier, wih o mmimum operasing
Irmperatwre of 10T, wii yind, The silicon ube was projeceed (n 2
large diameter, nainies siesl ke with 1he soid filled wiih inzolazing
malezial. Beraus: of heal losses through the eads of the furmace, which
=ik reduced by Meckenchnle ceramie wood (Thie, and 1he seed 63 obiaina
low pemmperaiare gradient over the hessed lengrh, the Fumase was wplii
ingn thres, 130 mm zones. These zones were controlled independenly hy
Eurctherim thysistes units from a preseleced digical tempermure disgilay,
Temperature measuremeni was ochimined from  fibreglaos-dnsulsied
Chromel-Alumel  ihermocouples  fixed o the specimen.  The
thermocouples were ueedl b moniler the specimen temperarere over the
thiee gones, rezond 1he gaupe lengih jemperarore, and comrol the
thyrisser uniis.

Since the gauge kengch was eonfined witkin the furnace and would e
subjected 10 a semperature up o MOSC the choios of a sorain
mesiyrement device was Sminsd. daglly, quans exlememeiens, having
exiremely low ihermal expanson propemiss gheing socomie reules,
should be weed, Hrwewer, the fragile rawre of quesre ruled cul iis use
End Mimais: 808 aBoyp sieel, having low creep progenies, was chasen
insemd. The suscepiibiliiy of this material 1o themal ERpEdsion mean
thirl, whengver seady-sinle iempermiures were noi preear, e feeii
needed 10 be careztad for the shermal espansion of che simin g@uge, Twe
iremsducers, with an operaging range of = 12:3 mm and semiperacsie
rangs of = |8 15 + $01°C, used i conjunciion with deachable colless
wad mountsd ouliide 5o femace, allowed for all sizes of specimen wik
differing gauge lengihs 16 be amommodated on ome exEnsomeler.
Calibraskon of the mansdasns was chininesd using metric micomesers
pliced mnder the cranudsser

Lond measuremem wis obainnd from wo prossore ireraducers
artached (o the booding ram. For szcuracy, e messond ap 10 200 kN
and the esher abowe 200 kM. Dutpssi (ros the presaunr tanducers,
eaememeier fransdocers and thermocouples were amplified and inpm
imea @ Bryans X-Yn 19000 series reconder. A coarireoes plin of two of the
mpuls wan obiained and the scales were adjuned 1 give the maimum
rurge of walues required.

Objectivi o the besi progmmme

The st programme ooilined below was dsigned 10 provide the rsenial
experimanial data on ihe effects of high temperarure an the wrengis and
siffnews properiies of reinforcing and presirescing ste=l. In deiigning ihe
progremss, aiseniion wes paid 1o the deterionacion in scresgth of a
strufmiee durisg a (e and it residoal serergth 82 ambient 1Emperatune
alver a Mire, The theee best procedures subsequently derlved were commn
to both types of sieel (reinforcing and presiresuag).

Ted prissedures

AL 281 twd mom-semperarene tensile 1esis were perforeed on all the
different ypen and sizes of sbeel before the elevased 1emperaiem lei
commesced, Spparpte specimens wens used oo emch ew oand twe
Bominally sferdical jesis were performed an each emperabise Seremeni
of MO=C,

The cross-sectional ares of sach specimen was dewsimined by dhe
merhond given in BS s and BS 4361% and for ench slee of specimen a
convenien! gaupe length based on 565 'K, (where 5, @ ihe cross
serticeal ancay was used. Tesss, wherever possible, were perfarmed in
sorordance with BS 187 and BS 36880 Howeser, |1 wis nol praceical,
with the positioning of the equipment, 10 perfiorm the 1= under fglmain
raps conlid”, &z an aliersative, an sqeivalen: londing rme Baied on the
recommended sirain rase of berwesn 0001 ard 0003/ mis up 16 vield or
proal simess snd ihe phyucal charamensies of che specimen, wis uaed

Tio emsuire thal the while cross-section of the specimen Bad sesched 1he
specilled emperalure, & sandand soaking ime of ¥ h was used, Ths was
based on he minimum Fire resistance lime given in CF 11070 and wensdd
also aliow the extensometers and oiher paugss 1o reach o weady alnir
berlore phe 1ed dommenend

The Tloliowiss sl procedwenes
diagrammalically s Fig 2.

fsemes 0 iz 3p are  shown

Serier

A specimen wiih estensomeiers and tsermocouples aached was placed
through the furmace bsad suspended from the 1op keading plamen of the
baxt rig. The furnace peoition was sdjmessd umil ihe eximsomerer had an
vgual clenrance both inpenslly ssd extermlh from vhe fumace's silian

tube. The Inpuis 1o the X- ¥ ploioer were ses and the fumase wis ywilchal
on, With the aid of the digital (Sermomener the fursace conirol was
madjusted untidl all three 2onss on the specimen were within 4+ 5*C of the
wpeified iewperaiure {TO0"C maximum) and the hall-hoer soaking
perisd was commenemd, Al the end of chis perind the stmin due io the
expanieon of fhe ipecemen and edlergometers wis reeonded. Afier
adjering the X axi i alow for the nlial movemess of the kading

parens B emsile el e feilere wm perfoamed ar the speifin
IEMperaTune.
1 H
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Paper: Holmes Anchor/Cook/Crook

Hegpr, smahilasr mrd woah e R ]
=] - —
L S Smain
ent, smbvhea i w3, 0000 Taruis twt i room fesper o
T el —————
Seviesd 'I'-'rp‘ Ii-' E-vul‘ :
Thrra Forakn
fbrtarm Pl e Tiawsiles nsas & 2gam
B vy i ismd Het TR "jﬂ -
— | p— . ——— - ‘." - % el
s 3 Sema il Tamg § : L TR
L
Fip 2 Test procedures -lril:llii".ll.l'l"i j
Srgn Tima Tima S

The resulis from this ype of s are applicsble 1o the analysis of the
perfcamance of the seels, n 1=ms af the arengeh parimelers al difTerem
Iemperaiures over the mange for which & lire would be expecoed,

Fovies 2

This procedere is concemead with the residual propestiss of the sies afier
belng subjeceed vo an clevarsd emperaure, snd dmulaies che behaviour
of & mrociure alver & e incldeni.

Specimens, usually four, one of ench 1ype for o specific sice with the
thermo-couples atizched, were placed imside the furmace and the ends
lightly packed wiih ceramic e alter their postion bad bren adjusied 1o
give the required heated lengih, Afier reacking the requined IEnpemaiure
CI0GC masimum) o within 25°C and leflt bo soak for hall-an-hogr, the
specimms wore allowed 80 ¢ool naturally 10 room IespermEiure, AR
exirmaomeber was fitted to sach specEmen in urn, the instrumenialion
adjusied a3 described above, and a temile fesi performnl Gl neom
pemperaiare o falure.

Serier J
The procedure for arranging the specimes and gaupes in the Turnecs and
#esi rig was sdentical with thai described For peries 1. Heeesver, insesd of
iy the temperabere of an wslcaded fpecieim, & |oed e applisd
squrenleni 10 the working stres for the iee], This was equivalent oo yield
or (-3 % prood siness divided by 1-3 For the remforcing and o 70 %
ultimase 1emaile sirength lor (B prestnssing aech. Theie sresgih
parsmeiery weng oblained frosm the room-bempenilese contral 1ES0m o0
mimples ol similas siee and ype. This pan of seriet 3 5 refored 08
et 1A,

For each specified rempsrarang the siraln, |empermure, and time were

TABLE F—8 mim Fooei-Bimparaiung reuits

pecardsd, ind the vesi was teminaled gither when the sirain rae bevame
wery amall (mually taken as 0-00H/min} o i the v had been romsing
foe aver 3 b and the strain was non-unifars, o the specimen had falled.
If failure had mos oooarred, the specimen wis walsaded, coaled 1o room
temperwiure and o lensile best perforssed o it in the tem rig. This par of
series 3 s referred 1o as series T

This procedure gives 1Be informuaios pecessary to determine the
perfomance of the steals wites Uy hid Bess nibjected smulianeousty 1o
& wiress and an shrvaied iempersiure and i@ would simulace tse effect on
the sieel im & stracture loaded 1o e full design capacicy bring subjecied in
&l

Tes! resulls -

Biovm MBLERITE PRI

The resm-temperaanre comrol test resahs were obtained from the 1esn
perforsed in aa Avery Denison iesting machine and the specially-buill
it rig. To complete all the psas om the remdorcing stecls two baiches
wre reguired, with barch 1 steels being nved for sevies § g baich 2 lor
serien | amil T Enough £ mem wnissee] was evadiable to complete the (e
from barch |, Whenever possible, samphes Tor use in bath mechise were
cufl Froes the same length,

Twhles 2, 1, 4, amd 5 show ghe 95 ™ confidmey Timas and ihe
coelficlent of wvardance for the im@s performed. Each of the wiliis
pecoeded In chese imhles is besed on @ mEmimum of five 1550 reulis.

These rwo paresseiers show the spresd of resulld oblgined from the
Leits, The sirength parameters of ¥iekd (or (3% procd) firess, uhimme
strexgth, asd elastic modulus obiained from (he romm-IEmpermure s
wiehd be used to normalise the carrmponding values chiained from the
specimens tesoed ag, or afver being oooled from, &0 ekvaled remp=raiure.

” Uliimaie iessile
Yield or (-2 sren Elastic moduhs
i presal
Type of Barch R Coafficient i -1
aeel na. confidence of confidénée B confidence oy
limiis TRAANGE limits limits
{Hmmt) i) (K mmT) (L] (kM mm¥) {Ta)
Mild steel 1 b e B fed 447-) = 655 T 201-56 = 18:31 a-4
i Jg8p = 144 i #4702 W #-] 05-13 = 101407 -8
Uinisteel 1 a9 = 20 0y Tl = 13-4 10 208-66 = 2379 740
Terbar 1 ] = e T §36:7T = MR 32 25-31 = B-36 -1
2 e = R i 964 = BB Ik 210-54 = 13-30 31
Bquire twisied 1 ANd = N L 150 = M9 4-9 X6-76 = 5407 1%
3119 mm} dER = 36 140 §11-1 & 371 -7 XR-57 = 337 143

The Structurnl Enginesr/Volume BOBMo. 1/March 18962
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ANNEX B - Results Holmes & Co [4]

Papar: Holmes' Anchor/Cook/Crook

TABLE 17— 2 momy sexsm-lpmperanine resalis

Yield or 02T gaoal sire Ulimale Imaile Elasilc medulus
ilremglh
Trpe ol Baich PEE CosiTican qaTy ey
meel no conldence el confidence & ond| demce oy
limrdis Wi i limlis lirmzis
(M) ") (H/mm¥] (%) (kP mm) (%)
Mild seeel | 3260 = 37-3 5-3 dql:h = 283 32 2088 & 24-90 LR
F] 30+ 132 2-3 Akl = I 15 23T = - 55 dh
Unisteed 1 AT E & -6 2= &0 = 10 o8 H-87 & 20-92 T
2 T e d-% -3 LR [ (5] 214-26 = 39-14 -4
Torhar 1 491-8 & }4-3 LB} IRT-4 & 52-1 i1 3058 = 20-34 5-0
2 51%-% & E2-8 1-3 593-3 £ 15-4 1= 223-37 = |18 35
SquEfe Pwmled 1 557 £ 21-1 2 Bhl-1 + 15-9 2+ 20 -0% = 2010 3+
I 503-7 £ 21-0 | 5NE-7 2 &9 & 2704 = |22 3+0
TABLE 4— 25 s ronm-fampengisee renples
Yiedd or 0-2% proaf sres Ulrimaze rensile Elastic modulus
sirength
Type of Balch Ty Coelficden Bty LLE
sl B, cimdidence of canfidence o canldence e
Emiix wErance iy limila
[Mmm?) £ %a) M mmt) (%) (&M e ¥
Pelild sieel 1 Mol = BB 1:1 dd-0 e |-l 0-2 HM-05 ¢ 2i-4) 5
P Mkk= 37 o-4 aif-i e 0ej 10 19R-23 o 34-21 BB
Uniteel | 78 = 2ided 22 Tif-f = 94 06 10585 & 34-57 o0
1 = 0 o9 BT-ia T4 O-f 1509 + 26-81 Tl
Torkar | 450} = 850 b | S5E-0 @ 713 BT 24-314 £ 170 ¥h
1 0l 4§ @3 511 = |B-B 1-7 2351 = 13- 15 T4
Square bwisied 1 4500 3 17-%9 2 W he I (oI} 2550 = IE-13 41
i H1-Te -9 g3 54Tz ®E [ | IX1-19 3 M-E5 in
TASLE §—Prepiresring siee) room- ramissvsiiune fenns
¥ield or 0-2% preol siros Tensile sizengih Elastic miodislus
Type ol qary CosfTseni 9ET, LS
steel coniidence al confdence P conledance [
lirmitis virianog Eemirg lirmsis
(Heman?) ") (kM mmi) %) (M /mamd) (%)
5 mm mill ol T8-2 = 43-8 1-4 5-%x 03 14 H-X7 & A-07 0
§ =m srablised wire 1df=l-8 = 23-3 n-a 13-5% 1-2 1:8 212+ 13-536 E-)
#) mm seven wire somnd 1861-% = 380 1= 102-10 % -4 [ 1955 + A-MH { B

10
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ANNEX B - Results Holmes & Co [4]

Paper: Holmes/Anchor/Cook/Crook

Pore it ‘psic &4 juvad divem

L —es
L ta b1} Eo i) am B0 wal m
Terrpervion °C

Fig J. Tossd sprewed of mV resulis from seviey I—warmalisid wWeld o progf
EiresE resuing

From all the mean values given in Tables 2 to § 130 ondy one 1o fali
Below the characseristic @rangth was for 10 mm square pwisted siesd,
witich had o mean 02 % proof stres of #48-% N/mme. The individual
results from s Bateh of sieel did non cosply with section 20 of BS
SIA1% all che -3 % proal siress values fell Below the charseiesislic
sirengih.

The largest coefficimes of vaaon obiwined from the resuls (over
Fod) T} were (Bonr from the 8 and 12 esn sl sieel speacimens of Baick 1
the 25 mm Tesbar specimens, also of kaich |, gnd the majoiiey of the
elastic modulus waloes, which was & large 28 %8 % for the 12 mm
twmasrez]. It was the wariation of the sirength properiies wiibis (5 maierdal
feell thal causesd the scacier of fewsdes, rather than asy error in toling or
anakyuis, [T the yield siress of che eild sieel i considered, thy boveer poans
of the %5 ¥ confidence B, evrn with the large eoefficient of variation,
ife slill greaier thas the characteristic sirengry of 290 MyYmm?. Also, &8
1k mean tensile sirengihs given are greaier iBan the mean vieid sireas By i
value gresier than the 10 % reguited by the appropeimie Brilish
Standards?. 8,

The edailic modulus was cbainad from the siops of the linear poriion
of the @resssinainsplot. However, some of the plos, wsually from the
cold woiked sieels, had Hole of &a linear porion as they Became non-
Emear eliher a3 500n s the load wars applied or 8 bow loud valuee, [n (hews
cases |he inwtial cangent modubs was messured feom he experimenzal
slresssarmin plot.

The Factar thal was eonsistt throughaat the reisls from series 1, 2
asd 1 wan thai size of sectiom bad lizle influence on ihe properry
maasured. With referencr to the type of @ee tnind, e hot rolled sseely
{including one high yield) performed egually ns well as sach oher, 15 two
cold wosked steels could nol ke distinpeshied, and the 1hees preitresing
steels pave idmiical resulis, osis they were 2l nomaalived,

Sevier 1 il

Alhough ihe individual siressssirmin phows of che 1essile igsis Bave no
been included, 1) was noeiceable that, for each of the three seres, thers
was & changw in the shape of the plocs for ceriain types of reindorcing siesl
s non feown the presirssing saeedsl=-

The Structuenl EnginserValume GOB®e. 1dnrch 1882
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Fig 4. Tos! sprevd of aff renves from gerier [—nonmalised wivimate
fensile sieeeEt rexuiir

(3]
LLE

071
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anafuluy recuis

11

16



ANNEX B - Results Holmes & Co [4]

Paper: Holmes/Anchor/Cook/Crook

The traee sizes of Torbar and squane twinted type sloek, a2 also the 3
and 12 mm unisiee] type, meisined the typlcal ‘oold worked” shipe of 2
lingar seczion, followed by o noa-linear portion with e disingtve yieid
point and coocinued 1 woek handen over the whals range al
remperaiures. AN (ke mild sigets a2 25 mm unisiee] had the charecierisic
*hol rolled® shape phod @ an clastic pone up o @ yiek! point, Flloeed by &
tong plastc zome for lempsratures up 1o 200°C However, o 3000 che
shape changed 1o s plot that had s distizeiive vield poinl and insead of
plastic mome showed a work kardening seglon wiihout p distisctive yisid
point. Ip wi therefore nesvasany 16 adope the affset mothod usually ueed
Far the 'cold worked' sieeh 10 obtwin ihe 0-2 % prood s for
lemperaleres of 300°C and above, The nermelsed resalis for the yield
wiress, uirimase sirengih amd elastic moduhs for all sees and Gype
{iecluding the presoressing sieek) ane showi B Figs 1. 4, and 3

These Mgeres show thai, for (ke reforelng bars, there was s
significant changs (n the normalissd values helow I00°C, bul as soen as
the lemperasine of the presiressing sieels was rasad to [00°C chere was &
wstigenlly padiection in these vabues,

& 50 ¥y redariion in boch the yiekd stress {Fig 3p and uliissaie sicengih
{Fig 4) wick obiained berween $30°C and 38040 and between 340°C and
TON"C few the clstic modulus (Fig 5] or the reinforzing seels. A similar
reductiaon was found from the prestresing sieeh whes the lempemaiure
wiy between ¥10%C and 420°C for the proof siress (Fig 3} and uhimaie
sirength (Fig 4) and bevween 5100 and 330°C for the elistic modulo
iFig 51. For the prestresing stesls (Be iemperature ) wisch 15 uli=sale
rensile sirengih redoced o T % of ils ceigingd value was hatween ¥05°C
and 325°C (Fig 41

A represenuative value takes as the midpaint of che scatser of resulis
asown In Figs 3, 4 and 3 is given im Fig & lor both remforcng and
premressing soeels, The cumven From the seoir recent diesign chari™ are
included [n Fig &, and it can be seen (Bai n the midrange oi iemperiures
pood agresment i obasined, but at the upper and lower bemperztures ihe
design eurves do not form the lower bound limit,

Fip &, Tapusl siresph peopsenin of selafiorcig e prestresing siedl
ieiten] i plevaieed fespwrmdired s 1)

12

Series I oresaalis

From the series 2 inis Uhe recanded plots abiained agaim showed a chanps
in shape for some of the reinforcing sieelsl?, alchosgh this was compleiely
opposite ba that obiained Froms serics | tests, Here, thoae sisels exhibiimg
& duciiles behawiour {all mald sles] phes 25 e undsies]) retained i over the
whale 1emperniure, migs, Bt those alesls peoducing e trpical ‘weld
worked” siress/sirain chamcterssic (all Torkar and scuare twisied plus 3
and 13 mim unisieel} charged the shage of 1heir phot berween 200° Cand
IO,

Fia 7 shows the variation in ultimase sireegth, 02 % proofl, sres and
elgitic models with |empemboe for |2 mm sguore twiseed siesl
illusicalisg 4 decresse in smength with imereasing lemperavare. The
varialics betwess nominally idencicnl tesis (Fig 7) wek smaldl for the grool
siress and lemile sirengih, but was larger For the clastic maodelus, whik
shill heing within the estremes of the values obiassed o the room-
Empra e jEils.

Whes ecrmalioed the sirength pirameters again showed than the giee of
sheel had like effect on the peneral shage of the praphiall, However, the
mansalaciuring preces for the reinforcing steed doe hiee &8 elfec ca the
wield and iensile @rength, with the ‘ool worked” sieek having & gresaly
redused sireagih with incresseg temperavore ompired wich the thot
ralled® sieels. Ay ghesrved with s2ries 1, the 1¥pe of prestnesisg sicel hsd
no effect on ihe soenialissd values.

The decrease in the normalned proal seress and iensile sirengih for i5e
presiresving sseels was mod pignilacasi, unidl the iempemiure ewosedad
30°C. Below this iemperature o constan) jurenguh was obiained for both
paremeier, except for the mill coil where 2 9 % Increase in proof suress
was ohserved @ 20072, The decrease in sirerglh was not os drastc as
the sevies | resades, bur @ 30 % reduction in proed wness was obcained
herwesn B10°C and A50°C. For the two siressing lewels of 70 % and 53 %
ullissare penudle sirength @ iemperamre rangr of 490°C 10 52070 and
PMINC 1 5150C, respecively, was obszrved!?. The elawic modules for
hoils reinforcing and presiressing steels remained unaligred owver the

"
|p:.l = Mg
i i

Fig 7. Fiok range off rest renied fow 10 v aguent Tedsnad B peeas 3

The Structeral EnginserValume B0BMe. 1 arch 1982
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Paper: Holmes!/Anchor/Cook/Crook

whiole emperatune rnge,

Cifferences bevwess the 190 ypes of reinforcing bar were obsereed.
T hot rodled wleld seres fscreased by as much e 12-5 S a0 S00°C
before redecing co ¥5 % of the original ap 7007, The cold worked sietls
alo pxhitoied am imcrease (6 S ab 3000 b ar F0°C the ko was 57 T,
The uliimaie sirengih values for the two sieels were similer up o 300°C,
bul al MOSC iBe boi rolled siegh Bad g 12 % redecion compried with 5
5 Wy redgctivn (e the cold worked steels®2, Pig £, o repemeitaine plol of
all the resulis oblained Froes this sedes, shows the differenge berween (e
perfesttmaner &l the *hoi relled” &nd ookl worked' reinfording aoeels and
|he pemireming sieeh afier Being subjecied 1o an devaind mperatune,

Frad F vy

Al he presivessing steels filed al JO0FC whn sihjested 10T % ultimare
load Being malatained1?, [n redromgect it was fell thas 1his kading was too
high Es posslly @ valss of between 50 and 60 % ultbmare sould have
betn more represenative of the tros presmresing foree in the sieel afoer
the member hed been in sevvizce for some 1ime.

Bdone of the minforcing sizels falled @ 40°C wiih ihe working load
Iviedd siressdE-8) applied, bm m 600°C they a8 falled. A0 500°C they
eliher chalned equilibrium, fadled, or afier 3 h of resting conidreed o
crecp. There was no clear paiters a this Esperiure for any of the
sieehil,

On coaling and subsequent retesiing vo fallure, there was po reduciion
in any of the three sirengih paromelers from the avadable samples far the
reinforcing steets, alihough a digh decrease was obaained for te ultimane
1emile srengih of (he presregung siesls (Fig 95

2
11 _}d_.p"" T
- e —— i Sy
£ e . =
el = .
B g L
o — %3 -
H'.\__ gt ,
W
s el
[ s
%
\ ¥
o 4 ' ™
i 1A
= k. i
i | '
§ BT === i e l [ I
Wi e,
e i v | 1 % '.
o pcllai I. J e i
(3] [ T "
— s Colwi | — "'.
. LT wln B e
0| Pl modussn - B an resn W
a-d - . . - -+
L mn ] L L1} e

TempEihes 50
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Conclusiom f

The pagper provides, for the Nesl limde, osmperheishe diti o 1he
performance of reinforcing and prosirmaing slecs in thes ‘i rolied”
condhiion befare, deing and afier exposne 10 eleviled pEmaluee
likely i0 br reachmd b oa fie, 10 expeied the (he Sam sl be of use in
Cowles al Praciice and oihe guldanee doosmenrs which encoumge the
chesign of fire reaisling S1ruSIures wilng Bosie macesrial pI'I:I-PHIh.':I.

In & lelfer deserigtinn!d af the work reported & this pager a more
deiniled compuricn & made betwesn 1he comprehensive spady described
here mnd previcus ad Aoc work on elevassd pemperaiure properties of
sieel

Ak pew bed g nl
The work deseribed = thin papes wis Mnanced by the Fire Research
Siniion s part of an exieesmaral reearch conomo awurded 1o the

Depariment of Civil Engineering, L'adversity of Asion.

