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ANNEXES: 
 
General documents and documents related to sections 1 and 2: 
 
BDA 1.1 CEN/TC 250/SC 2 N 195 Background document for ENV 1992-1-2: 1995. 
BDA 1.2 CEN/TC 250 HGF N 221 Insulation criteria for “natural” fire development situation 

- Note to FRG 
 
Documents related to Section 3 Material properties: 
 
BDA 3.1 CEN/TC 250/SC 2/PT N 150 Background documentation for thermal conductivity of 

concrete 
BDA 3.2 CEN/TC 250/SC 2/PT N 176 Comparison of thermal properties 100 mm slab 
BDA 3.3 CEN/TC 250/SC 2/PT N 178 Thermal properties of concrete – Additional comparison 

and response 
BDA 3.4 CEN/ TC 250 HGF N 219 Special meeting on thermal properties of concrete, Delft 15 

May 2002 
BDA 3.5  Background document for the new proposal of the lower limit for thermal 

conductivity, CERIB/DPO/DCO/FR, 03/06/02 
BDA 3.6 Temperature comparisons CERIB/DPO/DCO/FR 
BDA 3.7 EC 4 Background document for thermal laws of concrete EC4-1-2/75, Observations 

and remarks, Tauno Hietanen, 2002-05-08 
BDA 3.8 New proposal for the mechanical properties of prestressing steel (wires and strands) 

at elevated temperatures, CERIB, 2003-06-13 
BDA 3.9 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 12th 2003 

 
Documents related to Section 4 Design procedures 
 
BDA 1.1 See above 
 
Documents related to Section 5 Tabulated data 
 
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 
 
BDA 5.4 CEN/TC 250/SC 2/PT Doc N 35  Flat slabs under fire, redistribution of the internal 

forces and punching tests, Prof. Kordina, Abstract 1993 
 
Documents related to Section 6 High strength concrete 
 
BDA 6.1 Mechanical behaviour of HPC at high temperature, Pirre Pimienta, Izabela Hager 
 
BDA 6.2 Tunnel fire safety, Kees Both, TNO 
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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, 1st informal draft , January 2000 
TC 250/SC 2 N 316 ( = PT Doc N 72) 

 

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

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

 

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

   
prEN 1992-1-2, 2nd 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. 
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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. 
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2.4.2 Member analysis 
 
 Clarification for load level and reduction: 
 

 
 Ed and Rd are known from normal temperature design. 
 
 ηfi 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 ηfi = 0,7 (Note in 2.4.2(3)) 

 
 ηfi does not take into account if the structure is fully loaded (Ed = Rd) or not (Ed < Rd) 
 
 μfi takes into account if the structure is not fully loaded  (Ed < Rd) 
 
 Tabulated data is based on reference load level ηfi = 0,7, see 5.2(3), safe side value 

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

ACTIONS   RESISTANCES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     time  
     Ed   ×   ηfi    = Ed,fi            Rd    Rd,fi 

 

    μfi = Ed,fi / Rd 

Rd 

 

 

 
with 
γM 

Ed 
 
 
 
with 
γF 

Ed,fi 

 
with 
γF,fi 
and 
ψfi 

 
 
Rd,fi 
 
 
 
 
with γM,fi 
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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 
 
 A new class A was introduced, justified in Annexes BDA 3.8 and BDA 3.9. 
 
References: 
BDA 3.8 New proposal for the mechanical properties of prestressing steel (wires and strands) 

at elevated temperatures, CERIB, 2003-06-13 
BDA 3.9 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 12th 2003 

 
 
3.3 Thermal and physical properties of concrete 
 
 Specific heat and thermal conductivity of concrete have been changed. In 1st 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: 
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References:  
BDA 3.1 PT N 150 Background documentation for thermal conductivity of concrete 
BDA 3.2 PT N 176 Comparison of thermal properties 100 mm slab 
BDA 3.3 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) 
 
Reference:  
BDA 3.4 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): 
 
Reference:  
BDA 3.5 Background document for the new proposal of the lower limit for thermal 

conductivity, CERIB/DPO/DCO/FR, 03/06/02 
 
Reference:  
BDA 3.6 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: 
 
Reference:   
BDA 3.7 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 
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- 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. 
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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,θ/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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Figure BD 4.2: Strength at 0.2% proof strain of cold worked reinforcing steel 
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Figure BD 4.3: Strength at 0.2% proof strain of hot rolled reinforcing steel 
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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 
ηfi = 0,7. 

  
 It may also be practical to give several fire resistance times for different load levels, 

e.g. Resistance to fire: R60 for ηfi = 0,7 
    R90 for ηfi = 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: 

 
 
 
 
 
 
 
 
Curve  1  : Tension 
reinforcement (hot rolled) for 
strains εs,fi ≥ 2% 
 
Curve  2  : Tension 
reinforcement (cold worked) 
for strains εs,fi ≥ 2% 
 
Curve  3  : Compression 
reinforcement and tension 
reinforcement for strains εs,fi < 
2% 
 
 

 
 
Figure BD 5.1:  Coefficient ks(θ ) allowing for decrease of characteristic strength (fyk) of 

tension and compression reinforcement (Class N) 
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Curve (1): Cold worked 
prestressing steel (wires 

and strands) 
 

Curve (2): Quenched and 
tempered prestressing 

steel (bars) 
 
 
 
 
 
 
 
Figure BD 5.2:  Coefficient kp(θ) allowing for decrease of characteristic strength (0.9⋅fpk) 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 θcr = 400°C 
15 mm for prestressing wires and strands, corresponding to θcr = 350°C 

 
 
(7) 
 Δa = 0,1 (500 - θcr)  (mm)         (5.3) 

  
 Figure BD 5.3 illustrates the difference between approximation (straight lines) and 

temperature profiles for slabs in Annex A. At 500oC 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 400oC,  i.e. the approximation is on the safe side in the 
temperature range 350oC<θcr<700oC, and when used for the minimum axis 
requirements given in tabulated data, as stated in 5.2 (8).  
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Figure BD 5.3:  Adjustment of axis distance of slabs for critical temperature deviating from 

500°C 
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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 169. 