[ fenemsr

i, BS 478 Fiee sesn o ballding malerisdy and sirucies: Pard 8 et
awerfioads and ceiterks fov e fire rersrance of elemeny o' aiding
s rion, Lomndon, Hriiish Siandards Imfiiuison, 1571

I ASTM ELIF Fire ey on Daidiop gnd qonsimschon mgseriany,
American Soclery lor Tesing and Maverals, 19|

1, 150 33 Fiee resiiigace fesr o mirvciares, International Orgestmiion
N Srandardizaron, |98

4, Fire seqigtaror of CONCTRTe Sirudrores, potes report, [5tuaE and The
Cangrele Snciely, Augum 1975

5, DS 440 Specifiestion fov dou roled peel bavs for tee redmfoncemeny
af qongnye, London, Bricish Smnderds Insuvesion, [R:pl ]

i, BS 448] Speificanion for oofd owonded sl borr for e
el farrnieis) 4f sasenete, London, Brirsh Standards Instication,
1978

T, BS 269 S wive for preureced coscrer, London, British
Suadardy [regiucoe, |969

E. BS 1&17 Sewen-wier steed strand’ for prestrecres! concrere. Longdon,
British Sissdards traciiuton, 1971

B, BS |E Mo for sk fesing af seeaeds Barr 3o Sheel’ fpenernil
Leaden, Brigish Sianderds {nsthution, 1571
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coscreie”, PhD iheiis, Unsvessity of Asion, 1980
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ANNEX C - Results Malaval [5]

SYNTHESE DES ESBAIS DE COMPORTEMEMT
A CHAUD DES ACIERS POUR BETOM ARME
ET POUR BETON PREGONTRAFNT

Le DTU de 1574 sur le caleul de la réaistance au
feu des alémerts en bifon aeme, donnait des
courbas et un tablesy mamcant la diminution de
la résistance de acier en fonotion de B8 tamps-
rafure.

Depuig In parution de ce OTU, des Atudes ond
Btd mentes &0 vue da préciser les veleurs de oel
affaiblisgemant, @n fonction de la température, des
performances des différents types d'aclers, tant an
ce qui concerna les aciers pour B@lon arme que
cetx Utilisgs dans |es strustures précontraintes.

Gest una synthese des résultats de ces récentes
divdes qui est présaniss kol

VERHALTEM WOM BEWEHRUNCGESTAHL
UMTER HOHEN TEMPERATUREM

Die DTU-Yorschriften won 1979 rur Berechrung
dar Tragfihigkeit won  Stahlbetonbauteilen  umbar
Feuerbesnsprechung enthalten Diagramma und Ta-
bedlgn mur Bestimmung der Festigkeilsmindesung
wor Bewehrungsstihlen in Abhingigkelt wom der
Temperatur.

Seit dem Erachainen dieser DTL-Vorschrift wor-
den Untersuchungen miy dem  Zial durchgafiinhrt,
digge Festighaltsminderung in Abhdngigheit von der
Temgeératur fir schlaffe Bawahrungsstdhe und Vor-
spannbawehrung genauer zu bestimmen.

Eines Synthese der debei errieitan Ergebnisse
wird in dizsem Artikel matgeteilt,

SYNTHESIE OF HEAT BEHAWIOUR TESTS
OF STEELS FOR REINFORCED COMCRETE
AND FOR PRESTRESSED COMCRETE

The DT of 1974 on the calculstion of the fire-
resigtanca of rednforced concrete elamants gave
girves ard & tebfs showing the decrease in the
strength of steel as a functian of temparaturn,

Bince this OTU apprared studiss have heen misds
with & wiew to estshlishing the precise valuns of
thiz weskenirg. 88 8 function of tempersture, of
the performances of the diffarent types of steel,
bioth steels for reinforced concréte and thoses usad
in prestressed structures,

It ix & syrihesis of the results of these recent
studies that is prasanted hara,

SINTESIS DE LOS ENSAYDS DE COMPORTARMIENTO
EM CALIENTE DE LDS ACGERDS PARA HORMIGON
ARMADD ¥ PARA HORMIGOM PRETENSADO

El OTU do 1574 relative al calcolo de la resis-
tericia a6l fusgn da los elemenyos de hosmigan
armado, indicaba diversas cureas v una tabla con
chjgto de precisar |n disminucitn de la resiatoncla
del acers en fumcidn de la tempaeratura.

Desde &l momento en que este OTU ha sido
publicads, kan side emprendidos divorsns estudics
con objete de precisar los waleres de este dobili
tamienta, &n funcidn da la temperatura, y asi migmo
de lap caracteristicas de los distintos thpos da
sceros, tanta por lo Que respecta a los aceros para
harmigin armado coma aquéllos gue se utilizan en
las aptructuras pretensadas.

En el presama articulo se presenta una sintesis
da los resultadag do esfos recientes estudins

Log thdses or by mdhoade epurition adoprdes par les girenrs oni parione hesrfer derddims poiins de e bl
femend advi, Meie T dodr dire compris gur orr detaer, @ Fépand giiefies Clmaiiu Tephmigee ne moreil préndre parr,

ma vEEny en riew fed personies il e gedscipe den Tesriunben.

i 1% by LE BATIMENT 15ARLY

20




ANNEX C - Results Malaval [5]

Synthése des essais de comportement a chaud des aciers
pour béton armé et béton précontraint

Les esspis en Inboratoire agréé ont €08 pendont long-
tempa le seul moyen réglementaire de justifier lo résis-
tance ou feu des ouyrages demandée por les textes
relatifs & lo sdcuritd incemdie.

Des « Recommanadations pour la prévision par le
calcul du comportement au feu des stroctancs en béton =
ont id publides en mai 1972, Elles oni évd transformbes
en = Rigles de caleul DTU » en octobre 1974 et il
a fallu attendre I'arréé du 19 décembre 1975 (modifinne
U'orrétd du 3 jonvier 1959 pelatif aoux essals de mésls
tance au [eu) pour gu'elles deviennent officiellement
une méthode réglementaire de justificotion,

Le DTU d'Ociobre 1974 et son additel davel 1973
ont @€ annulés et remplacés por un nowveau document
paru en aveil 1980,

1. Aciers pour

C'est pour ce type d'ascier gue la motvadion d'expé-
rimentations plus précises et plus fiables s rue In
premiére, En effes, lea cou de la flgure B o1 les
valewrs du tableay de article 3221 du DTU de 1974
(reproduii sur bn figure | ci-dessous) semblaient possi-
milstes & certaing préfabricanis de plancher & poutrelbes
précontrainies, & In homigre des essais dans les fours

agrids qu'lls avaient réalisés,

I:I BLiEE LusuEw

[ aszkes mopricks yasiya

¥
| [
L -lp-inlliri L]
% 9 LU
. ki ik |M0
=
Oyl l.'.r-hl.. - -
[ —
- [ L]

1ea Jl:'ﬂ

Fig. I. — Coairbes éi lablean du DTU de 1978 dommand ba
ilminution de la résksionce en fonction de b lempéraiure,

L'volution des caractéristiques du bdion ed des arma-
turé= &n acier en fomction de In h:'rnpéutun: constitue
I'un des parambires pringipaux de cetie méithode. En
o quil concerme 'aceer, ls courbes figurant dans les
Recommandations de 1972, reprises sans madifications
dons k2 DTL dz 1974, gnbemt swr des eesals, pour
la plupsrt ¢trangers, relativemsent anciens, et doni
I’ ntitd des miéthodelogies n'avait pu &tre véri-
fise, Toutefois, on ne disposait pas d'sotres informations
b 'édpogue.

MWous présentons dans cet article une synthése des
connaissances ncquises depuis, qui ont aboutl & 1indi-
catbon de mouvelles valeurs daps le DT d'avril 1980,
autant paur le= aciers de préconirainbe que pouT o
de béton armdé,

béton précontraint

[:I'II'ILI#’“ indiqué en téte du chapiire correspondant du

-4 A défaut dusiliser ces dommdes, on pourra leur
silestiiwer les résullats expdrivmeniany  oblemes dons fes
lahorafodres agrédy & cel effel, sur les meifriauy effec-
tiverrenr mus en oepvre. [l sera alors ndoessaire, dions
cotie fveniualild, de sollleiier & d'obtenir Voccoed de

Commisson d'Efude sur lex mowvemux  chiffres
PrOpOses,.. »,

Des essale daciers de précontrainte effectués su lobo-
ratodre de I"Université de Ligge {Belgi i par M. Bren-
neisen, puis M™ Brenneisen, dont les résultats éealent
plus imisies que lea wvaleurs cidessus, ont éud
BD i débit 1976 & In Commizsion d"Eiude,

Aprés consuliation de ce [aboratoire, cette Commais-
sion dablit, lors de sa réunion du 24 juin 1976, une
méthodelogie d'essnis qui devait servir de base d'accord
pour tous les résultats expbrimentsux qui lui serasent
proposés,

Les essais de tension & température constanie el les
osants  d'Schaoffement & tension constante  donmant
pratiguement les mémes résulints, 'esspi relenu est
I'essnil isotherme. Les contralnies reicnuoes sonl les
conirainies i 0.2 % dallongement ; toutefois, dans ke
cos des sciers de préconirninte, dans In mesure oi
glles somt trés voisines des contraintes & ruplure qui
facilitent la réalisation des essais, on retient  ces
demitres.

* Les températures refenues, aoines gue la femipéra-
ture ambisnte sont 300 °C et 500 °C,

* L'eesni est conduit selon ke schéma de la Mgure 2.

* La vikesse de montée en tempérsbure doit rester
infériewre & 100°C par minute, (Une rectification
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Fig. I — Condulie de essal

fut apporids par la suiiz, sur ce poing, en impossm
une vibesse inférbeure B 10=C par minwhe, avec
tobérance ¢ plus ou moinsg % =C)

La mise en ension pendant La durée de 'essai est
effectuwde sebon les preseriptions de la norme 150
concernée pour les essais & wmpdrafure ambiande,
Lo mise gn tension peut @irg précddée d'une -I}{:Jé-
ration de préchargement & une temsion au plus
Epale an dixigme ?: celle escompiée & I rupture,
* Lo tempérntere est maintenus constambe pendant
la durée de maintien et la durde d'essal, b plus ou
moins 590 pris, la mesure &tanl offectwh: sur
I"mcier.

Les mesures somi effectisdes '|.||1'||.|_'|JE'rrlH1I auE &
partie d'éprouvette répandont aux eritéres prked-
dents de iempérabure.

Le critbre de rupture retenu est celui de I tension
maximale enregisirde,

Les sssais ont pour obhjet de définir la courbe daffai-
blissement des caractéristigues de rupture d'un ocier en
fonction de V'élévation de ln température suivanmt le
tracd dun polygone détermingé conwentionnellement par
le schémsa de In figore 3, b partir de

« I'horizomeale : 9, =1

- leg wabsiss © P,

T L H
et g, =0 & TH L,

1,00 )

b o A— — -

|
I
|
|
I
[ S P
|
&
1

e

e

1 f[Lx] 300 751

Fig. 3. — Tracd comventbonngl de 1o diminutlon de 1o résle-
tange en Tonciion de la lempdeature,

Le [sbricant doit gorantic, aves la méme probabilitd
giss les carackéristiques dagrément de acier & lempé-
rafure  ambiande, '=ffaiblmsament maximal de s
caracléristigues i 30090 et 3000 (9, 400 62, uph. 11 5t
mdmis gque cetle porantie ast obdenoe par inberpolation
pour toutes les températures, sioelle Uest b 300°C ot &
500 “C. Les documents & fournie par le fabricont & In
Commission d'Erude sont :

1} Les campee rendus d'essois effectuds par un labo-
ratoire indépendant suivani le processis déedl
ci=desmus et Faisant npp.ln‘iln::

* les courbes contrainte/allongement & tempéra-
ture ambiante, & M0°C et b 300°C, ces
courbies  pouvant e arriides juste avant la
raptiere |

= les comiraindes do replune & ces mbmes empd-
Falunes.

2) Les valonirs 2,4 €1 P, up
3y L'engagement de respecter une procédure d'auto-
contrile.

4} L'identification de I'acier, son mode de fabrication
et son numdéro d'apeément,

Le productsur d'acier hollandais MOT fut le premier
i uwliliser cette méthodologie pour propeser a la
Commission d'Fiude des valeurs paranties de .. et
T pour ees aciers de pricomtroimte @ ocelle-ci les
enbéring co octobre 1977,

Paralilement, b sciéries de Chlers-Chiliilbon-Gorcy
entamérent dgalement des essais & chaud de lewrs ackers
dits 1976, La Commission confirmanl son refus dexlra-
poler aux nutres aciers les résullals de MDD ant que le
nombre d'essois ne sermit pas suffisant &l goe bes pro-
discteurs ne 5':mg:ﬂ|q1l pas par Ecrit sur des valeurs
garantbes, bes eesabs furent poursuivis jusqu'en 1978 su
iien dle: Peissemble des Tournieseurs d'nrmstures tréfilées
sur le marché frangais.

Les réultais expérimentaux sont reporiés sur [a
figure 4 (charges de rupiure réelles).

Le ligne polyponale simplifiée des valeurs goranties
cormespondantes fut dfinle dans un premier temps par :

g, =070 & 300=C;
7, = 025 & 500°C ;
g, =0 & T30=C.

Litnierseerbon de In droite joi
I'borizontale 9, = 1 cor
de 170 C.

Une concerintion nvec le Laboratodre de |"Universibd
de Litge eut licu alors, celuici foisant €tat d'un certain
membre de  rSsultnds  différents. Towtefois, ceux-ci
corrcapondaient  pour Inhﬂu & des aciers qui
n'étaeni plus commenclalisde, Commission d'Ensde
adopta finulement les vabeurs suivanics pear Pensemble
des aciers iréfilés (fils et torons), aves 'accord derie
de P'ensemble des fournisseurs sur be macché Trancaks
(le paragraphe 3.22 du mappost FIP/CEH de 1978
relatif su conmile de Ia résistance au feu des struciures
en béton fut également pris en compte) :

g, = 1 juesqu'h 173°C
g, = 0.30 & 500°C;
%, = 0 & 750C.

La figure 5 reproduit cetts ligne poale alned

que le fusesu des valeurs expér les de o figure 4,

celles-cd feant cette fois ropportées @ la charge de
ruplure garanile & Lo tempdratore ambiante.

Mt T =1 Foaga AVEC
ait i une température
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La partie du fusesu situde Mgérement en dessous de
Ia ligne polygonale endre 400 °C ef %00 *C #e correspond
qu's un trés faible pourcenmge (3 & 4 %) des divers
t¥pes d'sciers de précontrainie commercinlisés en 1979,

On accepda de conserver ces mémes valeurs, & défau
de justifications particuliires, pour les aciers lominds,
molns courants sur le marché, pour lesquels sucun
répultat dessai mouveau n'avait dif présenté & s
Commission d'Erude depuis 1972,

Z. Aciers pour béton armé

Les valeurs d'affaiblisement de ln résistance en
traction des aciers pour béton armé en fonction de la
rature, indiqués dans les DTU de mai 1972 of
doctobre 1974, n'avaient pas été remises en cause par
bes divers eseals d'ouvrages en béion effectués depais.

Toaefols, dis qu'une méthodologie dessni fur érablie
et que les valeurs pour les aclers de précontrainte furent
.I'-::IWE-:JHMP !!..-. Commission  d’Efude d:lmmda TR
5 Sy L] proposef un programme d'cssais pour
ectualiser celles des achers pour béton armié,

La Beciété SACILOR, représentant ['Association
Techiique de la Sidérurgie, confia b FIRSID (*) In

isati un programme d'essais, en 1979, portani
sur les aciers des types 1 oet 2 selon la méthodologle
ndopiée pour les acéers de précontrainte em 1976,

(*) IRSID : Institur de Recherche dé la Siﬂmﬂf Fras-
caige, TEE Salni-GermadneenLave Cédex, pél. 4312401,
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Rappel des définitions de s norme NF A 35018
relative sux sciers & haote adhérence pour béon
armé,

Type 1: Armatures b hawte adhérence obie
noes par laminage b choud dun
acier naturellement dur (ou trempe
et autorevend d'umn acier doux),

Armatures & haote adhérence obie-
fes par laminage & chaud suivi d'un
écrouissage sans réduction de section
ipar exemple, weilon ou frection).

Armatures & havie adhérence obte-
mues par laminage & chaud suivi d'un
trifilage ef (ou) lominage & frobd en-
trainant  une  fore  réduction  de
section,

Type 4 : Treillis soudés,

Type 2:

Type 3:

Les premiers résultats furent communiqués & la
Commission d'Eiude fin 1979, [l permurent de metire
en évidence, pour bes sciers des ypes 1er 2:

* b tempérnture amblante, un écart moins grand
qu'on aurait pu le craindre entre les résultats sur
ronds et ceux sur les Eprouveties usindes, ce qui
permet de supposer une  bomne représentativind
des essals b chood sir les dprouvettes usindes
utilisdes ;

* & 300 oC, un léger durclssement.

* @ 500%C, une chuie de la résistance aux envirmg
des deux tiers de la résistance & lempéroiure
ambianie,

Ln synthése des essaie fur communiquée & o Commi-
gion d°Etude lors de sa réunion du 25 mars 1980, Des
emsnis complémentalres b 650 °C avaient éid effeciuds.

La tableau 1 et les diagrammes de Lo figure & résument
les résultats pour trois catégories d ackers :

* type 1 (noturellement dur) : acier « Alpa =

v pype 1 (trempérevenu) @ acier = Torsid = ;

. 2 {écroui par torelon) @ acier & Tor =

De l'ensemble de ces résultats, on a pu dégager bes
ohservations suivantes =

# b 3000, le raffermissement des voleors de rupture

gal un peu plus important pour les aciers nom
écrouis, ceux-cl avant par contre une meillours
pemee de [n Hmite d¥lssticit, Une appréciation
plus précise du phénoméne nécessiierait une explo-
ration plus fine de In plage 20°C - 300°C ;

* b %0°C, tous lex sciers lestés  présemtent des

a, a

ropports == ot —*™L ks groupés, entre 060
O:n Torm

et 06T ;

® lgg valeurs obienues sont dans 'emsemble cohé-
rentes avee les waleurs du DTU d'octobre 1974
{art, 3211}

TABLEAL 1
Aciers Fe E40 ; Récapitulatlon des résuliats
Essais & 20 Essal & 300°C Essai & 300°C
Type de rond e e
{mam) |
E. K. E R Fa K, T Ra ry
i
MWaturellement ] 1% a0 50 020 TES 101 180 e il (113
| dur 6 | 45 TH0 w | 042 7m0 148 120 a7z 75 057
{acier ALPA)
12 | w5 s 348 078 RS L1l ) fsa 5 071
i LT, | 73 400 LT 2 k] 1.8 k1L 60 450 (it
Moyoam g | ™ | ([om]l = || 1w ]| s E i | [ oer
TOR 2 | 40 54 5 01,29 S0 180 x5 o7 EET .68
{écronii par torsion) s 520 0 0.91 530 162 %5 0.8 s 0.5
iz | 4@ 530 o5 056 350 106 ms 0£5 50l 058
B| s s&l 48 0.0z 558 059 %5 0.52 310 .55
Movenne 8 528 4z .42 34 _I_il s || e || ns Ii
TORSID n | 40 570 385 085 5} L1+ 5 050 345 054
[trempd-revenu} 6 | s00 540 i iR 15 109 W .41 30 .62
2 | am ) 3m 0.7 810 108 s 0.5 s 0.5
] 495 S5l 415 kB &50 Lt ki) ns2 145 na2
Maoyenne L84 547 Ll 053 636 1.12 20 0.6 | E2L sl

B, = limite d'dasticitd a 02 % fon MSmml,
r, =R, @)/R, (200
B, = résistance fen M/mm®, valeur arrondis,
re = R (N R (20T}

e
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MATERLAL 58
G, 8 ACIERS TEsTES
lIII‘- = [TYPE Z})TOR @& 1316 20 -
Oy (type) TORSID @ 10129620 —-—
MATUREL DUR & B-12-76-30 —
10l { ozimr-ALPA |
’ - Valeurs maysnnes deg Oy
" des & diamdtres .
= Voleurs moyeanes des Oy
08l des & diamatres
0,61 LIGNE POLYGOMALE o, HET BETHARE T
DT AVALL 1880 -
2
0,442
0,21
0

@ 100 200 300 400 500 “Ugoo  700°°" oo

Fig. &. — DMagrammes powr aclers de type | e 2.

Pour les scicrs doux (Fe E22 et Fe E24) et les aciers
Fe E40 des iy L et 2, In Commission d'Etude adopta
Aingi  bed valeurs soivanbes, dans sa  méunion  duo
25 imare |HED ; g i8]

. | Rupdure | _, Erfsmsls ociers dae typs 3
p,o=1 jusqus 200%C; Bargl20¥C} : it AUREX)
9, = 042 b 580%C ; L] . vt de type &

g =0 i TS0 (treillks sowds )
» [}

e cosflicient daffaiblissement 2, fuani porié o
limales Elastiques (comrainte & 0.2 % d'allongement).

Onare il qur les dingrammes de la [ B les
mdmuﬂ:d par rapport &u DTU de ﬁf.fi qui
Inddquai ars |

¥ i i Lisgna argle L,

PTr.:E; T{uﬁlﬁﬁ :E::EH et Fe E24) : L ﬂ.ﬂm .
o p, = 05 B S00°C:
= g, = 0 & BOO*C.

* Pour les aciers Fe E40 3 haule adhéremoe @

- g= 1 jusqu's 350C; aso
- g, =0 & BDOC.

En ce qui concerne les aciers de ype 3, Fe TE 50

(irddilée) el les aciers de 4 (ireillis soudé), les résul-

iaie o ‘essaks communiquds b b Commisgion d Enude par
les Aciéries de Chlers-Chilillon-Gorey, sonl priseneds

sur les figures 7, 8 et 9. 25
Ils ont conduit b l'adoption d'ane ligne polyponale
cdéfinie par :
%, = 1 jusqus 400C ; L
@, =015 & 580°C;
%, =0 & T50C,
{Rappel du DTU de 1974 ; non, ' " = 0 ‘\} T
7, = | jusqu's 250°C ; 0 W0 20 MO 400 %00 "ME0o 700 O B0D @{SC)
g, =0 & 800=C). Fig, 7, — Dagramme pour aclers de type 3 & 4 (ruplurel
K]
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Les courbes permettemt de constster :

= une différence mnon  néglipeabls endre les g,
rappartés @ ln limite élastguoe et les §, rapportés
i la mophare :

* un shaissement des contraintes sdmissibles b partic
de F0 0 par rapport su DTU de 1974,

Rappelons, sur ce demier poing, gue celn 8 condulr,
dans um i 5. In Commission & limiter au

premier temp
degrd S5F une heure 'spplicsiion des régles simples

En tent que fournisseur important de treillis soudés,
I'ADETS ("1 n pris la décision. aa yu de s valeurs
pémalisantes, d'effecioer unc campagne d'essals en
1981, sebon la méshodologie employde poor les autres
nciers. Les résuliats quoi viennent de mous éine comim-
miguis én juin 1981 sonl reporids e le tablenu 11,

O comsnte que ces valeurs sont pea différentes de
celles du tablesu I relsil sus aciers des types | e 2 el
e recoupent pas les valeurs adopefes dans le DTU
d'avell 1940 pour les aciers des ¥ = 4. Lair

r l'enra des armaiures en travée des les prise en compte dans upe modificsiion de ce DT
{art. 7421 du DTU daveil 19800, le caleal restam sera eoumise i 'examen de la Commision d’'Emude lors
poasible au-deld, de sa prochaine réunion.

TABLEAL 11

Trelllls soudés ADETS (ocler Fe TLE 500} (type 4) essais effectués en 198]
. Bezxl & 090 Be=xi 6 MO=C Essai & ST

R, R R, 2 R | B, r. B | s
" 32 3 550 0 &7 o T 144 il (T
B L) 1T 58 SR frs e ] nAag LLE] 53
Wi 12 5 T R 505 Lon 0 ) i .4
12 =) (L 530 o 837 (1L n [IEH] a4 L]

foyemine M5 &5 51 (] a4 o i L L) 058
R, = lmite délasticioé & 02 % fen N/mmd ; r, = an.a% : R = réslstance fen M/mm"}; r, = %

i1 ADETS - Associption Techmiques poar e Dévelap
pemnenE de 'Esplod du Treeillls Seucde, 2, noe Paal-Cédmnne,
TEDE Paris. TEL

Foiied par fw SANL LE BATIMEMT, 4, rus PaulWaldep, TH008 Fais
HOUVELLES PRESHES Dl CENTRE, BT - LWMDOEE — Ddpdt ligsl | P wlmere @8 — Commission Partisive. o 3408

o 81-0062-008
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2 4.

2.54.

I1 v a une certaine similitude entre ces résultats et
ceux obtenus par Magnusson pour des aciers de construction, puisqu'il
s'agit dans les deux cas d'aciers & palier, On constate 1ci aussi
qu'entre 300°C et 600°C, le diagramme perd som caractére Elastigue-
parfaitement plastique et devient essentiellement non 1inBaire.
Au-deld de BO0°C, on retrouve un palier guas! horizontal.

Les mod®les théoriques utilisés ont &té définis en supposant
que le diagramme ( o, ) conserve une forme invariable. On admet que 1z
déformation €q limitant la zone Elastigue linBaire ne varie pas en
fonction de 1a température. Elle correspond & o = H' pour un acier
naturel et 4 © =0.,7 Rn.z pour un acier Bcroui. On admet gue la varia-
tion de “E et Hﬂ.? en fonction de 12 température est donnée par le
diagramme de 1a figure 2.34. Comme on peut le voir aus figures £.37
et 2.38, on a limité les ductilités aux valeurs couramment adopties,
c'est-d-dire 15 & pour les acfers maturels et 10 ¥ pour les aciers
Ecrouis. On suppose que ces limites ne dépendent pas de la température.

Le probléme du déchargement se pose dans les mémes conditions
gue pour le béton comprimé, et le phénoméne 8 1a méme allure en traction
et en compression. [1 faut aussi temir compte du fait que le module
d'#lasticité 4 prendre en compte varie avec la température (cf.figures
2.37 et 2.38).

3. Aclers de précontrainte.

Bien qu'on n'aborde pas dans ce travall Te comportement au feu
des &léments en béton précontraint, nous ne pouvons passer Sous silence
les recherches & caractére fondamental gui ont Eté exécutées au Laboratoire
des Ponts et Charpentes de 1'Université de Lidge sous la direction de A.
(+)[®B.13] et K. [B.21][B.24] Brenneisen,

Les résultats présentés 1ci ent Eté pbtenus au cours de
plusieurs recherches rBalisfes entre 1973 et 1577, Les essais effectués
en 1973 et 1974 ont porté sur un fi1 de 5 mm. de diamétre, un torom
3 f1ls de 12,4 mn. de diamétre et un toron de 12,7 mm. de diamétre.
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2.55.

Le programme de recherche prévoyait 3 types d'essais :
1. détermination des caractéristiques mécanigues 8 température &levée
(figure 2.39) ;
2. détermination de Ta température critigue (figure 2. 40) ;
3. détermination de la résistance résiduelle d'une armature pour une tem-
pérature et une contrainte initiale donpées (figure Z.41).

Les massais ont &té faits entre Z200°C et S00°C ; pour le toron de
i fils, des températures inférieures & 200°C ont &galement E&té envisagles.
On présente ici les résultats concernent 18 contrainte de rupture R_.

La figure 2.42 donne les résultats relatifs au fil de 5 mm de
diamétre. On peut noter
= 18 position favorable des points expérimentaux par rapport aux courbes

proposées dans les Ha:m;ml?d?t1nns FIP-CER [12] [14] ;
g
- les valeurs du rapport : qui, pour une méme température @, sont

plus faibles que dans le'cas des aciers de béton armé.

La figure 2.43 donne les résultats d'essais du toron 3 fils. On
peut noter ici 1'augmentation égére de la résistance pour les templratures
comprises entre 100°C et 200°C. 1[1 faut d'2i)leurs remarquer gue cette
légére augmentation de résistance n'est pas le seu] fait des aciers de pré-
contrainte : elle a aussi Bté observée pour les aclers de construction et
les aciers #crouis de b&ton armé (cf. figures 2.27 et 2, 29.)

Enfin la figure 2.44 fiprfnd Tes résultats relatifs au toron
12,7 mm. de diamdtre. :

L'augmentation de résistance qui a @t8 observée pour le toron
3 fils aux températures peu &levBes a conduit & un complément d'é&tude
expérimentale au cours de 1'année 1976. En effet, dans un &lé&ment
précontraint, Tes armatures sont réparties B différents endroits de la
section et, par conséguent, 1'#l&vation de température varie d'un 11
& 1'autre. L'examen de 1a répartition de 1a température sur la section
droite montre que certaines armatures peuvent atteindre leur température
critique, alors que d'autres sont encore A des températures peu &levies.
Dans ces conditions, un gain de résistance mécanique 3 de telles tempéra-
tures peut avoir un effet favorable sur Ta résistance au feu de 1a poutre.
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ANNEX D - Results Dotreppe [6]

2.56.
|. TRACTION A CHAUD 11. TEMPFERATURE CRITIQUE
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+
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Figure 2.39 : Détermination des caractéristiues  Figure 2.40 : Détermination de la
mécaniques 4 température dlevée. température critique.
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Figure 241 : Détarmination de la résistance
rdsiduelie d'une armature
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2.57,
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Figure 2.42. Variation avec la température Figure 2.43 : Variation avec |atempérature

de la contrainte de rupture de la contrainte de rupture
d'un fil de précontrainte d'un toron 3fils de
précontrainte
Re (0]

§ Rr (20) TORON #1327

10 4

04

nll

oy

0 100 200 300 &0 S00°C

Figure 2.4& : Variation avec la température
de la contrainte de rupture
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ANNEX D - Results Dotreppe [6]

2.68.
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Figure 2.45: Varlation avec |a température de la contrainte de
fupture des aclers de pricontrainte pour des températures
moddrées.
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Figure 248 : Variation da la température eritigus des aclers
de précontrainte en fonction de la vitesse da chaut lage.
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ANNEX D - Results Dotreppe [6]

£.59.

Les résultats de cette recherche complémentaire sont représentés &
1a figure 2.45 [1s montrent gu'il n'y a pas de gain de résistance entre
0 et 200°C. La rEduction de résistance est de 5 ¥ envirgn & 200°C., tandis
gu'elle est déji de 20 X & 300°C.

Un certain nombre de conclusions intéressantes ont aussi pu Atre
dégagées 4 1a lumidre de ces travaux.

1. Le fluage est beaucoup plus important aux hautes températures qu'l
la température ordinaire.

€. Les allongements de rupture sont sensiblement inférieurs & haute tempé-
rature, Une vérification & 1a ruine montre qu'ils doivent toutefois
garder une certaine valeur si1 on veut 8viter des ruptures prématurdes,
Les valeurs expérimentales trouvées, soit 3 % au minimum, semblent

acceptables,

3. Des essais ont aussi &té réalisés en 1976 pour ftudier 1'influence de
la vitesse de chauffage sur 1a tempfrature critigue. Deus vitessec
différentes ont &tE adoptes : 2,5 et 10°C/min.On constate{figure 2.4¢)
que 1'augmentation de la vitesse de chauffage de 2,5°C/min & 10°C/min.
provoque une augmentation de Ta tempfrature critique de 20°C environ
pour le fi1 et le toron, tandis que cette influence est moins nette
dans le cas de la torsade, Cette augmentation est sans doute
due & une moins bonne wniformisation de 1a tempBrature dans les
armatures pour des vitesses de chauffage plus &levées.

4. 11 est & souligner également que 1'on a observé une parfaite concor-
dance entre les résultats des essais du type 1 (détermination de la
contrainte de rupture aux templratures &levees) et ceux des essais du
type 2 (détermination de 1a templrature critique).

On peut ainsi envisager d'adopter un seul essai type pour déter-
miner 1'@volution de la contrainte de rupture. L'essal du type 2 (déter-
mination de la température critigue) s'y préte par sa simplicitd d'exdeu-
tion, tandis que 1'essai du type 1 (traction & chawd) fournit plus d'in-
formations concernant 1'&volution des diverses caractéristigues mécaniques.
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1. INTRODUCTION

Some recent comparisons between fire design of prestressed elements according to
prEN1992-1-2 and previous ENV1992-1-2 have shown that important changes have been
made from previous ENV1992-1-2 to prEN1992-1-2 concerning the mechanical
properties of prestressing steel, as the prEN model presents values that are too much on
the safe side.

CERIB realised a first draft pointing out the discrepancies existing between the two
standards and presenting different test results obtained in Belgium, UK and France. This
draft was examined by the University of Liége (ULg), on the request of Tauno Hietanen,
Chairman of the Project Team of prEN1992-1-2.

On the 4™ of September, a meeting was organised between the representatives of
CERIB and ULg and an agreement was found on a common proposal. The two main
points on which this new proposal is based are :

» to restore coherence between cold design and hot design (introduction of

coefficient 3; see hereafter);

» to propose a model based on the ENV1992-1-2 model, slightly modified to present

values that are in better agreement with the experimental results.

The aim of this document is to present this common proposal. In section 2 short
considerations on the ULS design under normal conditions are given. Section 3 is devoted
to a comparison between ENV and prEN simplified models, and experimental results
leading to a new model presented in figure A.1 of Annex 1. In section 4 the new common
proposal for table 3.3 and figure 4.3 is presented.

The modifications presented here are very important for the designers, whereas they
imply minor additional changes. Therefore it is strongly desired to introduce them in the
prEN document. If any technical change could no longer be considered, it should become
part of the Background Document, and designers should be asked to use it. It should be
clearly stated in the document that if one particular country wants to use its own model,
this one should be in agreement with experimental results.

2. SHORT CONSIDERATIONS ON THE ULS DESIGN UNDER
NORMAL CONDITIONS

For building, the design in bending of prestressed elements is sometimes governed by
ULS when tension in concrete or cracking are allowed under service loading. This is the
case, for instance, of flooring precast elements like prestressed hollow cores or floor
plates.

In prEN1992-1-1, the stress-strain diagram for typical prestressing steel is given in
figure 3.9, reproduced here under.
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Figure 3.9: Stress-strain diagram for typical prestressing steel (absolute values
are shown for tensile stress and strain)

Two models for prestressing steel can be used for the design of cross section (see
figure 3.10 of prEN1992-1-1 reproduced below) :
- a “physical” model based on an elastic part followed by an inclined branch
reproducing the strain hardening, up to a limited ultimate elongation;
- an “idealised” elasto-plastic model with an horizontal branch without strain limitation.

fp0,1k' . E
ﬁad=fpo,1k/}£ ----- |I : ; -
: : Idealised
Design
z | .
fpd/Ep gud euk

Figure 3.10: ldealised and design stress-strain diagrams for prestressing steel
(absolute values are shown for tensile stress and strain)



The first model (with strain hardening, see figure 3.10) was the basic model for
prestressing steel in ENV 1992-1-1. It is used preferably in some European countries
because it leads to higher cross section performances, with a realistic behaviour model.

The actual stress-strain relationship for prestressing wires and strands (figure 3.9) is
obviously more complex than the bilinear curve: around the yielding point the curve is
rounded and situated above the simplified inclined branch, while oppositely the maximum
strength is reached when the curve becomes very flat for high strain values in the range of
3 to 5 %. In prEN1992-1-1, the design ultimate strain (g4, cf. fig 3.10-prEN) - and the
associated stress value - shall be defined in a National Annex, with an upper allowable
value corresponding to the characteristic strength of the steel fy (gu, cf. fig 3.10-prEN).

In order to maintain consistency between prEN1992-1-1 and prEN1992-1-2 the
following model for mechanical properties of prestressing steel at high temperatures has
been adopted. It consists in considering the temperature dependent strength reduction
factor ky(0) referring to an ultimate strength value used for calculation, chosen at national
level between 0,9 fy and fy with a mean recommended value 0,95 fy situated on the safe
side (coefficient B in the proposal).

3. COMPARISON BETWEEN MODELS OF ENV1992-1-2 AND
PrEN1992-1-2, AND EXPERIMENTAL RESULTS

In prEN 1992-1-2, there exist three models allowing the evaluation of the decrease of
the mechanical properties of reinforcing and prestressing steels in function of the
temperature :

» a sophisticated model (general model) giving the evolution of the stress-strain
relationship (figure 3.3-prEN) ;

» asimplified model giving the evolution of the characteristic strength to be used
with simplified calculation methods (figure 4.3-prEN) ;

» a simplified model giving the evolution of the critical temperature in function
of the stress level to be used for tabulated data (figure 5.1-prEN).

In this document, reference will be made to prestressing steels only.

Since the evolution with temperature of the characteristic strength is not measured by
the same experimental procedure as the evolution of the critical temperature in function of
the stress level, no additional reference will be made to the critical temperature and
attention will only be paid to the models of sections 3 and 4 of prEN.

The simplified model of figure 4.3-prEN for cold worked steels and for quenched and
tempered steels has obviously been derived from the general model of figure 3.3-prEN.

Attention was paid to the evolution of the coefficient k,(6) allowing for the decrease of
characteristic strength of prestressing steels. Considering the experimental results that
were available, a diagram comparing ENV and prEN models with experimental results
was built and is presented in Annex 1 (fig. A.1).



Analysing this diagram leads to the following conclusions :

1. the prEN model is in good agreement with experimental results for
temperatures in the range of 300-350°C. Between 350°C and 650°C, the prEN
model presents values that can be considered too safe ;

2. the ENV model is in better agreement with experimental results for all
temperatures, except around 600°C, where the proposed values are too safe.

On the basis of these observations, it is suggested to modify the values given in table
3.3 of prEN for the parameters of the stress-strain relationship of prestressing steels at
elevated temperatures. The simplified model of figure 4.3-prEN has of course to be
modified in the same way.

CERIB and ULg have agreed to determine the new model in the following way. As the
ENV is in better agreement with the test results than the prEN, the proposed values are
based on the ENV model. Around 600°C, it is however necessary to modify the ENV
curve to come closer to the experimental results. The value at 600°C has been determined
on the basis of experimental results published by the French DTU; the proposed value is
in fact the mean value of the experimental results at 600°C.

The new curve is presented in Annex 1 (fig A.1.) and is therefore the basis of the new
common proposal.



4. NEW COMMON PROPOSAL FROM CERIB AND ULg FOR
TABLE 3.3 AND FIGURE 4.3 OF prEN1992-1-2

Below are the two paragraphs that should be changed in prEN1992-1-2 in order to take
into account the joint proposal from ULG and CERIB.

T
3.2.4 Prestressing steel

(1) The strength and deformation properties of prestressing steel at elevated
temperatures may be obtained by the same mathematical model as that presented in
3.2.3 for reinforcing steel.

(2) Values for the parameters fuya/ (B fox), fpp,e/ (B fox), Epe/Ep, &te [-],&u.e [-] for cold
worked (wires and strands) and quenched and tempered (bars) prestressing steel at
elevated temperatures are given in Table 3.3. Linear interpolation may be used for
intermediate values of the temperature.

Note: The value for the parameter (3 for use in a particular country may be found in its National
Annex, with 0,90 < 3 < 1,00. The recommended value is 0,95.

Table 3.3:  Values for the parameters of the stress-strain relationship of cold worked
(cw) (wires and strands) and quenched and tempered (q & t) (bars)
prestressing steel at elevated temperatures

Steel foy.0/ (B fox) fop.o/ (B fok) Epo/Ep o [-] Euo [-]

temp.

8[°C] cw g&t cw q&t cw g&t cw, g&t cw, g&t

1 2 3 4 5 6 7 8 9

20 1,00 1,00 1,00 1,00 1,00 1,00 0,050 0,100
100 1,00 0,98 0,68 0,77 0,98 0,76 0,050 0,100
200 0,87 0,92 0,51 0,62 0,95 0,61 0,050 0,100
300 0,70 0,86 0,32 0,58 0,88 0,52 0,055 0,105
400 0,50 0,69 0,13 0,52 0,81 0,41 0,060 0,110
500 0,30 0,26 0,07 0,14 0,54 0,20 0,065 0,115
600 0,14 0,21 0,05 0,11 0,41 0,15 0,070 0,120
700 0,06 0,15 0,03 0,09 0,10 0,10 0,075 0,125
800 0,04 0,09 0,02 0,06 0,07 0,06 0,080 0,130
900 0,02 0,04 0,01 0,03 0,03 0,03 0,085 0,135
1000 0,00 0,00 0,00 0,00 0,00 0,00 0,090 0,140
1100 0,00 0,00 0,00 0,00 0,00 0,00 0,095 0,145
1200 0,00 0,00 0,00 0,00 0,00 0,00 0,100 0,150




(3) When considering thermal actions according to EN 1991-1-2 Section 3 (natural
fire simulation), particularly when considering the decreasing temperature
branch, the values for the stress-strain relationships of prestressing steel
specified in (2) may be used as a sufficiently precise approximation.

[...]

4.2.4.3 Steel

[...]

(2) The reduction of the characteristic strength (B foc) of a prestressing steel as a
function of the temperature & may be taken from Table 3.3, Column 2 for cold
worked and Column 3 for quenched and tempered prestressing steel (see Figure

4.3).

Note : See section 3.2.4 for the value of (3.
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ANNEX 1






Figure A.1 : Coefficient kp(e) allowing for decrease of characteristic strength (B fpk) of prestressing

steel
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BDA 5.1

2004-06-02

Comparison of fire resistance of columns in Tabulated data to test results

This document consists of updated PT document N 182. Excel sheets are copied as
annexes.

In this comparison:

prEN method is Method B in EN 1992-1-2

NAD1 method refers to Belgian NAD on ENV 1992-1-2. Method A in EN 1992-1-2
has been derived from Belgian NAD with introduction of corrective factor
(1+w)/(0,85/a..+w), see also BDA 5.2

NAD2 method is more general calculation method in Belgian NAD on ENV 1992-1-2.
It was not included in EN 1992-1-2, as it gives more conservative results than meth-
ods A and B.



CEN/TC 250/SC 2/PT 1-2 Doc N 182

Comparison of fire resistance of columns according prEN, NAD1, NAD2 versus
tests.

You will find below a comprehensive study about the calculation of columns submitted to fire.

It compares the calculated fire resistance of columns (Rf) according to prEN, NAD1, NAD2 with the
measured fire resistance of 80 columns tested in fire laboratories. NAD1 refers to the first method
according to Belgian NAD, and NAD2 refers to the second method according to Belgian NAD. Here-
under, we give the results and conclusions within each focus.

Excel sheets and charts

All the Excel sheets and charts attached are ready for printing. Please do so.

Average values of ( Rf calculated / Rf tested)

The ratio (Rf calculated / Rf tested) should approach 1.

Average values:

For application field (74 columns) of the NAD1, the ratio for this method is 0.96.
For application field (51 columns) of the prEN, the ratio for this method is 0.79.
For application field (80 columns) of the NAD2, the ratio for this method is 0.60.
For common application field (51 columns) of the 3 methods, the ratios are
0.94, 0.79, 0.65 respectively for NAD1, prEN, NAD2

The three methods are on the safe side on average (See summary of results on graph below). Addi-
tional safety is described below.

The NAD1 method offers a ratio more than 0.15 above the prEN method.

The NAD2 method is the most conservative.

R calculated / R test

B
ﬁ 0.9 =R prEN/ R test (51 col.)
S //_/ ——R NAD1/R test (74 col.)
53 D —_—
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A very important thing to keep in mind follows: The fire resistance has been calculated with the real
value of concrete and steel strength for reasons of formula calibration and not with characteristic val-
ues for steel and concrete. Let’s fix the ideas, and let's assume a ‘normal’ ratio of 0.75 between fck



(characteristic value) and fcm (mean value) (It means a deviation=0.15). The ratio RNAD1/Rtest has
been recalculated using fck = fc,measured/0.75 for the 80 columns. The mean ratio is equal to 0.85. It
means that the calculation methods are on the safe side for all the columns with a ratio under
1/0.85=1.18. (For NAD1 88%, for prEN 98% and for NAD2 95% of the columns are on the safe side).
This is quite good result considering the large variability of tests.

An additional safety is obtained considering the real resistance reached after, let's say, 3 months:

fox 90days= Pec(90 days)*fex 28days=+ 1.1k 28days .
Standard deviations of ratio

Standard deviations for the common application field (51 columns) in comparison with their mean
value = STDEV = sqrt( (£x*(2x)%) / (n(n-1)) ) are respectively 0.178, 0.191, 0.412 for NAD1, prEN and
NAD2. These may be regarded as large values, but one must consider that the experimental process
has an inherent variability (compare for example the results of tests 11 and 12 in <column tests
NAD1.xIs!data>).

Slight standard deviations for NAD1 and prEN methods.
Methods application field

For NAD1: 74 columns are in the application field.
The application field of this method has been updated following recent discussions occurring in Bel-
gium. The background is as follows:

The calibration of NAD1 has been carried out successfully on the 80 columns series including 19 tests
with reinforcement diam>=25 and 10 tests with e/b>0.25.

For 19 columns with reinforcement diam>=25, 18 results are between 0.74 and 0.99 (this is less than
1,0) and one has a ratio equal to 1.43 with a mean value of 0.92. In fact, 4 tests have already been
excluded because they show weak fire resistance due to an increase of spalling. They are not in-
cluded in the series of the 80 tests.

3 of the 4 tested columns have a large concrete section (300*300 or 400*400) and a weak concrete
cover ¢=25 mm on longitudinal bars. The last one was a 300*300 with c=40 mm.

The following practical recommendation has to appear clearly in the standard text: “Small
concrete cover doesn’t prevent efficiently from the buckling of large diameter bars (>=25 mm).
That is why large bars with small concrete covers are not recommended. Increase rather the
number of bars using smaller diameters (<25 mm).

For the 10 columns with a ratio e/b>0.25, 4 columns have a ratio e/b<0.4 results. The 4 tests with
e/b=0.32...0.36 give results between 0.92 and 1.05 and a mean value of 0.96. Despite ratios e/b>0.5
(max=0.571), the 6 columns have been considered only for the method calibration (5 results are be-
tween 0.81 and 1.36, 1 resultis 1.94 and a mean value of 1.23. The application field of this method
has to be mentioned in the standard text: “e/b<=0.4".

Additional checks (comparison with prEN tables is one possibility) have to be carried out in order to
enlarge the application field up to e/b<=0.5.

For prEN : 51 columns lie in the application field. The 29 excluded columns are distributed as follows
11 with lambda>80, 7 with b=/h, 5 with e/b>0.5, 6 with n>0.7.

Among these 51 columns, 23 columns present a limitation of Rf due to interpolation with width greater
than 60 cm (see (1) in prEN tables). When including the columns for which the calculated fire resis-
tance is limited by interpolation with column width greater than 60 cm, the ratio ( Rf calculated / Rf
tested) reaches an average value of 79% as already stated. At the opposite where excluding them,
the ratio reaches a average value of 84%.

If we take only the columns where interpolation with width greater than 60 cm, ratio becomes 74%.
For prEN, the ‘lambda’ and ‘n’ limitation is not a big problem since it is not a usual situation.

On the contrary, the fact not to be able to calculate rectangular columns is a strong limitation be-



cause this type of column is frequent.
Is it possible to give a value of width and cover for the cells in the tables C where notation (1) appears
in order to obtain higher calculated Rf?

For NADZ2: all the columns lie in the application field.

Limitations and/or calibrations of NAD2 method have to be developed.
Method complexity

For NAD1: The calculation of formulas is very simple.

The greatest difficulty is the assessment of the NRd value. If the slenderness is greater than the criti-
cal slenderness 25*(2-e01/e02), the column-model procedure can be applied using either simplified
formula (manual calculation) or exact calculation (by program). The problem can also be solved
manually using for example tables built for rectangular and circular sections in the bulletin nr123
(1977) of CEB (CEB/FIP Manual of Buckling and Instability). In case of weak slenderness, the prob-
lem can be solved manually using for example the diagrams found in design Aids for EC2 handbook
(1992). The problem can thus be solved either manually either with a short calculation program (under
Excel: see attached <column tests NAD1.xIs> for example).

NAD1 has the great advantage that under normal conditions (L<=3m) a simple table can give directly
1 solution without further interpolation . The application of one formula gives directly more accurate
results.

For prEN: The accurate prediction of fire resistance implies the extensive use of interpolations, inter-
polating between up to 128 values to be read among the tables C of prEN comprising a little bit less
than 5184 values (9 tables, 6 R, 6 lambda, 4 n different, and 4 values/cell (bmin/a:b/amin)). The pa-
rameters between which interpolation has to be carried out are the following ones: lambda, e/b, R, w,
n for 2 different values of ‘b’ and 2 different values of ‘a’ associated. Thus interpolation between
2°*(2+2) = 128 values.

Clearly in the current practice, the problem is clearly not the prediction but the check of a given width
and a given cover of a column for a given fire resistance time. Conservative assumptions which also
means conservative results!) about parameters can be done in order to accelerate the check, refining
the interpolations if necessary. Nevertheless, we can not deny that manual interpolations are fastidi-
ous. Again the problem can be solved very efficiently with a short calculation program (under Excel:
see attached <column tests prEN.xIs>for example).

For NAD2: The manual calculation of formulas is simple requiring no additional tables of diagrams.
Again the problem can be solved very efficiently with a short calculation program (under Excel: see
attached <column tests NAD2.xIs> for example).

Conclusions:

The fire resistance assessment can be solved very efficiently with the help of user-friendly calculation
programs for the 3 methods that have to be put at the disposal of designers. The complex manual
calculation is a source of mistakes and a loss of time.

Ratio in function of different parameters

All the above analysis has been extracted from the tables and the graphs included in the Excel sheet
attached <column comparison prEN, NAD1, NAD2 vs tests.xls>.

The ratios ( R calculated / R tested) for the 3 methods are given in charts (named graph xxx) in func-
tion of column number, R test, b, a, etafi, L, e/b, lambda, w and n.

The basis of data for graphs is given in the sheet called ‘basis for graph’. The set of columns can be
chosen by Autofilter tool namely on Excel sheet columns headed ‘remarks prEN’ and ‘remarks NAD1’
giving the limitations of calculation methods.

Important remarks for NAD1 method application



The ‘etafi’ parameter has to be calculated according to ENV. It means that for NRd estimation the
parameter alphacc has to be taken as 0.85 and not 1.00 as in the prEN1992-1-1 otherwise the calcu-
lated fire resistance is overestimated approximately of about 10%. This is not acceptable since the
safety factor on the ratio is 1.00. NAD1 has been calibrated using ENV and not prEN.

Details about construction of results in Excel sheets.

ULG Excel file > ‘data’ sheet > ‘basis for graph’ sheet > ‘data cumul’ sheet > ‘Graph cumul’ chart
‘interpol’ sheet (for prEN) > ‘data’ sheet

column tests NAD1.xlIs (for NAD1) > ‘data’ sheet

column tests NAD2.xlIs (for NAD2) > ‘data’ sheet

‘basis for graph’ > ‘graph xxx’ chart

prEN 1992-1-2 (Final Draft - Dec 2001).pdf > tables C1 to C9.xls > tables C1 to C9 splitted.xls

column comparison prEN, NAD1, NAD2 vs tests.xls with tables C1 to C9 splitted.xls (this last file con-
tains the data for the calculations with ‘column tests prEN.xIslinterpol’ sheet).

Note about results with NAD1 method

The calculation of the NRd values with the procedure according to <column tests NAD1.xlIs!calcul>
shows slight differences with the calculation of ULG (See R NAD1 rev/ R NAD1 headed column (col-
umn AN). A good agreement reached: mean value=0.98, deviation=0.032. In the background docu-
ment previously distributed under number N169, please note that the label of Y-axis of the figures has
to be read as (Rfmeth/Rfexp) and not the contrary. In figure 1, the labels of the X and Y-axis have to
be permutated.

Revisions to be done on various documents (prN, mails, ...)

We will send you shortly our comments about revisions to be done on various documents (prEN,
mails, ...).




Column tests prEN

R prEN/ b- a-
Lab. N As a h bp Edfi |Rtest circular w n eetea Rtest |[Rinterpol [bmin |amin remarks prEN
2 3 4 7 8 9 10 11 12 19 20 27 37 39 41 42 47| 48 49 50
cm>  mm cm kN min.
RUG| 31B 8,04 33 30 30 30 8,66 390, 950 61 no 0,198 0,556 9,9 0,98 60 58 16 over
RUG| 31C 8,04 33 30 30 30 8,66 390 622| 120 no 0,189 0,351 9,9 1,00 120 8 5 over
RUG| 31D 8,04 33 30 30 30 8,66 390, 220| 125 no 0,184 0,121 29,9 1,10 138 15 0
RUG | 31E 8,04 33 30 30 30 8,66 390 664 128 no 0,201 0,394, 17,9 0,80 102 3 0
RUG| 32A 8,04 48 30 30 30 8,66 390 349 123 no 0,183 0,192| 29,9 1,07 131 0 12
RUG| 34A 16,08 33 30 30 30 8,66 390 370/ 126 no 0,374 0,178 29,9 1,13 142 23 0
RUG| 31F 8,04 33 30 30 30 8,66 390 422 116 no 0,229 0,279 9,9 1,28 148 5 0
RUG| 41A 16,08 33 40 40 40 11,55 390, 1650 93 no 0,255 0,595/ 29,9 0,97 90, 102 18 over
RUG| 21A 6,78 31 30 20 24 577 390 300 60 no 0,234 0,279) 29,9 1,562 91 38 0 b=/h
RUG| 21B 6,78 31 30 20 24 577 390 178| 120 no 0,245 0,172| 29,9 1,05 126 25 0 b=/h
RUG | 22A 6,78 41 30 20 24 577 390 283 60 no 0,224 0,254) 29,9 1,91 114 0 6 b=/h
RUG | 22B 6,78 41 30 20 24 577 390 334 120 no 0,224 0,301 29,9 0,86 104 0 4 b=/h
Ulg | 31BC 8,04 33 30 30 30 8,66 210| 1270 63 no 0,229 0,840 7,2 0,00 n=0,84
Ulg | 31CC 8,04 33 30 30 30 8,66 210/ 803| 123 no 0,235 0,541 7,2 0,98 120 27 6 over
Ulg | 21BC 6,78 31 30 20 24 577 210, 611 107 no 0,237 0,576 7,2 1,08 115 24 0 b=/h
Ulg | 22BC 6,78 41 30 20 24 577 210/ 620 97 no 0,266 0,641 7,2 1,19 116 1 0 b=/h
TUBr| 1 18,85 38 30 30 30 8,66 376/ 710 86 no 0,553 0,452 39,7 0,97 83 20 0
TUBr| 2 18,85 38 30 30 30 8,66 376/ 930 84 no 0,553 0,592 9,7 1,07 90 12 1 over
TUBr| 3 18,85 38 30 30 30 8,66 376/ 930 138 no 0,553 0,592 9,7 0,65 90 12 1 over
TUBr| 4 18,85 38 30 30 30 8,66 476/ 650 63 no 0,553 0,414| 41,9 1,09 69 24 0
TUBr| 5 18,85 38 30 30 30 8,66 476/ 880| 108 no 0,553 0,561 11,9 0,56 60 49 8 over
TUBr| 6 18,85 38 30 30 30 8,66 576, 600 61 no 0,553 0,382 44,4 1,00 61 5 0
TUBr| 7 18,85 38 30 30 30 8,66 576/ 800 58 no 0,553 0,510, 14,4 1,03 60 24 3 over
TUBr| 8 12,57 38 20 20 20 577 376 420 58 no 0,828 0,511 9,7 0,66 38 0 8
TUBr| 9 12,57 38 20 20 20 577 376 420 66 no 0,828 0,511 9,7 0,58 38 0 8
TUuBr| 10 12,57 38 20 20 20 577 476| 340 48 no 0,828 0,413 11,9 0,00 lambda=82
TUBr| 11 18,85 38 30 30 30 8,66 476 650 80 no 0,411 0,357 41,9 0,75 60 51 6 over
TUuBr| 12 18,85 38 30 30 30 8,66 476/ 650 69 no 0,411 0,357 41,9 0,87 60 51 6 over
TUBr| 13 18,85 38 30 30 30 8,66 476 740 85 no 0,411 0,407 26,9 0,71 60 56 9 over
TUBr| 14 12,57 38 20 20 20 577 476| 280 49 no 0,617 0,302 21,9 0,00 lambda=82
TUBr| 15 12,57 38 20 20 20 577 476| 240 36 no 0,617 0,259) 31,9 0,00 lambda=82
TUBr| 16 18,85 38 30 30 30 8,66 476| 460 75 no 0,411 0,253 101,9 0,78 58 29 0
TUBr| 17 18,85 38 30 30 30 8,66 476) 362 65 no 0,411 0,199 161,9 0,00 e/b=0,54
TUBr| 18 12,57 38 20 20 20 577 476/ 170 49 no 0,617 0,183 71,9 0,00 lambda=82
TUBr| 19 12,57 38 20 20 20 577 476/ 130 53 no 0,617 0,140 111,9 0,00 lambda=82
TUBr| 20 18,85 38 30 30 30 8,66 266/ 845 111 no 0,377 0,440 38,2 0,90 100 22 0
TUBr| 21 18,85 38 30 30 30 8,66 266/ 780| 125 no 0,344 0,416, 58,2 0,67 84 25 0
TUBr| 25 12,57 38 20 20 20 577 576/ 208 40 no 0,560 0,220/ 24,4 0,00 lambda=100
TUBr| 26 18,85 38 30 30 30 8,66| 3332 735 160 no 0,385 0,411 24,1 0,71 114 0 1
TUBr| 27 18,85 38 30 30 30 8,66 3332 355 89 no 0,344 0,146 159,1 0,00 e/b=0,53
TUBr| 28 18,85 38 30 30 30 8,66 476 735 93 no 0,433 0,388 16,9 0,65 60 84 15 over
TUBr| 29 18,85 38 30 30 30 8,66 476/ 645 135 no 0,321 0,304 22,9 0,44 60 86 15 over
TUBr| 30 18,85 38 30 30 30 8,66 476| 1224 48 no 0,289 0,592 16,9 0,63 30 82 20 over
TUBr| 31 18,85 38 30 30 30 8,66 376 1695 57 no 0,292 0,738 14,7 0,00 n=0,738
TUBr| 37 18,85 38 30 30 30 8,66 470| 1548 38 no 0,395 0,757 16,8 0,00 n=0,757
TUBr| 38 18,85 38 30 30 30 8,66 470, 970 55 no 0,436 0,510 21,8 0,55 30 121 24 over
TUBr| 39 18,85 38 30 30 30 8,66 470 1308 57 no 0,456 0,679 21,8 0,53 30 58 16 over
TUBr| 40 18,85 38 30 30 30 8,66 470, 280 49 no 0,436 0,147| 161,8 0,00 e/b=0,539
TUBr| 41 18,85 38 30 30 30 8,66 470| 465 50 no 0,456 0,241 161,8 0,00 e/b=0,539
TUBr| 42 9,24 30 20 20 20 577 571 140 31 no 0,348 0,134 114,3 0,00 e/b=0,571
TUBr| 43 9,24 30 20 20 20 577 571 245 40 no 0,346 0,235/ 24,3 0,00 lambda=99
TUBr| 44 9,24 30 20 20 20 577 571 172 35 no 0,348 0,165 64,3 0,00 lambda=99
TUBr| 45 9,24 30 20 20 20 5,77 571, 175 49 no 0,350 0,167 24,3 0,00 lambda=99
TUBr| 46 9,24 30 20 20 20 577 571 122 52 no 0,352 0,116, 64,3 0,00 lambda=99
TUBr| 47 9,24 30 20 20 20 577 571 128 72 no 0,347 0,123) 24,3 0,00 lambda=99
NRC| 2 20,40 60,75 30,5 30,5 30,5 880 1905 1333 170 no 0,344 0,619 6,9 0,71 120 0 19 over
NRC| I3 2040 60,75 305 305 305 8,80 190,5 800/ 218 no 0,371 0,393 6,9 0,83 181 0 25
NRC| 14 2040 60,75 305 305 305 880 1905 711 220 no 0,362 0,343 6,9 0,89 196 0 28
NRC| 16 12,56 58 20,3] 20,3 20,3 5,86 190,5 169 180 no 0,415 0,147 6,9 0,82 148 0 23
NRC| 17 2040 60,75 305 305 305 880 1905 1067| 208 no 0,352 0,504 6,9 0,58 120 45 39 over
NRC| 18 20,40 60,75 30,5 30,5 30,5 8,80 1905 1778 146 no 0,365 0,862 6,9 0,00 n=0,862
NRC| 19 2040 60,75 305 305 305 8,80 190,5 1333 187 no 0,332 0,602 6,9 0,64 120 7 21 over
NRC| 12 20,40 60,75 305 305 305 8,80 190,55 1044| 201 no 0,291 0,427 6,9 0,83 167 0 27
NRC| 113 2040 60,75 305 305 305 880 190,5 916/ 210no 0,359 0,439 6,9 0,78 164 0 24
NRC| 14 2040 60,75 305 305 305 880 1905 1178 227 no 0,240 0,414 6,9 0,76 172 0 29
NRC| 115 20,40 60,75 305 305 305 8,80 190,5 1067 234 no 0,257 0,395 6,9 0,77 180 0 29
NRC| 118 40,90 60,75 305 305 305 880 1905 978 252 no 0,598 0,331 6,9 0,78 196 0 26
NRC| 119 40,90 60,75 305 305 305 8,80 190,5 1333] 225 no 0,686 0,491 6,9 0,67 151 0 17
NRC| 1110 40,90 60,75 40,6 40,6 40,6 11,72| 190,5 2418 262 no 0,370 0,591 6,9 0,73 191 0 18
NRC| 1111 6550 64,15 40,6 40,6 406 11,72| 190,5 2795 285 no 0,559 0,607 6,9 0,63 180 0 19
NRC 12 6550 80,15 40,6 406 40,6/ 11,72 190,5 2978 213 no 0,464 0,572 6,9 0,91 193 0 35
NRC 11 20,40] 60,75 30,5 305 305 880 267 800 242 no 0,321 0,352 8,2 0,74 180 20 33 over
NRC 1ll2 20,40/ 60,75 30,5 30,5/ 30,5 8,80 267 1000 220 no 0,324 0,444 8,2 0,73 161 0 25
NRC 113 20,40/ 60,75 30,5 30,5 30,5 8,80 381 1000 181 no 0,318 0,438 348 0,48 86 0 25
NRC 115 31,000 59,1 30,5 457 36,6/ 13,19 190,5 1413 356 no 0,283 0,399 6,9 0,50 179 0 26 b=/h
NRC 114 20,40/ 60,75 30,5 30,5/ 30,5/ 8,80 267 1178 183 no 0,335 0,536 18,2 0,49 90 64 35 over
Ulg C1 6,79 44 30 30 30| 7,50 210 1260 156 yes 0,104 0,576 7,2 0,77 120 20 19 over
Ulg C2 6,79 44 30 30 30, 7,50 210 1770 131 yes 0,104 0,810 7,2 0,00 n=0,810
Ulg C3 1885 48 30 30 30, 7,50 210 1450 187 yes 0,290 0,568 7,2 0,64 120 16 14 over
Ulg C4 18,85 48 30 30 30, 7,50 210 1900 163 yes 0,290 0,744 7 0,00 n=0,744




NAD 1

solated columns, assessment of eccentricities ea et e2 according to ENV 1992-1-1: 1991

Calculation of Nrd and Rf for rectangular section

epsilonb

correction

pivot3.7 =
K2simpl =

données result summary 1/r = 0,007269 M-1 rap = 100 %
no = H Nrd = 1763,0 KN eacier = -0,076%
dénomi- |RUG31B Mrd-Msd = 4,976E-08 KNm eb = -0,270%
nation =
L= 3,9m = column buckling length Rf = 59 min
LO = 3,9m = column buckling length
b= 0,3|m = column width
h = 0,3|m = column height ( h and lambda values are used to determine L , h is con-
sidered as height for reinforced concrete calculation)
e.01= 0,000|m = first order eccentricity at the first extremity
e.02 = 0,000/m = first order eccentricity at the second extremity abs(e.02)>=abs(e.01)
= 0,033|m = axis distance
fc = 33947 /KN/M2  |= concrete strength
fy = 576000|KN/M2 |= steel yield strength
As = 0,000804|M2 = reinforcement section
nbars = 4 = total number of bars
Asl= 4,02E-04 M2 =|F(nbars=6;As/2;(nbars/4+1)/nbars*As)
As2 = 0,00E+00 M2 =As-2*A.s1
A.s3 = 4,02E-04 M2

KN/M2

= steel elasticity modulus

= safety factor on concrete

= safety factor on steel

= alphacc

= yes if ea=additional eccentricity taken into account otherwise no

=1 if the concrete is deduced at steel location

= yes if use of pivot at 3/7h otherwise no

=Yyes or no

= maximun strain of concrete allowable

epsilona 0,250% = fyd/Es
calculs
Nsd = 1763|KN = normal force (si >0 then compression)
ee = 0,000|m =MAX(0,6%e.02+0,4*e.01;0,4*e.02) = first order equivalent eccentricity
lambda = 45,0 = L0/(0,289%h)
lambda- 25 =if(e.02=0;25;25%(2-e.01/e.02)
Crit =
nuMin = 0,00500 =if(lambda<lambdaCrit;1/400;1/200)
nu = 0,00506 =if(1/(100*SQRT(L))<nuMin;nuMin;1/(100*SQRT(L)))
ea= 0,0099|m =if(eayes="yes";nu*L0/2;0) = additionnal eccentricity
colon- conserva- =if(and(lambda<140;or(ee>0,1*h;ee=0,1*h));'yes';'conservative')
neMod = [tive
d= 0,267|m =h-a
Ac = 0,0900|m2 =b*h
fyd = 500 870/KN/M2  |= fy/gammas
fcd = 22 631|KN/M2  |=fc/gammac
KA1 = 1 =if(lambda>35;1;if(lambda>15;lambda/20-0,75;0))
e2= 0,0110562|m =if(lambda<lambdaCrit;0;K.1*(L0*L0/10)*courb
83
etot = 0,021|m = eeteate.2
Msd = 36,900/ KNm =IF(lambda<lambdaCrit;MAX(Nsd*h/20;Nsd*etot);Nsd*etot)
etot used 0,021/m =Msd/Nsd
Nrd = 1763|KN




Mrd = 36,900/ KNm
Mrd-Msd | 4,97591E-|[KNm must be zero to have correct Nrd
08
Nud = 2134|KN = alpha*fcd*Ac+fyd*As
Nbal = 815|KN =0,4f*fcd*Ac
K2= 0,281 =if(K2simpl="yes";1;(Nud-Nsd)/(Nud-Nbal) )
epsilonyd | 0,0025043 =fyd/Es
= 48
1/r selon | 0,0058618 m-1 =2*K.2*epsilonyd/(0,9*d)=courbure
ENV= 65
a/h = 0,110 =a/h
w = 0,233 =As*fyd/(Ac*alpha*fc/gammac)
etot/h = 0,070 =Msd/Nsd/h
NRd = 208 KN = the ultimate normal strength =(DiagValue*b*h*alpha*fc/gammac)
epsilon0 -0,16 %
ndiv = 30
fb = 19237 |KN/M2 |= alpha*fcd
Acier Ali Yi € c Ni Mi
Asl 4,02E-04 | 0,117 -0,0025 | -492024,02 -198 23
As2 0,00 0 -0,0016 | -321927,35 0 0
As3 4,02E-04 | -0,117 -0,0008 | -151830,68 -61 -7
Section
de béton
couche Ali Yi € o
Asl 4,02E-04 | 0,117 -0,0025 -19236,63 8 -1
As2 0,00 0 -0,0016 -18503,80 0 0
As3 4,02E-04 | -0,117 -0,0008 -11831,97 5 1
1 3,00E-03 | 0,145 -0,0027 -19236,63 -58 8
2 3,00E-03 | 0,135 -0,0026 -19236,63 -58 8
3 3,00E-03 | 0,125 -0,0025 -19236,63 -58 7
4 3,00E-03 | 0,115 -0,0024 -19236,63 -58 7
5 3,00E-03 | 0,105 -0,0024 -19236,63 -58 6
6 3,00E-03 | 0,095 -0,0023 -19236,63 -58 5
7 3,00E-03 | 0,085 -0,0022 -19236,63 -58 5
8 3,00E-03 | 0,075 -0,0022 -19236,63 -58 4
9 3,00E-03 | 0,065 -0,0021 -19236,63 -58 4
10 3,00E-03 | 0,055 -0,0020 -19236,63 -58 3
11 3,00E-03 | 0,045 -0,0019 -19217,39 -58 3
12 3,00E-03 | 0,035 -0,0019 -19147,75 -57 2
13 3,00E-03 | 0,025 -0,0018 -19027,30 -57 1
14 3,00E-03 | 0,015 -0,0017 -18856,01 -57 1
15 3,00E-03 | 0,005 -0,0016 -18633,91 -56 0
16 3,00E-03 | -0,005 -0,0016 -18360,98 -55 0
17 3,00E-03 | -0,015 -0,0015 -18037,23 -54 -1
18 3,00E-03 | -0,025 -0,0014 -17662,66 -53 -1
19 3,00E-03 | -0,035 -0,0014 -17237,26 -52 -2
20 3,00E-03 | -0,045 -0,0013 -16761,04 -50 -2
21 3,00E-03 | -0,055 -0,0012 -16234,00 -49 -3
22 3,00E-03 | -0,065 -0,0011 -15656,13 -47 -3
23 3,00E-03 | -0,075 -0,0011 -15027,45 -45 -3
24 3,00E-03 | -0,085 -0,0010 -14347,93 -43 -4
25 3,00E-03 | -0,095 -0,0009 -13617,60 -41 -4
26 3,00E-03 | -0,105 -0,0008 -12836,44 -39 -4
27 3,00E-03 | -0,115 -0,0008 -12004,47 -36 -4
28 3,00E-03 | -0,125 -0,0007 -11121,66 -33 -4
29 3,00E-03 | -0,135 -0,0006 -10188,04 -31 -4
30 3,00E-03 | -0,145 -0,0006 -9203,59 -28 -4
somme = -1763 37
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Background for Tabulated data Method A for columns
This document consist of

- Updated comparison of Method A (Belgian NAD1 method) to test
results

- Comments on Background document for Method A (NAD1) in
PT N 169

- Background document for Method A (NAD1) = PT document N
169



Rcalc / Rtest

160% T
140%
120% ,
100% *
80% ,
60%
40% ,

20% +

Comparison between NAD1 rev (based on ENV) ,
NAD1 new (based on prEN) and R test

Definitions

“R NADL1 rev” notation designates the fire resistance of columns calculated ac-
cording to the Belgian method based on ENV.

“R NAD1 new” notation designates the fire resistance of columns calculated ac-
cording to the prEN method A based on prEN1992-1-1(July 2002) for the design
in cold situation.

“R test” notation designates the fire resistance of the 74 columns experimentally
tested. (Canada, Ghent, Liege, Braunschweig)

Conclusions

The figure shows the excellent concordance between the two methods. The "NAD1 new"
uses the prEN1992-1-1 for alphacc, additional eccentricity, procedure for model column
and the coefficient

(1.00 + w)
(0.85/age +w)

Rcalc / Rtest = f(column number) | —s—R NAD1 rev/R test(74 col.)
R NAD1 new / R test (74 col.)
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COMMENTS

1. Recommendations concerning bars of large diameters.

1.1. Afew (4) unsatisfactory results have only been noticed in tests
made in Belgium, and not in other laboratories.

1.2. We have examined the recommendations proposed in Berlin
against the

detailing rules of Part 1.1 (see attached document).

For ¢ = 25 mm, the axis distance for a column in a building
will currently be

taken as follows :

a=c+Ac+ ¢/2
=25+ 10 (min 5) + 12.5
=47.5 mm (min 42.5)

Among the 4 Belgian tests, 3 had a = 38 mm and thus were not com-
plying with the recommendations of Part 1.1.

Therefore the recommendations proposed in Berlin appear no
longer relevant, and they have been deleted.

2. Jean-Francois DENOEL and one of my coworkers Pierre STREEL have
examined carefully the influence of the value of Nrg calculated accord-
ing to pr EN1992-1.2 and that calculated according to ENV1992-1.2.

One of the most important differences between the two Ng4's is related
to the fact that the coefficient 0.85 for long term loading has now become 1.
We have first examined the problem of a short column centrically loaded
which is rather simple. It can be shown easily that in this case a correction
coefficient
(1 + »)/(0.85/acc+ ®) has to be introduced.

For a slender column, the problem is more complicated, but the pre-
ceding coefficient can be considered as the maximum value of the correc-
tion that has to be considered. Therefore we have made the new proposals
on the basis of this correction coefficient.

You will see that in formula 5.5, the contribution R, has been modified
consequently.

Table 5.2.1 had also to be modified. There were several ways of do-
ing it. As we had in any case to change some values in the table, we have
decided to reconsider all the values proposed. In this way we have been
able to keep the same definition for
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N’ and to keep the same reference values 0.2, 0.5 and 0.7.

On the basis of the preceding considerations, Mr DENOEL and Mr
STREEL have analysed 68 columns and have considered the ratio

I =Rt (Nrg ; PrEN) / Rt (Nrg ; ENV)

(2.00 + w)

introducing the coefficient
(0.85/a¢e +w)

in the assessment of R, for

Rt (NRrqd ; PrEN) calculation.

They have found :

mean value = 99 %
standard deviation = 2.4 %
minimum value = 92 %
maximum value = 104 %

From the attached document, it can be seen that the differences are
very small
not only for the whole set of results, but also considering the influence of
the various
parameters (width b, axis distance a .....).

Therefore the Belgian method and recommendations remain valid
when
NRrg is evaluated according to the recommendations of prEN1992-1.1,
provided the correction indicated in formula (5.5) for Ry and the modi-
fications in Table 5.2.1 are made.

3. The two attached documents sent on 29th March, the first one giving an
abstract of prEN1992-1.1, and the second one showing various com-
parisons remain unchanged. The modified values indicated in the sec-
ond document correspond to R NAD1new.
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16 November 2001

Fire resistance of reinforced concrete columns
Belgian method N°1 (tabulated data)

Background document

R, 120( Ry, +Ra+t Fi;:; Ry, +Ry, j” 0
where

Ry, 83(1.00-7,) , ny = Ngg/Ry )
R, 1.60(a—30) |, a = axis distance in mm, €[25,80] (3)
R, 9.60(5-L) |, L = buckling length in m, €[2,6] (4)
Ry 0.09b' , b’ :::ie% = Dimension of the section in mm, €[200,450] (5)
Ri ., 12 if more than 4 long. bars are present, 0 otherwise (6)
h < 1.5 b in rectangular sections and bar diameter < 25 mm
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The procedure for establishing the method has been:

1.

Utilisation of a non linear finite element software specifically written for the
analysis of structures submitted to the fire (SAFIR) in order to identify the
parameters which play a role on the fire resistance. They were found as: length,
cover, dimension of the section, number of longitudinal bars, load level.

Decision for the analytical function that could represent the influence of each
parameter. Linear relationships were chosen for all the parameters, see equation
2 to 6.

Creation of a data base of 76 experimental fire test results coming from 4
different laboratories: Liege, Ghent, Ottawa and Braunschweig

Verification that the conclusion from steps 1 and 2 were confirmed by the results
of the data base.

Calibration of the coefficients that are present in the analytical functions based
on the results of the data base.

More tests were added later in the data base. For example, four tests on circular
columns of H.S.C. were made more recently. They are included in the tables and
figures given hereafter, but the method was not recalibrated and modified because
the method as it had been established proved to work quite satisfactorily also for
these 4 columns.

Table 1 bellow gives all the values of these 76 + 4 = 80 tests.
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Table 1

Lab. N As n a b1l h L fcm fym €sp  Cin e Eqri Rfexp
cm?2 mm kN/cm?2 cm kKN  min.
RUG | 31B | 8.04 |4|33.00] 30 | 30 | 390 | 3.39 | 57.6 0.0/ 0.0/ 0.0 950 61
RUG | 31C | 8.04 |4|33.00] 30 | 30 | 390 | 3.54 | 57.6 0.0/ 0.0/ 0.0 622 120
RUG | 31D | 8.04 |4|33.00] 30 | 30 | 390 | 3.65 | 57.6 20| 2.0 20| 220 125
RUG | 31E | 8.04 |4|33.00] 30 | 30 | 390 | 3.34 | 576 | -2.0] 2.0/ 0.8] 664 128
RUG | 32A | 8.04 |4|48.00] 30 | 30 | 390 | 3.66 | 57.6 20| 2.0 20| 349 123
RUG | 34A | 16.08 | 8/33.00] 30 | 30 | 390 | 3.59 | 57.6 20| 2.0 20| 370 126
RUG | 31F | 8.04 |4|33.00] 30 | 30 | 390 | 2.93 | 57.6 0.0f 0.0/ 0.0] 422 116
RUG | 41A | 16.08 | 8/33.00] 40 | 40 | 390 | 2.96 | 57.6 2.0l 2.0 20| 1650 93
RUG | 21A | 6.78 |6/31.00] 30 | 20 | 390 | 3.11 | 49.3 20| 2.0 2.0l 300 60
RUG | 21B | 6.78 |6/31.00] 30 | 20 | 390 | 2.96 | 49.3 2.0 2.0 2.0l 178 120
RUG | 22A | 6.78 |6/41.00] 30 | 20 | 390 | 3.25 | 49.3 20| 2.0 2.0| 283 60
RUG | 22B | 6.78 |6/41.00] 30 | 20 | 390 | 3.24 | 49.3 20| 20| 20| 334 120
Ulg |31BC| 8.04 |4[{33.00] 30 | 30 | 210 | 2.93 | 57.6 0.0/ 0.0/ 0.0] 1270 63
Ulg |31CC| 8.04 |4[33.00] 30 | 30 | 210 | 2.86 | 57.6 0.0/ 0.0/ 0.0f 803 123
Ulg |21BC| 6.78 |6/31.00] 30 | 20 | 210 | 3.06 | 49.3 0.0/ 0.0/ 0.0f 611 107
Ulg |22BC| 6.78 |6/41.00] 30 | 20 | 210 | 2.73 | 49.3 0.0/ 0.0/ 0.0f 620 97
TUBr 1 18.856/38.00] 30 | 30 | 376 | 2.41 | 48.7 3.00 3.0/ 3.0/ 710 86
TUBr 2 18.856/38.00] 30 | 30 | 376 | 2.41 | 48.7 0.0/ 0.0/ 0.0f 930 84
TUBr 3 18.856/38.00] 30 | 30 | 376 | 2.41 | 48.7 0.0/ 0.0/ 0.0f 930 138
TUBr 4 18.85|6/38.00] 30 | 30 | 476 | 2.41 | 48.7 3.00 3.0/ 3.0 650 63
TUBr 5 18.85|6/38.00] 30 | 30 | 476 | 2.41 | 48.7 0.0/ 0.0/ 0.0f 880 108
TUBr 6 18.85|6/38.00] 30 | 30 | 576 | 2.41 | 48.7 3.00 3.0/ 3.0f 600 61
TUBr 7 18.85|6/38.00] 30 | 30 | 576 | 2.41 | 48.7 0.0/ 0.0/ 0.0f 800 58
TUBr 8 12.57 14| 38.00] 20 | 20 | 376 | 2.41 | 48.7 0.0f 0.0/ 0.0] 420 58
TUBr 9 12.57 14|38.00] 20 | 20 | 376 | 2.41 | 48.7 0.0/ 0.0/ 0.0] 420 66
TUBr | 10 | 12.57 |4[38.00] 20 | 20 | 476 | 2.41 | 48.7 0.0f 0.0/ 0.0 340 48
TUBr | 11 | 18.85]6(38.00] 30 | 30 | 476 | 3.07 | 46.2 3.0/ 3.0/ 3.0 650 80
TUBr | 12 | 18.85]6(38.00] 30 | 30 | 476 | 3.07 | 46.2 3.0/ 3.0/ 3.0 650 69
TUBr | 13 | 18.85]6(38.00] 30 | 30 | 476 | 3.07 | 46.2 15| 15| 15| 740 85
TUBr | 14 | 12.57 |4[38.00] 20 | 20 | 476 | 3.07 | 46.2 1.0/ 1.0/ 1.0] 280 49
TUBr | 15 | 12.57 |4[38.00] 20 | 20 | 476 | 3.07 | 46.2 2.0 2.0 2.0] 240 36
TUBr | 16 | 18.85]6[(38.00] 30 | 30 | 476 | 3.07 | 46.2 9.0 9.0/ 9.0] 460 75
TUBr | 17 | 18.85]6[38.00] 30 | 30 | 476 | 3.07 | 46.2 | 15.0] 15.0f 15.0f 362 65
TUBr | 18 | 12.57 |4[38.00] 20 | 20 | 476 | 3.07 | 46.2 6.0l 6.0/ 6.0 170 49
TUBr | 19 | 12.57 |4[/38.00] 20 | 20 | 476 | 3.07 | 46.2 | 10.0] 10.0f 10.0f 130 53
TUBr | 20 | 18.85]6[38.00] 30 | 30 | 266 | 3.32 | 45.8 3.0/ 3.0/ 3.0 845 111
TUBr | 21 | 18.85]6(38.00] 30 | 30 | 266 | 3.32 | 41.8 500 5.0/ 5.0 780 125
TUBr | 25 | 12.57 |4[38.00] 20 | 20 | 576 | 3.24 | 44.3 1.0/ 1.0/ 1.0] 208 40
TUBr | 26 | 18.85]6(38.00] 30 | 30 | 333.2| 3.07 | 43.3 15| 15| 15| 735 160
TUBr | 27 | 18.85]6[38.00] 30 | 30 |333.2| 4.32 | 54.4 | 15.0] 15.0f 15.0f 355 89
TUBr | 28 | 18.85]6[(38.00] 30 | 30 | 476 | 3.15 | 49.9 -1.5] 1.5| 0.60] 735 93
TUBr | 29 | 18.85]6[(38.00] 30 | 30 | 476 | 3.82 | 44.9 -3.0] 3.0] 1.20] 645 135
TUBr | 30 | 18.85]6[38.00] 30 | 30 | 476 | 3.82 | 40.4 0.5 0.5 0.50| 1224 48
TUBr | 31 | 18.85]6(38.00] 30 | 30 | 376 | 4.23 | 45.2 0.5 0.5 0.50| 1695 57
TUBr | 37 | 18.85]6(38.00] 30 | 30 | 470 | 3.49 | 50.5 0.5 0.5 0.50| 1548 38
TUBr | 38 | 18.85]6(38.00] 30 | 30 | 470 | 3.15 | 50.3 1.0l 1.0 1.00] 970 55
TUBr | 39 | 18.85]6(38.00] 30 | 30 | 470 | 3.15 | 52.6 1.0l 1.0 1.00] 1308 57
TUBr | 40 | 18.85]6[38.00] 30 | 30 | 470 | 3.15 | 50.3 | 15.0] 15.0{15.00f 280 49
TUBr | 41 | 18.85]6[38.00] 30 | 30 | 470 | 3.15 | 52.6 | 15.0] 15.0{15.00f 465 50
TUBr 42 9.24 16|30.00] 20 20 571 | 4.15 | 48.0 10.0] 10.0/10.00| 140 31
TUBr 43 9.24 |6(30.00] 20 20 571 | 415 | 47.7 1.0 1.0] 1.00f 245 40
TUBr | 44 9.24 |6/30.00] 20 | 20 | 571 | 4.15 | 48.0 500 5.0 5.00f 172 35
TUBr 45 9.24 |6(30.00] 20 20 571 | 4.15 | 48.2 1.0 1.0 1.00f 175 49
TUBr | 46 9.24 |6/30.00] 20 | 20 | 571 | 415 | 485 5.00 5.0 5.00f 122 52
TUBr 47 9.24 |6(30.00] 20 20 571 | 415 | 47.8 1.0 1.0 1.00f 128 72
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Lab. N As n a bl h L fcm  fym € €t € Eai Rfexp
cm?2 mm kN/cm?2 cm kN  min.
NRC 12 20.4 |4]60.75|30.5|30.5|190.5| 3.69 | 44.4 0.0/ 0.0] 0.00] 1333 170
NRC I3 20.4 |4|60.75|30.5|30.5|190.5| 3.42 | 44.4 0.0f 0.0] 0.00] 800 218
NRC 14 20.4 |4/60.75|30.5|30.5|190.5| 3.51 | 44.4 0.0f 0.0] 0.00] 711 220
NRC 16 | 12.56 |4|58.00( 20.3| 20.3| 190.5| 4.23 | 44.2 0.0f 0.0] 0.00] 169 180
NRC 17 20.4 |4]60.75|30.5|30.5|190.5| 3.61 | 44.4 0.0f 0.0] 0.00] 1067 208
NRC I8 20.4 |4|60.75|30.5|30.5|190.5| 3.48 | 44.4 0.0/ 0.0] 0.00] 1778 146
NRC 19 20.4 |4|60.75]|30.5|30.5|190.5| 3.83 | 44.4 0.0/ 0.0] 0.00] 1333 187
NRC 112 20.4 |4|60.75|30.5|30.5|190.5| 4.36 | 44.4 0.0/ 0.0] 0.00] 1044 201
NRC 113 20.4 |4]60.75]|30.5|30.5|190.5| 3.54 | 44.4 0.0/ 0.0f 0.00] 916 210
NRC 114 20.4 |4/60.75|30.5|30.5|190.5| 5.29 | 44.4 0.0/ 0.0] 0.00] 1178 227
NRC 115 20.4 |4]60.75]|30.5|30.5|190.5| 4.95 | 44.4 0.0/ 0.0] 0.00] 1067 234
NRC 118 40.9 [8]60.75| 30.5|30.5]|190.5| 4.26 | 44.4 0.0/ 0.0f 0.00| 978 252
NRC 119 40.9 [8[60.75] 30.5]|30.5]|190.5| 3.71 | 44.4 0.0/ 0.0] 0.00] 1333 225
NRC | 1110 | 40.9 |8]|60.75(40.6| 40.6| 190.5| 3.88 | 44.4 0.0/ 0.0] 0.00] 2418 262
NRC | 1111 | 65.5 |8|64.15(40.6|40.6| 190.5| 3.84 | 41.4 0.0/ 0.0] 0.00] 2795 285
NRC | 1112 | 65.5 |8]|80.15(40.6|40.6| 190.5| 4.62 | 41.4 0.0/ 0.0] 0.00] 2978 213
NRC | Ill1 | 20.4 |4]60.75[30.5|30.5| 267 | 3.96 | 44.4 0.0/ 0.0f 0.00] 800 242
NRC | Ill2 | 20.4 |4]60.75(30.5|30.5| 267 | 3.92 | 44.4 0.0/ 0.0 0.00] 1000 220
NRC | llI3 | 20.4 |4]60.75[(30.5|30.5| 381 | 3.99 | 44.4 2.5 2.5] 2.50] 1000 181
NRC | 1lI5 31 |[8]59.10|30.5]|45.7]1190.5| 425 | 41.4 0.0/ 0.0] 0.00] 1413 356
NRC | 1114 | 20.4 |4|60.75(30.5|30.5| 267 | 3.79 | 44.4 2.5 0.0 1.00|] 1178 183
Ulg C1l 6.79 |6/44.00f 30 | 30 | 210 | 6.00 | 50.0 0.0/ 0.0 0.0] 1260 156
Ulg C2 6.79 |6/44.00f 30 | 30 | 210 | 6.00 | 50.0 0.0/ 0.0 0.0] 1770 131
Ulg C3 | 18.8516/48.00f 30 | 30 | 210 | 6.00 | 50.0 0.0/ 0.0 0.0] 1450 187
Ulg C4 | 18.8516/48.00f 30 | 30 | 210 | 6.00 | 50.0 0.0f 0.0 0.0] 1900 163
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During the calibration process based on the experimental tests:

Most of the columns were simply supported. If a column had the rotation
restricted at one side (as was the case for some of the tests from Braun-
schweig), then a length of 0.70 L was considered, in the term accounting for the
length as well as in the evaluation of Ry which is needed for calculating the load
level.

If an eccentricity e, was present in the test, Ry was calculated by taking into
account this first order eccentricity e, as well as the accidental eccentricity e, = v
Lo / 2 as prescribed by the Eurocode for concrete structures at room
temperatures.

The method of the model column was applied for calculating Ry.
The load level is based on design strength at room temperature and this one is

based on the design strength of materials, a% for concrete. This is what has
c

to be applied when the model is used in a real design. For calibration of the

c,m

7/C

for concrete. This means that, when the model is used in a design, an additional

safety margin is added in the 95% of the cases where f = > f_ .

model, the measured material properties have of course been used, i.e. «

Table 2 gives the values as calculated by the model after calibration.
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Table 2

n b a L e n
Nrd n 120 83 0.9 1.6 9.6 0
kN 1.8 1 0 30 5 0 Rfmeth/Rfexp
1768  0.537 59 38.4 27.0 4.8 10.6 0.0 0.0 0.97
1830  0.340 82 54.8 27.0 4.8 10.6 0.0 0.0 0.69
1562  0.141 109 71.3 27.0 4.8 10.6 0.0 0.0 0.87
1614 0.411 74 48.9 27.0 4.8 10.6 0.0 0.0 0.58
1520 0.230 139 63.9 27.0 28.8 10.6 0.0 0.0 1.13
1768  0.209 120 65.6 27.0 4.8 10.6 0.0 12.0 0.95
1578  0.267 92 60.8 27.0 4.8 10.6 0.0 0.0 0.79
2677 0.616 79 318 36.0 4.8 10.6 0.0 12.0 0.85
631  0.476 71 43.5 21.6 1.6 10.6 0.0 12.0 1.18
608  0.293 94 58.7 21.6 1.6 10.6 0.0 12.0 0.78
601 0.471 96 43.9 21.6 17.6 10.6 0.0 12.0 1.59
598  0.558 84 36.6 21.6 17.6 10.6 0.0 12.0 0.70
1898  0.669 68 27.5 27.0 4.8 27.8 0.0 0.0 1.08
1882  0.427 98 47.6 27.0 4.8 27.8 0.0 0.0 0.80
1215 0.503 94 41.3 21.6 1.6 27.8 0.0 12.0 0.87
1156  0.536 116 38.5 21.6 17.6 27.8 0.0 12.0 1.19
1340 0.530 91 39.0 27.0 12.8 11.9 0.0 12.0 1.06
1753  0.530 91 39.0 27.0 12.8 11.9 0.0 12.0 1.08
1753  0.530 91 39.0 27.0 12.8 11.9 0.0 12.0 0.66
1244  0.523 77 39.6 27.0 12.8 2.3 0.0 12.0 1.23
1629  0.540 75 38.2 27.0 12.8 2.3 0.0 12.0 0.70
1118  0.537 62 38.5 27.0 12.8 -7.3 0.0 12.0 1.02
1474  0.543 61 37.9 27.0 12.8 -7.3 0.0 12.0 1.06
743  0.565 57 36.1 18.0 12.8 11.9 0.0 0.0 0.98
743  0.565 57 36.1 18.0 12.8 11.9 0.0 0.0 0.86
575  0.592 43 33.9 18.0 12.8 2.3 0.0 0.0 0.89
1406  0.462 85 44.6 27.0 12.8 2.3 0.0 12.0 1.06
1406  0.462 85 44.6 27.0 12.8 2.3 0.0 12.0 1.23
1597  0.463 85 44.5 27.0 12.8 2.3 0.0 12.0 1.00
541  0.518 50 40.0 18.0 12.8 2.3 0.0 0.0 1.01
463  0.518 50 40.0 18.0 12.8 2.3 0.0 0.0 1.38
902 0.510 79 40.7 27.0 12.8 2.3 0.0 12.0 1.05
679 0.534 76 38.7 27.0 12.8 2.3 0.0 12.0 1.17
307 0.554 46 37.0 18.0 12.8 2.3 0.0 0.0 0.94
227 0.573 44 35.5 18.0 12.8 2.3 0.0 0.0 0.84
1743  0.485 115 42.8 27.0 12.8 22.5 0.0 12.0 1.03
1458  0.535 108 38.6 27.0 12.8 22.5 0.0 12.0 0.86
415 0.501 40 414 18.0 12.8 -7.3 0.0 0.0 1.00
1737  0.423 112 47.9 27.0 12.8 16.0 0.0 12.0 0.70
968  0.367 121 52.6 27.0 12.8 16.0 0.0 12.0 1.36
1809  0.406 92 49.3 27.0 12.8 2.3 0.0 12.0 0.99
1886  0.342 101 54.6 27.0 12.8 2.3 0.0 12.0 0.75
1957  0.625 65 311 27.0 12.8 2.3 0.0 12.0 1.36
2348 0.722 67 23.1 27.0 12.8 11.9 0.0 12.0 1.18
1963  0.789 49 17.5 27.0 12.8 2.9 0.0 12.0 1.28
1755  0.553 74 37.1 27.0 12.8 2.9 0.0 12.0 1.35
1776  0.736 54 21.9 27.0 12.8 2.9 0.0 12.0 0.95
715  0.391 95 50.5 27.0 12.8 2.9 0.0 12.0 1.94
727  0.639 64 29.9 27.0 12.8 2.9 0.0 12.0 1.29
206  0.680 25 26.6 18.0 0.0 -6.8 0.0 12.0 0.81
479  0.512 39 40.5 18.0 0.0 -6.8 0.0 12.0 0.97
292  0.588 32 34.2 18.0 0.0 -6.8 0.0 12.0 0.92
479  0.366 53 52.7 18.0 0.0 -6.8 0.0 12.0 1.08
292  0.417 48 48.4 18.0 0.0 -6.8 0.0 12.0 0.92
479  0.267 64 60.8 18.0 0.0 -6.8 0.0 12.0 0.88
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n b a L e n

Nrd n 120 83 0.9 1.6 9.6 0

kN 1.8 1 0 30 5 0 Rfmeth/Rfexp
2496 0.534 168 38.7 27.5 49.2 29.7 0.0 0.0 0.99
2364  0.338 203 54.9 275 49.2 29.7 0.0 0.0 0.93
2408  0.295 211 58.5 27.5 49.2 29.7 0.0 0.0 0.96
1157  0.146 209 70.9 18.3 44.8 29.7 0.0 0.0 1.16
2456  0.434 186 46.9 27.5 49.2 29.7 0.0 0.0 0.89
2392 0.743 134 21.3 27.5 49.2 29.7 0.0 0.0 0.92
2559  0.521 170 39.8 27.5 49.2 29.7 0.0 0.0 0.91
2813 0.371 197 52.2 27.5 49.2 29.7 0.0 0.0 0.98
2424  0.378 196 51.6 27.5 49.2 29.7 0.0 0.0 0.93
3258 0.362 199 53.0 27.5 49.2 29.7 0.0 0.0 0.88
3095 0.345 202 54.4 27.5 49.2 29.7 0.0 0.0 0.86
3443 0.284 242 59.4 27.5 49.2 29.7 0.0 12.0 0.96
3183 0.419 215 48.2 27.5 49.2 29.7 0.0 12.0 0.96
4933  0.490 223 42.3 36.5 49.2 29.7 0.0 12.0 0.85
5641  0.495 234 41.9 36.5 54.6 29.7 0.0 12.0 0.82
6308 0.472 304 43.8 36.5 80.2 29.7 0.0 12.0 1.43
2623  0.305 193 57.7 27.5 49.2 22.4 0.0 0.0 0.80
2607 0.384 179 51.2 27.5 49.2 22.4 0.0 0.0 0.81
1893 0.528 133 39.1 27.5 49.2 11.4 0.0 0.0 0.74
4053  0.349 236 54.1 32.9 46.6 29.7 0.0 12.0 0.66
2019 0.584 145 34.6 27.5 49.2 22.4 0.0 0.0 0.79
2806  0.449 148 45.7 27.0 22.4 27.8 0.0 12.0 0.95
2806  0.631 120 30.6 27.0 22.4 27.8 0.0 12.0 0.91
3219 0.450 160 45.6 27.0 28.8 27.8 0.0 12.0 0.86
3219 0.590 138 34.0 27.0 28.8 27.8 0.0 12.0 0.84

The average of all the values Rf(model)/Rf(test) is 0.983 (slightly less than 1.00 because of the new
4 tests) and the standard deviation is 0.22. This may be regarded as an important value, but it has
to be considered that the experimental process has an inherent variability (compare for example the
results of tests 22A and 22B in Table 1).
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Figure 1 shows the comparison between the fire resistances calculated by the model

and those observed in the tests.
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Rfexp/Rfmeth

Figure 2 shows the evolution of the ratio Rf(model) / Rf(test) with the load level. The
linear regression that is calculated on all the points shows that the safety level is nearly

constant; it increases very slightly with the load level.
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Figure 3 shows the evolution of the ratio Rf(model) / Rf(test) with the concrete cover.
The linear regression that is calculated on all the points shows that the safety level is
nearly constant; it decreases very slightly with the cover.
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Figure 4 shows the evolution of the safety level with the dimension of the section b’.
The linear regression that is calculated on all the points shows that the safety level is
nearly constant; it decreases very slightly with b’.
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Figure 5 shows the evolution of the ratio Rf(model) / Rf(test) with the buckling length.
The linear regression that is calculated on all the points shows that the safety level is
nearly constant; it increases slightly with L.
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Comparison of Belgian simplified calculation methods and ENV 1992-
1-2 Tabulated data to circular column test results

This document has been prepared by Professors Franssen and Dotreppe.
Method 1 is Belgian NAD1 and Method 2 is Belgian NAD2, which is not
included in EN 1992-1-2, see also BDA 5.1.



FIRE TESTS AND CALCULATION METHODS FOR CIRCULAR
CONCRETE COLUMNS

Franssen, J.-M. & Dotreppe, J.-C.
University of Liege, Belgium

Abstract

The introduction sets the scene of the present paper, i.e. the extensive research works performed
at the university of Liege in order to derive acceptable calculation methods for the fire design of
concrete columns. It is explained that all previous works have been based on square or
rectangular cross sections, for which corner spalling was observed very often, whereas circular
section are nowadays becoming more and more popular.

In order to examine the influence of the circular shape on the behaviour under fire conditions, an
experimental research study has been performed recently at the University of Liege. This paper
describes the test procedure, the observations made and the values obtained for the fire resistance.
Theoretical methods have been developed for a quick, safe and efficient design of concrete
columns under fire conditions. These methods have been applied successfully to the recently

tested circular columns.

Key words: concrete, columns, fire resistance, fire tests, calculation method, spalling, circular

section.

1. Introduction

The behaviour of reinforced concrete columns under fire attack is generally satisfactory.
However, sudden spalling is sometimes observed; in such cases, failure may occur prematurely
and fire resistance may be reduced substantially. Despite this phenomena, concrete columns
must be properly and safely designed under fire conditions. Different approaches can be used in
order to design a concrete structure in case of fire:

e Experimental tests has been the first method to be used, but it is limited to simple elements,

and it is time consuming and expensive.



e Numerical modelling is nowadays the most sophisticated tool that is available.

e Simple calculation methods are necessary for application to most simple cases in everyday
practice.

In fact, the three approaches are related, not so much for their application, but certainly during

the creation of the different tools, see figure 1: numerical modelling relies on experimental tests

for validation, whereas simple calculation methods are based on the knowledge gained from

numerical modelling and are also supposed to yield results that are in good agreement with

experimental results.

It is not easy to simulate the behaviour of concrete structures under fire conditions, and moreover
consulting engineers do not always have the required kind of numerical tool at their disposal. In
order to proceed to a quick and efficient design, it is important to elaborate simplified methods
based on analytical formulations. These types of methods are also proposed in FIP-CEB
Recommendations and in the European prestandard ENV 1992-1-2 (Eurocode 2-1-2), but they
are more appropriate to beams and slabs than to columns.

This is why, in everyday practice, the design of simple concrete columns submitted to fire is
traditionally realised by using tabulated data. This procedure has been appearing for long in the
FIP/CEB Recommendations dealing with this matter (1). More recently the European
Commission for Standardisation (CEN) has published Eurocode 2-Part 1-2, in which various

tables of this type are proposed to the designers.

Several research studies have been performed in Belgium, and more particularly at the University
of Liege on the fire resistance of concrete columns. It has been quickly realized from
comparisons with results of experimental tests that the tabulated data proposed in ENV 1992-1-2

was not satisfactory and, furthermore, had a tendency to yield unsafe results, see Figure 2.

These research studies were thus undertaken in order to improve the calculation methods for the

design of concrete columns under fire situations.

In one of them (3) the main parameters affecting the behaviour of reinforced concrete columns at
elevated temperatures and their influence on the fire endurance have been examined. This

experimental study has been performed at the Universities of Liege and Ghent in Belgium.



As a result, two alternative simplified calculation methods were developed in Liege for the
determination of the fire resistance of column subjected to the standard ISO fire. To this
purpose, not only the test results from Liege and Ghent have been used (3), but also experimental
results from the Technical University of Braunschweig (4) and from the N.R.C. Fire Research
Station in Ottawa (5). These two methods are briefly described in (6), while the second (more

elaborate) one is developed in detail in (7).

Another experimental investigation has been subsequently performed at the University of Liege
on spalling of concrete columns (8,9). With this study and the experimental results obtained in
the preceding research works (3), it has been possible to derive conclusions regarding various

parameters influencing this phenomenon.

As a whole, 21 test results from N.R.C., 39 from Braunschweig, 24 from Ghent and 4 from Liege
were considered in these research works, i.e. a total of 88 test results on full scale columns. Yet,
all the preceding tests and studies have been made on columns with square or rectangular cross
sections. Due to the development of new types of framework, circular concrete columns are now
cheap and easy to build, and they are progressively more and more used. However very few tests

under fire conditions have been made on columns with this type of cross section.

In order to examine the influence of the circular shape on the behaviour of concrete columns at
elevated temperatures, an experimental study has been performed recently at the University of
Liege. The two main questions for which an answer was sought are:

1. Are the circular sections less prone to spalling, due to the fact that there is no corner in a
circular section and that corner spalling in the rectangular sections is usually the first
observed spalling?

2. Are the calculation methods that have been developed for rectangular sections still valid in
the case of circular section?

This paper describes first the elements tested, the experimental procedure and the observations
made during the tests. Conclusions are drawn regarding spalling phenomena and design methods

for circular concrete columns.

2. Experimental program



2.1 Description of specimens

Four columns with circular cross section (diameter 300 mm) and a length of 2100 mm have been
tested.

Two columns are reinforced with 6 ¢ 20 longitudinal bars ( Ad/A. = 2.67%) and two with 6 ¢ 12 (
AJA; = 0.96%). For each specimen the transversal reinforcement is realised with ¢ 8 circular
stirrups with a spacing of 100 mm until 400 mm from the supports, and a spacing of 200 mm in
the central part.

The concrete cover is ¢ = 30 mm on the stirrups and ¢ = 38 mm on the main bars, i.e. for the
longitudinal bars an axis distance a = 44 mm for ¢ 12 bars and a = 48 mm for ¢ 20 bars.

The material qualities are C 60 siliceous for concrete and S 500 for the steel reinforcing bars.

2.2. Experimental procedure
The columns have been tested in one of the furnaces of the Fire Test Laboratory. The length of

the columns was limited by the height of the furnace.

The concrete characteristics have been evaluated according to the Belgian standards. Quality C

60 was obtained without adding ultra fine particles.

Each column was simply supported at the ends, which give a slenderness of 28. The furnace is
provided with an external frame specially designed to apply forces. Specimens are loaded by
means of two double-effect (compressive and tensile) hydraulic jacks. Several thermocouples
were placed in each column before casting of concrete in order to measure the temperature

evolution.

The temperature in the furnace varied according to standard 1SO 834 (very similar to the ASTM
119). The elongation of the columns and the temperature in the thermocouples were recorded
every minute during the tests. The compression force was applied first and measured
continuously in order to check that its variation during the fire test was negligible. The column

aspect was examined basically every 15 minutes, unless spalling was noticed.

2.3. Test results



The test results are summarised in Tables 1 and 2.

3. Simplified calculation methods for design

As already mentioned two alternative simplified calculation methods have been developed.

The first one is a very simple model (6) which gives values well in agreement with experimental

results. Referring to the classification of EC2-1-2 (2), it can be considered as a level 1 method

(same as tabulated data). The basic equation is given hereafter.

R, - 120[Rf,,7+Rf,a+Fi;B+ Rf1b+Rf,nj“3 )
where

R, 83(1.00-7;) ns = Ngg/Ry )
R, = 160(a-30) , a = axis distance in mm (3)
R, = 9.60(5-L) , L = buckling length in m 4)
R, = 0.09b , b = Dimension of the section in mm (5)
R;, = 12 if more than 4 long. bars are present, 0 otherwise (6)

This method has been used to evaluate the fire resistance of the 4 circular columns. As can be
seen in Table 3, it gives values in good agreement with experimental results, though a little bit
too conservative. Figure 3 shows a graphic presentation of the comparison between results

obtained with this method and the experimental test results.

The second model is more elaborate (6) (7) and can be considered as a simplified calculation
method (level 11 according to EC2-1-2). This method has been applied to the 4 circular columns ;

the approach and the results are presented hereafter.

In this model, the ultimate load capacity of the heated column is expressed as a fraction of the

plastic crushing load of the section :



Nu(t) = %" (1) Na(®) @)

witht: time

A @ slenderness ratio at 20°C

Npi(t) is the plastic load of the section at time t :

Npi(t) = v(t) (Ba(t) N%i + B2 (t) Nw) (8)

with N°, the plastic load of the concrete core at 20°C,

N°qi the plastic load of the steel reinforced at 20°C.
B1(t) and B,(t) represent the diminution of the plastic loads with time.

y(t) is a function which takes into account spalling of concrete occurring at the beginning of the

fire :

y(t)=1-0.3t>0.85 9)

xMN()) is the buckling coefficient :

(™M) = %83 (10)
¢

(1) : buckling coefficient for an axial load

¢o(A) : non linear amplification term due to the eccentricity of the load.

When applying the values proposed in (7) to the circular columns it was observed that the
theoretical results were too conservative. The analysis of the discrepancies between theoretical

and experimental results led to the following considerations.



- Despite the particular shape of the columns, surface spalling was observed in the four tests,
see Figure 4. This means that the reduction coefficient y(t) of equation (3) taking account of
spalling should also be applied for circular columns.

- The calibration of equations (7) to (10) has been based on test results on columns with a
rectangular cross-section and with a length situated between 3 and 4 m for almost all the
elements. A new calibration for a length of approximately 2 m was realised. This led to the
following new formulation for the buckling coefficient ¢ (A) appearing in equation (10), the
amplification coefficient ¢(A) remaining unchanged. Figure 5 shows a graphic presentation

of equations (11) to (13)

7 =1 A <20 (11)
e i
7() =o.80.(2fj0'7[;°][ ) 70<) (13)

in which ¢ : concrete cover (to the longitudinal reinforcement)

In order to show the adequacy of this new formulation, the ratio N, (formula)/N, (test) has been
calculated for the 4 columns. N, (formula) is the maximum axial load according to the
theoretical formulation, and N, (test) is the load applied during the test. The fire resistance is the

one measured during the test.
It can be noticed that the new formulation leads to safe, though rather conservative, values for

design purposes, see table 4. Additional studies will be performed to examine whether a

particular formulation should be derived for Ny, equation (8), in case of circular columns.

4. Conclusions



1)

2)

3)

4)

5)

6)

Observations made during experiments show that surface spalling was noticed between 20
and 60 minutes of fire test. The circular shape of the cross-section does not prevent the
occurrence of this phenomenon.

No explosive spalling occurred with the high strength concrete C 60 used here.

This corroborates research studies made previously (7) (8) (10). This type of spalling is
essentially observed in concrete densified by means of ultra fine particles such as silica
fume.

The diameter of the longitudinal reinforcement ¢ 12 or ¢ 20 had no significant influence on
surface spalling.

Despite surface spalling phenomena, the values obtained for the fire resistance are relatively
high.

An increase of the load level leads to a significant decrease of the fire resistance.

Two simplified calculation procedures developed previously at the University of Liege have
been used to evaluate the ultimate capacity of the 4 columns at elevated temperature.

In order to take account of the short length of the specimens, a new formulation has been
proposed for the buckling coefficient used in the second method.

With this new formulation, both methods lead to acceptable and safe values for design

purposes.
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Table 1 : Load applied and fire resistance obtained for the 4 columns

Colum | Main Load Load applied Fire
reinforceme | applied | Design strength Ny | resistance
nt (KN) (min)

C1 6¢12 1260 |0.59 156

C2 6 ¢12 1770 |0.83 131

C3 6 ¢20 1450 0.57 187

C4 6 ¢20 1900 0.75 163

Table 2 : Main observations during the tests

Column | Time Observations
(min)
C1 25 sloughing off of concrete in many places of the external layer
C2 20 large cracks (mainly longitudinal)
29 sloughing off of concrete of almost the whole external layer
C3 34 large cracks at the bottom of the column
a few moments later sloughing off of concrete at the same
60 place
significant increase of the damage
C4 30 large cracks at the bottom of the column
a few moments later sloughing off of concrete at the same
38 place
significant increase of the damage

11



Table 3 : Fire resistance values (method 1)

Column Theoretical fire resistance R ma/Re test
Method 1 (min)

C1 126 0.81

C2 91 0.7

C3 141 0.76

C4 113 0.7

Table 4 : Comparison between theoretical (method 2) and experimental results

Column Ny (formula)/Ny(test)
C1 0.79

C2 0.65

C3 0.58

C4 0.5

12



Figure 1: relationship between the 3 approaches for design
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Figure 3: comparison between test and method 1
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Fig. 4: spalling in column C1 as observed after the test
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ABSTRACT

Flat slabs under fire
Redistribution of the internal forces and punching tests.

The German Research Association (Deutsche Forschungsgemeinschaft) has
sponsored 1990 - 1992 investigations on the behaviour of flat slabs under
fire, which have been carried out in the Institut fir Baustoffe, Massivbau
und Brandschutz of the Technical University of Braunschweig; the following
report demonstrates the results. The investigations show the re-
distributions of bending moments and column loads of flat slabs under fire
compared with the cold state and should clear the necessary capacity in
punching shear under fire as well. The redistribution of the internal for-
ces must be studied by finite-elements-calculations only; however, punching
has been investigated in 10 fire tests on slabs with dimensions usual in
practice. This tests link up with 4 tentative tests, which have been
carried out in the Special Research Department 148 "Behaviour of Structural

Members in Fire" in 1986.

A short report in German was published in Bautechnik 70 (1993), part 1l.

Key words: Flat slab, fire, internal forces, punching
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1 Distribution of internal
forces

Fire exposure intensifies the risk of
cracking and reduces the concrete
strength f, and also the modulus of
elasticity E.. High concrete stress
around points of support, in
particular at the fire-exposed
underside of the slab, in addition
reduce the flexural stiffness. It
remains to be clarified whether or
not any variations in the flexurat
stiffness need to be accounted for.
Numerical assessment, however,
suggests that local variations in
flexural stiffness only have a minor
influence on the distribution of
internal forces. As at nommal
temperature and design load
conditions already the flexural
stiffness has to be assumed to go
down in the cracked state to about
65% (1], the reduction coefficient
Bt = (EIN/EI), has to be expected
to be in the order of 0.25 in the
event of a fire.

Fire tests performed on
continuous bending elements in
reinforced concrete revealed that as
a result of the temperature-induced
moment of restraint due to [SO-
834 fire exposure the moment at
support rises within a period of 20
- 30 minutes until the top
reinforcement above the column,
which is affected: by the fire to a
much lesser degree, starts yielding.
This observation can be explained
by moment redistribution. The
ensuing yield moment remains
almost constant for another 10 to
15 minutes before it gradually
declines. Failure of the element
occurs after 90 minute [SO-834
fire exposure in the area of positive
bending moment in the span,
unless fire protection measures



beyond normal temperature design
have been taken for this area. It
should be noted that such
behaviour in the event of a fire
presupposes adequate ductility of
the column reinforcement and
rotation capacity of the column
cross section.

Primarily, the objective was to
render calculable that temperature-
induced moment of restraint My
that tends to change the moment
distribution  prevailing  under
design load conditions in the cold
state until the column
reinforcement starts yielding (Fig.
1). In evaluating tests on strips of
continuous reinforced-concrete
slabs, the difference in the moment
at support between M, at the
commencement of the fire test and
the measured yield moment was
used to infer the reduction in
stiffness Py and the linearized
temperature gradient AT [6]. From
temperature curves for reinforced-
concrete  slabs of different
thickness, obtained  through
measurement and calculation, the
linearized temperature gradients
were at least by approximation
determined for 30 minute ISO 834
fire exposure. The inherent scatter
is shown in Fig. 2.

It appears from Fig. 2 that for
reinforced-concrete slabs, about
20cm thick, ‘“the temperature
gradients AT given are still fairly
reliable, although clear deviations
remain possible. These would be
attributable to differences between
temperature readings and
calculation, or the actual concrete
moisture and the mineralogical
properties of the aggregates used.
Above and beyond  that
linearization of the temperature
gradient by necessity also implies a
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considerable degree of uncertainty
and remains somewhat arbitrary.
Uncertainty increases, the greater

the slab thickness.
The moments of restraint of
prestressed-concrete structures

were analysed in a similar way.
Table 1 lists the values By - AT
determined by approximation for
reinforced-concrete -+ and  pre-
stressed-concrete  slabs  (preten-
sioned, unbonded) together with
AT for a number of slab thick-
nesses.

Basically, values B 0.2 and
Br < 0.5 appear to be probable for
fire-exposed  reinforced-concrete
and prestressed-concrete  slabs,
respectively, as flexural members
of this kind will under the
conditions considered here always
be in a cracked state, where
prestress inevitably proves to have
a bracing effect.

The product By - AT = (El); x
AT/(EI), was used to determine the
temperature-induced moments of
restraint on the basis of the theory
of elasticity. Shown in Fig. 3 are
characteristic  results of the
bending moment distribution after
30 minute ISO-834 exposure for a
column strip and a field strip,
which were established for a flat
slab in reinforced concrete, 20 cm
thick, comprising 16 square bays
of 6.0m span. The detailed test
report includes a large number of
additional graphs for the moment
distributions  determined  for
different fire scenarios.

Obviously, the present study
cannot aim to present a
comprehensive and realistic picture
of how the internal forces will be
distributed in flat slabs in the event
of a fire, covering the period up to
the point when plastic hinges

[
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appear above the columns. For the
time being, the numerical basis
required for this purpose cannot be
defined  with the necessary
accuracy. The effects a fire will
have on the temperature-induced
moments of restraint and the
column loads - which essentially
are only determined by By - AT and
the column distance ratio I/l - can
hence only be assessed in an
approximative and global
approach.

The following conclusions
could be drawn:
~ The temperature-induced
moments of restraint remain
unaffected by the column distance
and are determined by oy - AT, fr
= Ji/]y and the square of the slab
thickness rather than the column
distance ratio 1,/l,. An estimate for
the temperature-induced moments
of restraint can be made with the
aid of expression

mxﬂmy-“-'-aT-BT-Ec-h:-AT/IO

for the slab strip 1 m wide. It goes
without saying that the boundary
conditions of the slab strip need to
be taken into account. Such an
approximative approach produces
an upper limit, for which the
lower deviation is generally not
found to be more than 15%. The
changes any deviations from the
edge ratios of a‘square slab field
produce remain within the limits of
accuracy that can be achieved by
this approximative approach [8].

— The reinforcement determined
from cold design of reinforced-
concrete slabs for column strips
within the area of negative
moments, and in particular for the
area above the points of support,
will also cover the temperature-
induced moments of restraint for



these areas in a fire. It should be
noted, however, that the areas of
negative moments will then extend
into the spans in a similar way as it
may be observed for linearly
supported continuous beam and
slab systems. The difference in the
case considered here is, however,
that areas of positive moments will
rarely be found to occur. It follows
that it is absolutely necessary to
provide the column strips with a
top continuous reinforcement
having a cross section which is at
least 20% of what has been found
to be required above the points of
support in the cold state.

Negative temperature-induced
moments of restraint also occur in
the internal strips within the span,
which also appear to call for a
minimum top reinforcement. Same
need, however, not be made an
absolute requirement as under
normal conditions negative
moments tend to occur within the
spans alone from the live loads
carried, which as a consequence
mean adequate top reinforcement
across the column strips, but also
in the span. Also, the in-plane
"disc compressive stresses” that
occur in the event of a fire will
raise the moment capacity.

- Flat slabs in prestressed
concrete reveal during the first
phase of a fire‘a clearly higher
flexural rigidity than slabs in
reinforced concrete. The
temperature-induced moments of
restraint rise to higher levels by
comparison and may after a shorter
fire exposure than is observed for
reinforced-concrete slabs produce
plastic hinges above points of
support. It is important to provide
within the spans a top steel
reinforcement, which may be weak



( 0.3%), relatively strong top
reinforcing steels being provided
near points of support. This is to
account for negative moments near
points of support also in the
situation of a tension member
returning to the bottom end of the
slab. The top-end continuous
minimum steel reinforcement to be
made a requirement for the column
strips should be designed for 20%
the numerically required total
tensile force above the columns.

A minimum continuous top
reinforcement provides flat slabs
with a substantial capacity margin,
in particular in a fire, as it allows a
tension membrane to form, once
the cross sections should fail due
to bending.

— Column loads increase
considerably under fire. For the
slab system considered here, with a
slab density of h = 20 cm, the load
was found to increase for the first
inside corner column by 70% of
the column load, composed of
dead weight + live load (g + p =10
kN/m®) (partial load factor y; =
1.0). Consideration was here given
to the fact that at normal
temperature this column has to
support a load from g + p which is
higher by about 25% than that for
any other inside column. The
increase in the load imposed was
found to be betwéen 20% and 45%
for the next inside columns of the
first row (running in parallel with a
free edge), and < 15% for all the
other columns. This column load
increase, substantial in some cases,
can be explained by the fact that
with, say, four adjacent spans
(corner slab, two adjacent edge
slabs and one inside slab)
subjected to partial fire attack,
same try to deflect towards the



fire-exposed side, which means
downwards, but are prevented
from doing so by the first inside
corner column so that the latter has
to absorb the above high additional
loads due to restraint.

2 Fire tests

To date, the data available on the
structural behaviour of supporting
areas of point-supported
reinforced-concrete  slabs  (flat
slabs) under fire are scarce. Fire
tests conducted (and evaluated) in
the period 1991/1993 were to cast
some light on the complex factors
influencing this problem.
Information is also available from
four tentative tests carried out
under the Special Research
Scheme 148 (SFB 148) in 1986
[5], and from investigations made
into the question of the
redistribution of internal forces [7].

2.1 Test procedure

Test objects were reinforced-
concrete  slabs  of identical
geometry, which differed,
however, in the reinforcement
pattern:

- slab dimensions 2.50 m x 2.50
mx 020 m

~ loaded circular section D = 2.20
m,r=1.10m

-~ central colu stub 0.25 m x
0.25mx040m

— graded top bending tension
reinforcement (in BSt 500/550):
low level of reinforcement =
0.564%

high level of reinforcement =
1.54 %

using slab designations P 0.5 and P
1.5, resp.

— Each reinforcement level did
either include or not include shear
reinforcement (slab designations



with stirrup / w/o stirrup, resp.),
which, to facilitate assembly, was
provided in the form of
continuously cranked stirrups (cf.
Fig. 4).

- At the time of testing, the
compressive  strength of the
concrete was f, = 33 to 51 N/mm?.
— At the time of testing, the slabs
were 88 to 178 days old, their
moisture content was however still
so high ( 4.0% by weight) that
liquid water covered the slab
surface during the test, which did
not evaporate until towards the end
of the test.

~ Temperature development in the
furnace  according to  ISO
temperature/time curve.

The 10 tests can be classified as
follows:

P0.5/ w/o stirrup - tests 1, 7, 9
P0.5 / with stirrup - tests 2, 10
shear reinforcement 4.52 cm?

P 1.5/ w/o stirrup - tests 3, 5, 6, 8
(with fire-resistant slab)

P1.5/ with stirrup - test 4

shear reinforcement 6.78 cm?

The SFB 148 tentative tests
used four reinforced-concrete
slabs, 150 mm thick, 1.75%
reinforcement  without  shear
reinforcement, but also with a
loaded circular area D = 2.2 m (f

38 N/mm?3).

The test set-up is shown in
Fig. 5. The test 1dad is applied by a
tubular-piston  jack positioned
above the load. frame. Load
transmission is by means of a
(heat-insulated) tension member,
which runs through a sheath inside
the specimen and is anchored to
the underside of the column stub.
The load frame serves to uniformly
transmit the force of the jack - via
16 radially arranged displaceable

-
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points of load application - to the
specimen.

Test evaluation started from
the following measured data:

— Analyses of additional
specimen to determine the material
properties of concrete and steel.

— Temperatures across the slab
Ccross section.

~ Specimen deflection under load,
both in the cold state and under fire
exposure.

— Steel strain within the bending
tension and shear reinforcement.

- Cracking and fracture line
pattern at the top of the slab and
within the slab cross section.

The test procedure was varied
to reflect the test objective. The
initial load was established to be
0.7 x Vgygy and 0.7 x Vg,
respectively (acc. to EC2, part 1,
1991) and was applied to the
specimen before commencing with
the fire test. The test procedure is
illustrated in Fig. 6.

2.2 Test results

From the many test data and
readings obtained, only some of
the main findings can be presented
here; they are listed in table 2. For
further information, reference is
made to the final report.

~ In all the 14 experiments, a
punching cone was found to form,
which however differed in the top
diameter (varying between 1.28
and 1.86 m for the slabs 20 cm
thick). The slab underside was
found to spall in tests 3, 4 and 7-
10, the spalling depth averaging
50 mm.

— The angle of the failure cone
averaged 32°,

— Cracking at the slab top
occurred already after loading in
the cold state with all the specimen
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that included shear reinforcement
(tests 2, 4, 10) and in test 7 (raised
initial load). This went along with
more intensive deflections and
higher steel strain values than was
observed with the specimen that
were subjected to a lower initial
load and did not have any shear
reinforcement. To enter the shear
reinforcement in the computation
at 100% the stirrup steel tensile
force, as is the case in EC2, Part 1,
was found to be too high an
assumption [2], [3].

— The loading level was raised
during the first 30 minutes with a
view to the expected redistribution
of internal forces in the event of a
fire. The risk of spalling intensified
as the loading level was increased
during the first phase of the test.
Application of a fire-resistant slab
in test 8 proved to be a successful
countermeasure.

= In fire tests 1 - 10 (slab
thickness h = 200 mm) deflections
were found to be directed against
the load action for the whole test
period. This means that the
thermally induced deformation
dominated, which was directed
downwards in the test. Although
the tentative tests A-D of SFB 148,
using slabs h = 150 mm thick, at
first revealed a  similar
deformation behaviour, the
direction of the: deflection was
reversed as from test minute 30,
after which it . followed the
direction of loading.’

- Intests 2,4, 7, and 10, the yield
limit of the bending tension
reinforcement was clearly
exceeded; in the remaining tests it
was not reached until towards the
end of the experiment.
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- Fig. 7 illustrates the rupture
loads, related to the design load
currently in use in Germany, Veat
and Vgq;, respectively (EC2, Part
I, 1993 with 4 = 1.2 - 0.09 .

€173 and Vi, = tqq - (1.6-d)(1.2

+ 0.4 p,%) - - d) [4]. Although
the limited number of experiments
made does not permit of any
statistical evaluation, tendencies
can still be made out. In tests 2, 4
and 10, the ratios entered consider
a reduced load-bearing component
of the shear reinforcement with
ZOSO-AN “fq -sina.

— According to EC2, Part 10 (now
ENV 1992-1-2), the fire resistance
time has to be determined for a
loading level of v = 1.0. This by
approximation corresponds to 0.7 -
Vsq or 0.7 - Vpy It is apparent
from Fig. 7 that the fracture loads
of the slabs 15 cm and 20 cm thick
were not lower than Vi, in the fire
test, which means that also column
loads increased as a result of
restraint under fire can be carried
atan order of 0.3 - Vg,
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Table 1 Stiffness in bending of flat slabs after 30 min ISO fire
Reinforced concrete slabs h P p 1) Br AT | 87 - AT

cm % 2 K K

20 0,5 - 0,20 180 36

1,5 - 0,23 40

30 0,5 - 0,20 130 26

1,5 - 0,23 30

Prestressed-concrete slabs 222) 1,02 0,68 | 0,68 170 114
(0,27)

35 0,3 0,43 | 0,20 110 54
(0,16)

1) related to reinforcing steel content with ¢

Section 4.3.4.5; in brackets Ap/AC in %.

cp/fyd and Oep = Ncp/Ac to EC,

2) Very high degree of reinforcing and prestressing steel by comparison

Table 2: Results of the fire tests-summary

Number of test 1 bl 3 4 (4 s b4 s 9 10 A ] c o]
Matecal prop. [, cyaqg  Nma¥' | 55 55 61 61 42 a2 =} 63 3 53 -47 -45
le Nmme | 45 45 51 51 13 3 53 53 2] L] 39 39 37 37
Teo ) Nmm* | 0.38 038 040 040 035 035 041 041 038 038 037 037 036 0.36
te N/ma? as as
Longd.rewn. % 056 0.6 1.54 1,54 1,54 1,54 056 154 056 056 175 175 1.75 1,75
Shear renf, A_, e’ - 4,52 - 8.78 - B - - . 452 - - - .
Effect, haight mm d. = 167 d.= 120
Critical perimeter mm U, = 2575 U, =2130
Column cross sec. mm 2507250 250250
Ciam. falurs cone m 1,35 1.51 1,86 1.85 1,38 1,38 1,70 1.52 130 1,45
Vaor kN 334 134 448 448 392 392 360 460 4 134 264 284 260 260
Shear renf. ™) kN 98 - 148 - - - - . 98 . . .
Ve *Vegt * Ve kN 334 432 448 536 392 152 360 460 134 432 264 264 260 260
Ouration of test min 120 120 27 17 90 50 29 10 90 22 14 ] 180™) 92™)
Initial load kN 229 372 330 520 232 218 404 134 227 359 287 287 260 160
Failure load Vy, kN 492 475 550 810 386 380 S00 568 410 460 345 360  »»250 »»260
VirVae - 1,48 1,10 1.23 136 099 097 1.39 123 1.2 1,07 1.31 137 »10 »1,0
*) Tpp = 1,2 - 0,09 . f /3
**) 20,50 - Ag, fyq - sina

***) Test finalized before failure
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Explanation:
(1 Dh‘qnm of bending moments for the actons in ¢ fire situston et ¢ = O
(2) Envelop ne of acting bending moments to be risisted by tansile

reinforcement according to ENV 1992-1-1
Q Dhm of bending momaents In fire conditons . . L.

Fig. 1. Moment redistribution in a continuous concrete beam under fire

until yielding in the upper reinforcement over the middle support



h=35¢m = Temperaturverlauf gemassen
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Fig. 2. Linear temperature gradients after 30 min ISO-fire
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M echanical behaviour of HPC at high temperature

Pierre PIMIENTA, |zabela HAGER
ABSTRACT

This paper describes results of an experimental program carried out by the Centre
Scientifique et Technique du Batiment within the framework of the French National
Project BHP 2000. Compression tests were carried out at high temperature (120, 250,
400 and 600 °C) on normal strength concrete and three high performance concretes
(HPC). Samples were heated until test temperature at a heating rate of 1°C/min. 104
mm Xx 320 mm cylindrical specimens were equipped with a deformation measure
device alowing determining stress/strain curves. The relative compressive strength of
the 3 HPC at the different temperatures were, either in good agreement, or, in certain
cases, lower than those determined on HPC by Diederichs and a and Castillo and
Durrani. Modulus of elasticity determined on the 3 HPC decreased regularly from
20 °Cto 600 °C.

1. Introduction

The numerous researches carried out on High Performances Concretes (HPC)
allowed, during these last years, an important development of the use of this new
material. Main properties of the HPC are well known today. This is not however the
case for their properties at high temperatures. Indeed, even if numerous research data
are available, results are often contradictory and unexplained. One of the weak points
of the material isits hazard of spalling.

We present in this paper the results of an experimental program carried out by the
Centre Scientifique et Technique du Batiment within the framework of the French
National Project BHP 2000. Our experimental procedure was based on RILEM
recommendation [1]. Compression tests were carried out at 120, 250, 400 and 600 °C
on normal strength concrete and three high performance concretes (HPC). They were
carried out at high temperature and not after cooling. Compressive strength and
modulus of elasticity were deduced from stress/strain curves. Results were compared
with those determined within the framework of two researches, which were realised
on HPC by Diederichs and al [2] and Castillo and Durrani [3].

More complete information on the main physical mechanisms and chemical reactions
within the cement paste and the aggregates that could be at the origin of the observed
behaviour at different temperature can be foundin[2, 4, 5].

Pierre PIMIENTA, Centre Scientifique et Technique du Batiment, France
Izabela HAGER, Centre Scientifigue et Technique du Béatiment, France and Ecole
Polytechnique of Cracow, Poland
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2. Mix proportions

Four concrete compositions were tested: M30C, M75C, M75SC, M100C. The number
indicates the expected average strength of concrete. C and SC indicate the nature of
aggregates. respectively calcareous and silico-calcareous. Tests on concretes M75C
and M75SC aimed to determine the influence of nature of aggregates

The mix proportions of M30C, M75SC, M75C and M100C are given in the table 1.
Cement paste content of M75SC was higher to that of M75C in order that M75SC
strength be equivalent to that of M75C. M75C and M100C were designed for the
French National Project BHP 2000.

Materials (kg/m®) M30C M75C M75SC | M100C
Cement CEM | 52,5 PM CP of St Vigor 360 450 377
Cement CEM 11 325R (L) 350

Boulonnais cal careous sand 0/5 401 442 439
River Seine sand 0/4 401 435 432
Boulonnais cal careous aggregate 5/12,5 514 465 438
Boulonnais Cal careous Aggregate 12,5/20 514 579 561
Bouaffles silico-cal careous sand 0/5 615

LaBrosse silico-cal careous aggregate 5/12,5 726

La Brosse silico-cal careous aggregate 12,5/25 504

Densified silica Fume (DM) 22 45.1 37.8
GT Superplasticizer from Chryso 9 12.25 125
Retarding Chystard from Chryzo 25 31 2.6
Water 181 136 148 124
water/(cement + SF) ratio 52 % 36 % 30 % 30 %

Table 1: Mix proportions

3. Testing procedure

As written before, our experimental procedure was based on RILEM recommendation
[1]. Compression tests were carried out on heated samples. Samples were tested non
sealed and were not submitted to preliminary load. Test temperatures were 20 °C, 120
°C, 250 °C, 400°C and 600 °C. 3 cylinders were tested at each temperature.
Compressive strength on 28 days water cured samples were determined on
160 mm x 320 mm cylinders.

Izabela HAGER, Centre Scientifigue et Technique du Batiment, France and Ecole
Polytechnique of Cracow, Poland
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Test specimens consisted of 104 mm x 320 mm cylinders. The size of test specimens
isthe result of acompromise. Size must be important enough in order that the material
homogeneity can be acceptable. This must, in particular, be connected with the
maximal size of aggregates (here 20 and 25 mm). In another hand, a too important
cylinder size can lead to too high temperature and moisture heterogeneity during the
heating of samples. In order to reduce this heterogeneity, heating rate was chosen low:
1°C/min. The length/diameter ratio is equal to 3 and not 2 as usual. Indeed, the contact
with the compression apparatus platens tends to cool the end of test cylinder.
Length/diameter ratio is then increased in order that the central area of samples is
longer.

Specimens were demoulded 2 days after casting, then cured in waterproof bags during
5 days a 20°C + 2 °C. They were then stored in a climate room (20°C + 2 °C/ RH
50% £ 5 %). Age of specimens at the time of the tests was between 125 and 335 days.
During the period of drying, the surfaces of test cylinders were ground. For each
concrete, the moisture content was determined on other similar samples by drying
them at 105°C until mass stabilisation. The determined moisture contents were the
following: M30C: 2,4%, M75C: 2,8%; M75SC: 3,2%; M100C: 2,8%.

Test specimens were heated in an electric oven at 1°C/min. After reaching desired
temperature, stabilisation length was the following: 2 hours (tests at 120 °C) and 1
hour (tests at 250, 400 and 600 °C). Specimens were then removed from the oven,
wrapped with ceramic fibre insulator and then equipped with a deformation measure
device allowing determining the deformation in the central area of the cylinders. The
specimens were surrounded by two rings 10 cm from each other. The rings were
connected to the samples by 3 stedl points. 3 transducers located at 120 degrees
measured the relative displacement of the rings.

The evolution of temperature fields between the removal of the oven and the end of
the compression test was measured on samples equipped wit K thermocouples.
Decline of temperature was considered low enough.

4., RESULTSOF THE TEST AND DISCUSSION

4.1 Stress/deformation curves

Determined stress - strain curves at the different temperatures on the 4 concretes are
plotted in Fig. 1. We can observe, and this is an important result, that the 3 curves
determined at each temperature and for each concrete present a weak dispersion. This
result allows checking that test procedures can be reproduced.

From this results we determined the evolution of compressive strength and modulus of
elasticity. These results are analysed hereafter.

Izabela HAGER, Centre Scientifigue et Technique du Batiment, France and Ecole
Polytechnique of Cracow, Poland
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Fig. 1. Stress — strain curves of the concrete M30C, M75C, M75SC and M100C at different
temperatures

4.2 Compressivestrength

Compressive strength results are listed in Table 2. Relative compressive strengths are
listed between brackets. Mean values are written in bolt police.

28 days water cured 160 x 320 mm cylinders and air cured 104 x 320 mm cylinders
tested at 20 °C compressive strength present some discrepancies. However age,
samples dimension and cure condition are different and should explain this difference.
28 days water cured 160 x 320 mm cylinders are higher to the expected nominal
values. The compressive strengths of M75C are respectively for example equal to 107
MPa (160 x 320mm) and 100 MPa (104 x 320 mm). However, we decided to maintain
the designation adopted by the French National Project BHP 2000. Compressive
strengths difference between the two concretes M75C and M75SC is equal to 10 MPa.
Although this difference is not unimportant, the influence of the nature of aggregates
on the behaviour of the HPC will be discussed on the basis of the results obtained on
these 2 concretes.

The evolutions of the mean values of the relative compressive strength are plotted
versus temperature in Fig. 2. Results obtained by Diederichs and al [2] and Castillo
and Durrani. [3] are plotted too. As in the present study, tests presented by these
authors were carried out at elevated temperature and not after cooling.

Izabela HAGER, Centre Scientifigue et Technique du Batiment, France and Ecole
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28 days water Compressive strength (MPa) and relative strength (%) (between brackets)
cured strength
(MPa) T=20°C T=120°C T =250°C T =400°C T =600°C
M30C 37.3 41.7 27.6(70,2) 32.5(82,8) 29.8 (75,9) 12.4(31,5)
37.9 384 28.7 (73,2) 33.2(84,6) 32.6(83,1) 12.4(31,5)
36.4 37.7 26.5 (67,5) 33.1(84,3) 31.1(79,2) 13.3(33,9)
37.2 39.3 27.6 (70,3 32.9(83,9) 31.2(79,4) 12.7 (32,3)
M75C 1114 96.7 77.7 (77,9) 75.4 (75,6) 41.6 (41,7) 36.4 (36,5)
105.3 102.9 78.6 (78,7) 80.0 (80,2) 41.3(417) 34.3(34,49)
103.7 99.6 77.1(77,3) 84.9 (85,1) 40.2 (40,3) 32.3(32,3)
106.8 99.8 77.8 (78,0) 80.1(80,3) 41.1 (41,2 34.3(34,4)
M75SC 87.6 93.7 76.7 (85,8) 63.4 (83,1) 32.4(42,5) 6.3(8,3)
94.8 79.9 75.8 (84,8) 69.1 (90,6) 33.9(44,9) 7.4(9,7)
94.2 94.7 76.3 (85,3) 66.1 (86,7) 34.9 (45,8)
92.2 89.4 76.3 (85,3) 66.2 (86,8) 33.7 (44,2) 6.9 (9,0)
M100C 112.0 1194 96.7 (80,1) 68.4 (56,7) 78.9 (65,4) 37.1(30,7)
112.0 119.0 88.6 (73,4) 75.3 (62,3) 82.6 (68,4) 33.6 (27,8)
1145 123.8 87.0(72,1) 75.5 (62,5) 80.9 (67,0) 36.0(29,9)
112.8 120.7 90.8 (75,2) 73.1(60,5) 80.8 (66,9) 35.6 (29,5)

Table 2: compressive strength and relative compressive strength (between brackets) at
different temperatures

- m- M30C
120 + _ _ —&—M75C
ya ﬁ%:\\\ %astlllo et Durrani, 1990

—&— M75SC

—&— M100C

--x--fcm =91 MPa -
Fly ash

--x--fcm = 85 MPa -
Blast furnace slag

--+--fcm = 106 MPa -
Silica fume

—& -fcm =31 MPa
without load

0 | } | i —a- -fcm = 63 MPa

0 200 400 600 800 1000 without load
—oe- -fcm = 89 MPa with
Température (°C) load

ch/fc20°C (%)

Fig.2: relative compressive strength vs. temperature

Izabela HAGER, Centre Scientifigue et Technique du Batiment, France and Ecole
Polytechnique of Cracow, Poland



6th International Symposium on High Strength / High Performance Concrete

A general observation of Fig. 2 shows that the relative strength determined on the 3
HPC are in rather good agreement with those obtained by by Diederichs and a [2].
They are generally lower than those determined by Castillo and Durrani [3].

At 120 °C, the relative strength of the 3 concretes M30C, M75C and M100C
containing calcareous aggregates are between 70 and 80 %. Relative strength of
M75SC is equal to 85 %. These values are lower than those generally observed on
normal strength concretes. At this temperature, codes, as the French "Document
Technique Unifie", consider that relative strength is equal to 100 %. However,
different authors observed that concrete can present a minimum in strength at 80 —
100 °C. This behaviour is attributed to the role of warmer, less viscous and dilated
evaporable water (Khoury, [5]). Vaues determined at 120 °C on the 3 HPC are in
good agreement with those obtained by Diederichs and a [2] and Castillo and Durrani
[3]. These authors proposed several mechanisms that could explain the weakest
relative strength of HPC. Diederichs and al suggested, for example, that their lower
stress difference between cement paste and aggregates and their higher vapour
pressure at this temperature could reduce the relative strength of HPC.

The influence of the aggregate nature on the strength of the 2 concretes M75C and
M75SC is little significant. At 120 °C, only differences of aggregates thermal
deformation and bonding between aggregates and cement paste should be able to
explain mechanical behaviour differences between these two concretes.

At 250 °C free water (not chemically bounded) is removed from the material. At this
temperature, we can observe that relative strength of M30C, M75C and M75SC are
very closed from each others (between 80 and 90 %). These values are lower than that
considered by codes for normal strength concrete. For example, French "Document
Technique Unifie", considers that relative strength is equal to 100 % until 250 °C.
However values between 80 and 90 % have been obtained on normal strength
concrete. The obtained values on these 3 concretes are in rather good agreement with
those obtained by Castillo and Durrani.

Tests on normal strength concrete and HPC at temperatures higher than 350°C show
that strength generally decrease regularly to reach approximately 20 % at 850 °C.
Many reasons can be at the origin of this decrease: chemical reactions, differential
deformation between cement paste and aggregates, decrease of cement paste and
aggregates bonding, cracks development, porosity increase, etc [2, 3, 4, 5]. At 400 °C,
strength determined on the 3 HPC are lower than that determined on M30C. The last
ones are in good agreement with those considered by codes. Relative strength of
M100C increases between 250 °C to 400 °C. As at 250 °C, it is in rather good
agreement with the result obtained by Diederichs and a on the 106 MPa HPC. The
relative strengths of M75C and M75SC drop to 40 - 45 %. Therefore, at 250 and 400
°C, the relative strength of the 2 HPC do not seem sensitive to the nature of the
calcareous and silico-cal careous aggregates.

Izabela HAGER, Centre Scientifigue et Technique du Batiment, France and Ecole
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At 600 °C, the relative compressive strengths of 3 concretes containing calcareous
aggregates M30C, M75C and M100C, converge to 30 - 35 %. These vaues are
dightly lower than those obtained by Diederichs and a. Samples of M75SC
containing silico-calcareous aggregates were already cracked at the exit of the oven
and before compression test. This behaviour is certainly due to the cleaving of flint
rocks contained in these aggregates. Relative compressive strength of M75SC is very
low (< 10 %).

4.3 Modulus of elasticity

The modulus of elasticity were determined by calculating the slopes between the
origin and the points corresponding to: 500um/m (20, 120, 250°C), 1000pum/m
(400°C) and 4000um/m (600°C). Results are listed in Table 3. Relative modulus of
elasticity is listed between brackets. Mean values are written in bolt police. The
evolutions of the mean values of the relative modulus of elasticity are plotted versus
temperature in Fig. 3. Results obtained by Diederichs and al and Castillo and Durrani
are plotted too.

Results show that modulus of elasticity of our 4 concretes decrease continuously from
20 C to 600 °C. Vaues at 600 °C are lower or equa to 15 %. M75SC present the
smaller value (lower than 2 %).

Obtained values are again in rather good agreement with those determined by
Diederichsand al.

Modulus of elasticity (GPa) and relative modulus of elasticity (%) (between

brackets)
T=20°C T =120°C T =250°C T =400°C T =600°C
M30C 33.6 26.8 (74) 16.8 (47) 13.5(37) 25.6 (7)
42.7 24.0 (67) 22.5(62) 10.0 (28) 23.7(7)
31.9 22.4 (62) 18.0 (50) 13.3(37) 30.4 (8)
36.1 24.4 (68) 19.1 (53) 12.3(34) 26.6 (7.4)
M75C 48.3 40.7 (86) 33.8(71) 9.4 (20) 7.3 (15)
49.8 38.2 (80) 31.5 (66) 9.0 (19) 6.6 (14)
443 39.6 (83) 31.7 (67) 10.1(21) 6.3 (13)
47.5 39.5 (83) 32.3(68) 9.5 (20) 6.8 (14.2)
M75SC 45.0 34.0 (70) 23.1(47) 6.9 (14) 0.6(1)
4.1 37.7(77) 21.5(44) 9.4 (19) 0.8(2)
534 38.1(78) 22.0 (45) 8.5(17)
48.8 36.6 (75) 22.2 (45) 8.3(17) 0.7 (1.4)
M100C 52.2 41.2 (81) 33.9(67) 26.9 (53) 7.3(14)
50.5 41.4 (81) 32.5 (64) 27.1(53) 7.3(14)
49.8 41.9(82) 33.8 (66) 26.4 (52) 8.1 (16)
50.8 41.5(82) 33.4 (66) 26.8 (53) 7.6 (15)

Izabela HAGER, Centre Scientifigue et Technique du Batiment, France and Ecole
Polytechnique of Cracow, Poland
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Table 3: modulus of elasticity and relative modulus of elasticity (between brackets) at
different temperatures
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Fig.3: relative modulus of elasticity vs. temperature

5. Conclusions

Compression test have been carried out on 3 HPC and a normal strength concrete at
120, 250, 400 and 600 °C. Tests have been carried out on the bases of the RILEM
recommendations. We observed that the 3 curves determined at each temperature and
for each concrete present a weak. Relative compressive strength and modulus of
elasticity of the 3 HPC at the different temperatures are in rather good agreement with
those determined by Diederichs and al. They are generally lower than those
determined by Castillo and Durrani. Relative strength are generally lower than that
considered for normal strength concrete in codes like the French "Document
Technique Unifie".

Refer ences

[1] RILEM. Compressive strength for service and accident conditions. Materials
and structures. 28, p.410-414. 1995.

Izabela HAGER, Centre Scientifigue et Technique du Batiment, France and Ecole
Polytechnique of Cracow, Poland



6th International Symposium on High Strength / High Performance Concrete

[2] DIEDERICHS U., JUMPPANEN U. M. AND PENTALLA V. 1992.
Behaviour of high strength concrete at elevated temperatures. Espoo 1989.
Helsinki University of Technology, Department of structural Engineering,
Report 92 p 72.

[3] CASTILLO C. ET DURRANI A. J 1990. Effect of transient high
temperature on high-strength concrete. ACI Materials Journal. Jan-Feb 1990,
pp 47-53.

[4] JAHREN P.A. 1989. Fire resistance of high strength/dense concrete with
particular reference to the use of condensed silica fume - A review. Proc. of
Trondheim (Norway) 1989 Conference, pp 1013-1049.

[9] KHOURY G.A. 1992. Compressive strength of concrete at high
temperatures. a reassessment. Magazine of Concrete Research. 44, n° 161, pp
291-309.

Izabela HAGER, Centre Scientifigue et Technique du Batiment, France and Ecole
Polytechnique of Cracow, Poland



BDA 6.2 CEN/TC 250/SC 2/PT 1-2 Doc N 171

TUNNEL
FIRE
SAFETY

Kees Both
TNO, the Netherlands

SUMMARY

In forthcoming years, public and private transport in Europe requires large investments in
infra-structural works. A significant part of the infra-structural works will consist of tunnels
and other underground structures. Such structures have specific safety aspects. The safety of
underground structures like tunnels, is a point of increasing concern, both in Europe and
elsewhere.

Main reason is the increasing road and rail traffic and increasing tunnel lengths. New
innovative safety measures have to be defined to avoid an increasing incident frequency in
tunnels and to avoid increasing consequences of the incidents both in terms of causalities and
material damage, including traffic obstruction.

This paper briefly reviews the various aspects involved in the assessment of the structural
integrity. Results of extensive research into three major infra-structural works are be
presented: the fire safety of the tunnels in the High Speed Link, Betuweroute and the Western
Scheld tunnel in the Netherlands. The results incorporate full scale fire tests investigating the
structural integrity of high strength concrete tunnel linings.

INTRODUCTION

In the Netherlands, a large number of tunnel projects is currently being undertaken, a.o. (1)
the Betuweroute, (2) the High Speed Link and (3) the Westerschelde tunnel.

Ad (1) The Betuweroute is a 160 km double track freight railway linking the Port of

Rotterdam directly to the European hinterland .

Tunnels and covering (to a total of 20 km) include:

- Botlek: double bore 1.9 km tunnel

- Barendrecht covering: 1.5 km long covering both the tracks of the Betuweroute and
the High Speed Line - a total of nine tracks

- Pannerdensche Canal Tunnel

- Sophia rail tunnel: double bore 7.8 km tunnel

Ad (2) In the High Speed Link from Amsterdam to Paris, the Dutch track has a large amount
of civil engineering constructions covering tunnels, bridges and viaducts. The most important
tunnel is the Green Hart tunnel: a single bore 15 m diameter 8km long tunnel °.



Ad (3) The Westerschelde tunnel is a double bore 6.5 km long tunnel. Every 250 m, a
connecting tunnel provides access from one tube to the other °.

Besides these tunnel projects, bored subway tunnels and stations are planned in Amsterdam
(North-South Line) and a rail system connecting major cities in the Western urban area
(Randstad Rail). Also south of Rotterdam, the Benelux tunnel crossing is extended with an
second immersed tunnel, comprising a separate road and subway section.

A key issue is that sections of the above tunnels were to be constructed in water bearing soil,
and the survivability of the tunnel linings with regard to their structural integrity following a
potential severe fire, was of particular concern.

In the Netherlands, traditionally, tunnels were of the immersed type. The (normal weight)
concrete quality for these types of tunnels is rather low (strength class up to C30). In the
event of a fire, passive fire protection is applied on the roofs of the tunnel, extended to 1.0m
over the walls. The main purpose of the passive fire protection is to limit the temperature rise
of the (sagging) reinforcement in the roof, and thus prevent the premature collapse of the roof
(development of a sagging plastic moment) and -as a consequence- leakage of the tunnel.
This is schematically illustrated in Figure 1. Note that the walls are largely unprotected. The
reason is that wall-reinforcement needs no or very little protection in thick walls.

Bending moments Sapging 9! astic momen.
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Figure 1 Protection of roofs and upper parts of the walls of immersed tunnels to limit
the probability of structural collapse of the roofs in the case of fire.

Recently, another tunnelling technique is becoming popular in the Netherlands: bored
tunnelling. Up to now, these tunnels are designed with segmented reinforced concrete linings.
The reinforcement in the segments mainly functions during handling and during boring (jack
pressures). After completion, the reinforcement in the segments is in fact obsolete; at least,
the reinforcement is not there to take tension forces in sagging moment regions, because the
concrete will be in compression (in ring direction). Another difference with respect to
immersed tunnelling is that higher concrete strength classes are commonly applied (C50 and
beyond). It is well known that -generally speaking- high strength concrete is more prone to
so-called thermal spalling. Under thermal spalling is understood the sudden explosive
disintegration of fire exposed concrete. Thermal spalling can be attributed to the combination
of moisture clogging and stress clogging inside the concrete. The main function of the
passive fire protection is therefore -only- to prevent explosive concrete spalling.



The behaviour of concrete under fire exposure is determined by the properties of the
aggregates and the cement matrix, its moisture content, pore structure and loading, in addition
to the rate of heating and maximum temperatures attained.

The occurrence of thermal spalling depends on several factors, such as:

- the temperature development at the exposed side and consequently the occurrence of
thermal stresses due to (partial) restraint of thermal expansion;

- external forces leading to (compressive) stresses in the concrete element;

- concrete composition and material properties (permeability, porosity, thermal
expansion coefficients of its constituents, thermal conductivity, specific heat,
compressive strength, fracture energy, etc.), as well as the (free) moisture contents
(important in this respect are therefore also the compaction and curing conditions).

The above indicates that in general the concrete cube or cylinder strength determined 28 days
after concrete casting has only little direct relation to the sensitivity of the concrete to thermal
spalling.

For the assessment of the damage level due to thermal spalling for concrete tunnel linings
which in service life may be exposed to severe fires, up to now, no adequate design guidance
is at hand. In some tunnel projects, limitations are given to the concrete cube or cylinder
strength, but as mentioned above that is only a (small) part of the story. Consequently,
experiments are needed to approve certain solutions.

Mitigating measures against spalling focus at the first and latter influencing factors indicated
above. In this paper, the results are described of recent full scale fire tests. In section 2,
mitigating measures aiming at reducing the heat flow into the tunnel lining are discussed. In
section 3, mitigating measures aiming at improving the lining resistance to spalling are
described. Conclusions are presented in section 4.

THERMAL INSULATION OF THE TUNNEL LINING
Thermal

As mentioned earlier, most tunnels in the Netherlands were of the immersed type. In most
cases, thermal insulation was provided by placing a board type material inside the formwork,
prior to concrete casting of the tunnel. In road tunnels through which hazardous goods may
be transported (except for e.g. LPG), the Dutch Ministry of Transport requires the structural
integrity to be assessed on the basis of a severe 2 hour hydro-carbon fire, with maximum
temperatures reaching 1350 °C (the so-called RWS fire).

The Dutch Ministry of Transport had commissioned to TNO to investigate the effect of the
moisture content in the concrete of typical Dutch immersed tunnel concrete (340 kg/m® CEM
IIT; river gravel aggregate; wcf 0.5) on the sensitivity to thermal spalling, under RWS fire
conditions. Fire tests on unloaded concrete slabs, protected with 27 mm calcium silicate
board (Promatect-H) indicated that with relatively high moisture content in the concrete
(some 6% by weight), in combination with low moisture content in the insulation material
(some 3% by weight), no spalling occurred *. Previous tentative research on test specimens
cannibalised from existing tunnels in the Netherlands in the winter time, as well as laboratory



tests indicated that the equilibrium moisture content of typical insulation materials is in the
order of magnitude of 4-5 % by weight °.

For the Westerschelde tunnel, the tunnel lining is made of -relatively- high strength concrete
segments (C50-60; the concrete mix comprised CEM I (310 kg/m®), river gravel (Rheinkies)
and 80 kg/m’ fly ash; wef 0.36) with a thickness of 0.45 m and a width of 2 m. The tubes
have a diameter of some 11 m. The tunnel is to be designed such that it can withstand the
effects of the RWS fire, since it is open for the transportation of hazardous goods. RWS fire
tests were conducted on full scale loaded segments. The loading, representative for the
ground- and water pressure after completion of the tunnel, is applied by means of an internal
pre-stressing system such that an overall uniform compressive stress (in ring direction) of
some 12 N/mm? is achieved °. Results of the tests on protected tunnel segments are presented
in Figure 2, in terms of measured concrete surface temperatures. The results of three tests are
presented: with 23, 27 and 44 mm of calcium silicate board material (Promatect-H). Thermal
spalling is indicated by the sudden sharp increase in temperatures; it occurred after some 30,
60 and 119 minutes of fire exposure. The later the onset of spalling, the more violent it
appeared to be; also the thickness of the first pieces of concrete that spalled seemed to
increase as the onset of spalling occurred in later stages of the fire.
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Figure 2 Results of RWS fire tests in terms of measured concrete surface temperatures:

influence of board thickness.

From this Figure it becomes apparent that for the investigated cases, thermal spalling already
occurs at temperature levels at the concrete surface ranging from some 160-220 °C. Note that
the moisture contents of the concrete were some 4% by weight and for the board some 3% by
weight.

The relevance of the moisture content in the insulation material was demonstrated in a fourth
fire test for the Westerschelde tunnel project, on a similar loaded tunnel segment, protected
with 51 mm layer of a cementitious vermiculite spray mortar (Fendolite MII). The moisture
content was some 18% by weight. Apart from the insulation system, the test specimens and
test arrangement was equal to the “Promatect-H” tests. Due to the unrealistically high
moisture content in the insulation material °, temperatures at the concrete surface did not rise
above 100 °C within 2 hours of RWS fire exposure. After that period, temperatures gradually



increased up to nearly 300 °C during additional 3 hours of heating at 1200 °C, without any
spalling ’. Apparently the thermal gradients and heating rates in the concrete remained below
critical levels.

Additional fire tests were performed with lower moisture contents in the Fendolite (some 4%
by weight). Three tests, with a test arrangement identical to the “Promatact-H” tests, were
performed: one with 42 mm and two with 45 mm. In the test with 42 mm, violent thermal
spalling occurred after 170 minutes of fire exposure ¥ Due to the scatter in results, it is
however extremely difficult to make conclusions about critical combinations of heating rate,
thermal gradient and actual temperature level at the concrete surface, for this particular
concrete and the applied external loading conditions. It is even more difficult to extrapolate to
other concretes and other loading conditions and tunnel segment geometries.

Therefore, the Dutch Ministry of Transport also

commissioned TNO to investigate the above
mentioned assumption that the walls of immersed
tunnels could be unprotected. For that purpose, a
model was made of a part (2x2x0.8m) of an

external wall of an immersed tunnel. The upper part

of the test specimen (700 mm) was protected with Q&

Promatect-H (27 mm). External loading in
compression was applied to a level of 10 MPa.

700

Promatect-H (27 mm)

100

During the test on the loaded test specimen, no
significant spalling occurred, only superficial
damage occurred in the unprotected area.

1200

The test underscores ° that the hypothesis of
unprotected walls (with the Dutch immersed tunnel
concrete!) is justified; i.e. the structural integrity of
the walls is not seriously affected in RWS fire
conditions.

Figure 3 Test arrangement for wall of
an immersed tunnel.

Effect of anchors

Anchorage systems used to suspend e.g. ventilators from the crown of the tunnel may cause
problems. It is beyond the scope of this paper to address the failure mechanisms of the
anchorage systems. However, in this paper, the adverse effect of the “heat leakage” into the
concrete is discussed. It was found during tests for the Westerschelde tunnel that a
sufficiently large heat leakage could invoke thermal spalling, despite the protection of the
concrete surface with an insulation system. The separate fire tests were performed on loaded
tunnel segments of running dimensions, under RWS fire conditions (for concrete mix details
and the test arrangements and loading conditions, refer to the above mentioned “Promatect-
H” tests). The tunnel segments were protected with 45 mm Fendolite MII (moisture content
some 4% by weight); the anchorage systems were loaded to a realistic level at the onset of the
fire tests, with a view to create realistic boundary conditions. The research is ongoing, but
already revealed that for the investigated cases, anchorage systems with unprotected single
MS8 and M10 bolts, protruding the Fendolite MII, the risk of thermal spalling did not
significantly increase. However in the case of an anchorage system based on M 16 bolts and a



partly unprotected T- or L-steel plate (for suspension of ventilators), thermal spalling,
reducing the structural integrity to an unwanted level, may indeed occur. Research is now
focussing on improvement of the ventilator anchorage system, a.o. by reducing the area of
unprotected steel. To that end, 3D FEM simulations were made to optimise the anchorage
system with respect to heat leakage '*''. Some typical results are plotted in Figure 4. In that
Figure, the temperature distribution after 2 hours of fire exposure for the bolt (for practical
reasons modelled as a square bolt) and the steel T-plate are plotted.
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Figure 4 FEM simulation of penetration of heat via steel plate and M 16 bolt.
Sprinkler ??

In the Betuwe route, the safety concept prepared by the Dutch Ministry of Internal Affairs,
prescribes a sprinkler system in the tunnels to be built. TNO was asked to prepare indicative
tests, with a view to determine any positive effect of the sprinkler on the structural integrity
of the concrete lining in the event of a severe hydro-carbon fire which could not be
extinguished by the sprinkler system. Indeed by means of hand calculations one could show
that even a thin water-film on the concrete surface would be able to absorb the energy
released from a severe hydro-carbon fire to such an extend that concrete surface
temperatures would not exceed 100 °C. It is generally felt that the risk of loss of structural
integrity due to thermal spalling is negligible at such low surface temperatures. A picture
taken during the test is given in Figure 5.

Indicative fire tests on unloaded tunnel
segments of running dimensions for the
Botlek rail tunnel (concrete mix
unknown) have shown that the hypothesis
of water cooling of the concrete surface
may indeed work. It is noted specifically
that the tests were not meant to
demonstrate the effectiveness of the
sprinkler system with respect to its
primary function: prevent fire spread
from one tanker-wagon to the other '*,

Figure 5 “Sprinkler fire test”.



Based on the anchorage tests performed for the Westerschelde tunnel, it must be realised that
even a small heat leakage may cause the onset of thermal spalling, which may lead to partial
loss of functionality of the sprinkler system. Further research into this item is therefore highly
recommended.

IMPROVING RESISTANCE OF CONCRETE TUNNEL LININGS TO THERMAL
SPALLING

As an alternative to external mitigating measures, one could think of internal measures. In
principle, there are three options to improve the resistance to thermal spalling:

1 increase the permeability (preferably during fire, to avoid durability problems);

2 increase the fracture energy;

3 decrease differences in thermal expansion coefficients between aggregates and matrix.

The advantage of improving the resistance of the tunnel lining is that also in the construction
phase additional structural fire safety is obtained.

As an alternative to these three options, one might consider composite steel-concrete tunnel
linings. A limited number of such tunnel linings were actually used (in the USA and in
Japan). In the Netherlands a desk study was performed as part of a feasibility study for the
second Coen tunnel near Amsterdam. Because of the fact that the desk study showed that the
composite steel-concrete lining was less cost-effective, further research was temporarily
cancelled .

The theory behind thermal spalling in concrete tunnel linings is not yet fully developed. It is
however felt by the majority of researchers that the development of high vapour pressures is a
key factor. Mitigating measures have aimed at increasing the permeability at elevated
temperatures by adding low-melt point polypropylene fibres to the concrete mix (option 1).

Polypropylene fibres

In the international literature on thermal spalling, the application of low-melt fibres in the
concrete mix has been reported as a possible measure to prevent or limit thermal spalling.
However, some researchers have serious doubts as to the actual effect of the fibres as well as
the practical application. For that reason, the Dutch Ministry of Transport commissioned
TNO to investigate on the basis of indicative tests the effect of polypropylene fibres on the
fire behaviour of concrete slabs. Two different fibres were tested on unloaded slabs
(1.5x1.5x0.35m; moisture content some 4% by weight), under RWS fire conditions, using the
Westerschelde tunnel concrete mix design: test specimen 1 had 2 kg/m® monofilament fibres
( type “23", length 12 mm, diameter 18 pm) test specimen 2 had 2 kg/m’® fibrillated fibres
(type 12-60F, length 12 mm, diameter 60 pm). The test results showed that with
monofilament the damage was only superficial, whereas with fibrillated fibres, the damage
extended the whole heated surface and locally some 35 mm had spalled off '.

The positive results with monofilament fibres lead to further research on loaded tunnel
segments. For that purpose, 4 additional tests were performed with the same concrete mix, on
loaded Westerschelde tunnel segments with running dimensions. The external loading
amounted to 6 MPa; RABT-ZTV fire conditions were applied, with the modification that the
gas temperatures after reaching 1200 °C were kept constant at that level up to 120 minutes. In



the 4 test specimens, the following dosages of fibres was used: 0, 1, 2 and 3 kg/m’. It was
found that the fibres had no significant effect on the compressive strength (some 60 MPa
after 28 days) nor on the moisture content (4% by weight).

The results of the fire tests are presented below in terms of measured spalling depths °.

Table 1 Recorded spalling depths (mm). /;ﬁ ~ NEZ=1

0 kg/m’ | 1 kg/m’ | 2 kg/m’ | 3 kg/m’ I / =
Average 95 37 32 7 8 24: A l /1)
Minimum | 5 0 0 0 sl ARNZZNIR
Maximum 265 95 90 25 8175200\ =\
Standard 65 26 29 8 R\ =y NS
deviation Egéigo
Characteristic | 203 80 79 20 m0.25

From the point of view of structural integrity in
fire, the test results suggest for the investigated
cases the following conclusions:

- without any measures, the structural integrity can not be maintained,

- the thermal spalling seems to be controllable using polypropylene fibres;

- usage of polypropylene fibres to maintain structural integrity in fire deserves further
attention in research programmes so as to be able to optimise in dosage and fibre type
for different applications (loading and heating conditions, concrete mix, ...);

- the workability of the mortar and durability of the concrete are items for further
research.

Figure 6 Spalling depths test 1 (0 kg/m”)

Steel fibres

As thermal spalling is in fact a concrete cracking process, another way of mitigating damage
could be by introducing steel (fibre) reinforcement (option 2). One must realise however that
due to restraint to thermal expansion a complex stress situation occurs, with compressive
stresses in the concrete close to the heated surface and tensile stresses further away from the
heated surface. This situation may become critical reinforcement allows the development of
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Figure 7 Test arrangement cylinder tests.



where of the coarse fibrillated type, to an amount of 900 gr/m’. For the steel fibres, 50 kg/m’
was used. The indicative tests were done using 235 mm diameter, 500 mm long, cylinders,
which were pre-stressed to 17 MPa. In the indicative cylinder tests, ting conditions where
according to the German RABT-ZTV standard (hydro-carbon), with a modification that the
maximum temperatures where kept constant at 1200 °C for 2 hours. The test set-up was as
depicted in Figure 7. By determining the weight loss, the spalling (rate) could be monitored
during the fire tests. From the indicative tests it became apparent that the fibrillated fibres (at
an amount of 900 kg/m’), for the investigated cases, could not significantly improve the
resistance to thermal spalling '®. On the other hand, the steel fibres did enhance the fire
performance. It was therefore decided, also on the basis of other practical reasons, to select
the C50 mix for further investigation.

For that purpose, large scale segments were cast, with a thickness of 450 mm, for a tunnel
with an internal diameter of 9 m. The tunnel segments were loaded to a ring stress level of 15
MPa. The test was duplicated with a view to investigate the scatter in results.

The damage results were: average spalling depth of some 30 mm and standard deviation of
some 20 mm (yielding a characteristic spalling depth of some 60 mm). The main conclusion
was that although spalling was not completely prevented, the spalling seemed “controllable”
by applying steel fibres. After cooling down, cores were taken from the test specimens to be
used in microscopic analysis . This analysis revealed an additional layer of un-spalled, yet,
damaged concrete of some 50 mm. This means that during after a severe hydrocarbon fire of
the RABT-ZTV type, some 110 mm must be considered as lost. For the investigated case,
this was considered as feasible .

Additional problems arise due to the fact that by adding fibres, either steel and or
polypropylene, the workability and/or the durability of the concrete may be adversely
affected. Recent research aims therefore at combining fibres with other measures to improve
for instance frost-resistance. It is considered of vital importance that a proper numerical
model is developed, allowing to investigate the physical mechanisms and its relative
importance, resulting finally in adequate combinations of mitigating measures. The Dutch
concrete industry is preparing plans to investigate such a “cocktail” approach.

NOMINAL FIRE CURVES FOR THE ASSESSMENT OF THE STRUCTURAL
INTEGRITY OF TUNNEL LININGS

A realistic fire description can not be done in terms of nominal temperature time curves.
Indeed a large number of factors would influence the temperature distribution in tunnels
(ventilation, thermal inertia of the lining, fuel type and distribution, fire spread to other
objects (cars, trains, ...), effects of active measures like sprinklers, etc.). The main factor is
felt to be the fuel type and its distribution (area) inside the tunnel, since these will determine
to a large extent the heat release rate (MW). In design, to determine for each tunnel a realistic
fire description is an impossible task, and design would be hampered.

For structural design therefore, simplifications can and should be made, as is also done for
e.g. buildings. For buildings, the fire safety is assessed by a "classification system" based on
the ISO curve. The required fire resistance times (at 30, 60, 90, 120, 180, 240 min) depend
e.g. on the "value", the height and complexity and use of the building and are primarily meant
to allow for egress of occupants and intervention of the fire brigade.



In the Netherlands, a deterministic 2h 300 MW pool fire scenario (representative for a
leaking crashed 50 m® petrol tanker) was agreed upon for immersed concrete tunnels through
which limited hazardous goods are allowed to be transported, and a scale 1:2 test was
developed to determine the effect of thermal insulation on the temperature development in
the concrete linings. The tests indicated that, with an insulated ceiling gas temperatures could
reach 1200-1400 °C. The curve extracted from these tests is the so-called RWS fire.

It should be noted that above 1100-1200 °C, a significant number of ordinary building
materials will disintegrate and would therefore be inappropriate to perform a thermal
insulating function in higher temperature regimes.

For concrete tunnel linings, the RWS and the newly proposed (by PIARC) “modified hydro
carbon fire” denoted as HCM fire ((T(t) = 1280 * (1 — 0.325%exp(— 0.167*t) — 0.675*exp(~ 2.5*t) + 20))
will produce very similar safety levels, since the penetration of heat will be very similar and
as also in the first minutes both curves rise very quickly, the effect of such fire scenarios will
be similar as regards concrete spalling. Technically, the choice seems therefore rather
arbitrary.

Both the RWS and HCM curve are hydro-carbon fires; whereas e.g. the ISO-834 curve is a
cellulosic fire, which shows a much slower increase, and would not reach (only after very
long fire exposure times) temperatures in excess of 1200 °C. This means that by applying an
ISO fire scenario, the risk of concrete spalling is underestimated in the case of tunnels
through which hydro-carbons are allowed to be transported. The suggestion is to use only one
fire curve (RWS or HCM) and vary in exposure time to underscore differences in "economic
value" of the tunnel and length of the tunnel (ease for fire brigade to intervene; and for long
underwater tunnels also for the safety of end-users!).

Finally, it is a good idea to try to distinguish in fire exposure times. Although the recent fires
have shown fire exposure times can be much longer than 2 h. If reinstatement and retrofitting
at acceptable costs is an issue for a certain tunnel, than it would be wise to -besides an
RWS/HCM requirement of 2 h- also to consider requiring sufficient resistance to longer fire
exposure times (at lower temperatures), up to say 4 to 8 h, especially for long tunnels and
single bore tunnels for which it will be difficult for the fire brigade to reach the fire zone.

CONCLUSIONS

If the structural integrity in and after fires in tunnels is a point of concern, e.g. in the case that

tunnels are located in water bearing soil, or when part(s) of the tunnel structures are used to

maintain evacuation and rescue routes and ventilation channels, there are a number of options

to maintain the integrity.

In the case of concrete tunnel linings, loss of integrity due to thermal spalling is a point of

concern in the case that severe hydro-carbon fires can and must be expected in the tunnel.

In this paper the most current options to maintain the structural integrity during hydro-carbon

fires are discussed on the basis of results obtained in large scale fire tests:

- application of passive fire protection by using thermal insulation;

- improving the resistance to thermal spalling by adding polypropylene and or steel
fibres to the concrete;

- application of sprinklers.

The project organisations of the large tunnel projects currently undertaken in the Netherlands

have commissioned TNO to investigate these options. It appeared from the tests that in all



cases thermal spalling can be prevented or limited to acceptable levels; it is however
premature to draw general conclusions for other situations (other concrete mixes, other
heating and loading conditions etc.). The main reason is that the thermal spalling mechanism
is only qualitatively understood and still not fully quantitatively. Further research in this area
is highly recommended; the alternative is costly full scale testing for every tunnel project and
consequently limited possibilities to investigate alternative mitigating measures. Finally
research is recommended with a view to be able to determine the positive secondary effect of
sprinklers on a more realistic scale.

FUTURE

Obviously, the structural integrity is only one out of many issues to be dealt with in the case
of fires in tunnels. It is beyond the scope of this paper to address these issues. The European
Commission has however emphasised the relevance of addressing all issues related to fires in
tunnels. In fact three projects are recently granted in the scope of the 5™ Framework
Programme (the EU research and development programme): a thematic network (Fire In
Tunnels — FIT) and two R&D projects (Durable and Reliable Tunnel Structures — DARTS;
cost-effective, sustainable and innovative UPgrading methods for fire safety in existing
TUNnels - UPTUN). In these projects, a.o. human factors and active suppression systems
will be investigated and evaluated. FIT and DARTS have started this year; UPTUN is likely
to start by the end of this year, or early next year. In all projects, active dissemination is dealt
with in dedicated tasks or work-packages, which no doubt will be brought to the attention of
all those interested in future conferences and seminars.
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