 
 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 EI, 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 Ac ≥ 2b2

min , the same axis distances should be valid for tensile members, beams 
exposed on all sides and flanges of I shaped beams. 

 
 Therefore table for tensile members is replaced by reference to table for simply 

supported beams. 
 
 
5.6 BEAMS  
   
Axis distance of I shaped beams 
 
 Equation (5.7) in in 5.6.1 (6): 
 
 Increase of axis distance of I shaped beams where the actual width of the bottom flange 

b exceeds the limit 1,4 bw 
 

 a
b
b

b
daa  )   - (1,85 = w

min

eff
eff ≥     (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 b×deff < 2b2

min … 
 
 With this limitation, the following rule in ENV has been deleted as unnecessary: 
 
 (7)  For flanges with b > 3,5 bw (see (6) above for definitions) 4.2.6.4 applies. 
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 Because when b×deff ≥ 2b2
min and deff ≥ 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  
 
 Three classes are introduced. Class WA is the same as in ENV, class WB was 

requested by Sweden and class WC by Spain. 
 
5.7 SLABS 
 
Flat slabs 
 
 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 
 
Reference:  
BD 5.4 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: 
 
Reference: 
BDA 6.1 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: 
 
Reference: 
BDA 6.2 Tunnel fire safety, Kees Both, TNO 
 
 Additional Project Team documents: 
 
N 29   Design handbook for high performance concrete, Section 3.12 Fire design, Yngve 

Anderberg, Jens Oredsson, Bödvar Thomasson, 11.06.97, Rev A 
N 30  Spalling phenomena of HPC and OC, Yngve Anderberg 
N 31 p Extract from NS 3473:1993, Reduction of concrete compressive strength at high 

temperatures 
N 32 p Mechanical properties of high strength concrete at high temperatures – a strain model, 

Ulf Göransson, 19.03.96 
N 37 p Extract from Finnish code by 34 High strength concrete, Supplementary rules, Fire 

design 
N 49  Spalling considerations from national comments, Le Duff 1999-08-20 
N 50   Spalling, Comments and assessments, Le Duff 1999-08-20 
N 67 p CSTB, Test results on high strength concrete 
N 68 p HITECO, Task 7 Prenormative action, final report 
N 69 p HITECO, Task 7.2 Background for task 7 
N 80 p Articles from Concrete, March 2000: High-strength concrete and fire, High-grade 

concrete columns in fire 
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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/HGF 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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November 2001 
 
 
 
 

TC 250 - H G "Fire" 
 
 
 
 

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 23rd 
October 2001, and I 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, 

- a 300°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, 
N0 3, August 1985) and concluded that : 
 
• The self-ignition temperatures of ordinary combustibles, in contact with unexposed surface of 

separating element are in excess of 520 °F (271°C), 
• 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 I is required by regulation, it is for a specified period of time : I30, I60 … I240, 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 I30 element 
and of 187 K after 181 min for the I240 element. 
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Figure 1 : Temperature of unexposed side of separating elements, having a fire rating  
of I30 and I120 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 : 
 
• average temperature increase of 140 K in the growing phase of the fire, 
• 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 ΔΘnon exposed, as proposed in Eurocodes “Fire” (prEN version) 

ΔΘnon exposed [K] growing phase 
only 

decay phase 
included 

ignition conditions 
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  

ΔΘnon exposed [K] growing phase 
only 

decay phase 
included 

ignition conditions 
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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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 2nd 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 oK) and the maximum temperature rise of that surface (200 oK) 
- 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 oK) and the maximum temperature rise of that surface (240 oK). 
 
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 Temperature-dependent thermal material properties of concrete with a moisture content of 
3% and a density of 2300 kg/m3 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/m3 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).  
 
 
 

 
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 Borås, Sweden 1978-06-09. The 
slab was exposed to 60 minutes of  ISO 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. 
 
 
 
 
 
 
 
 
 
Figure 6 a 
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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 
 

 
 

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). 
 

0 10 20 30 40 50 60 70
0

100

200

300

400

500

600

Time [minutes]

Te
m

pe
ra

tu
re

 [ 
°C

 ]

x=0.015 y=0.000
x=0.075 y=0.000
x=0.135 y=0.000

 
 
Figure 13 Predicted temperatures for the wall (150 mm) 
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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.  
 
 

 
 
 
Figure 14  Cross-section of  ”Spiroll” units – hollow core slab 
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Figure 15 Measured and predicted temperatures of the ”spiroll ” unit. 



 

BDA 3.2 
 
 
 
 
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 
 
 
 

CEN/TC 250/SC 2/PT 1-2 Doc N 176 
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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: 

CEN/TC 250/SC 2/PT 1-2 Doc N 178 
 
Tauno Hietanen 2002-02-15 Page 1 of 5 
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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 
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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.xls) 

 
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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  MATHIEU Jules 
       
  Technical Assistance 
       
  EUROPROFIL 
       
  ProfilARBED 
       
  4/02/2002 
 
 
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 ¼ 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. 
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 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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OUTCOMES 

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 

 
ρ(θ ) = ρ(20°C) for 20°C ≤ θ ≤ 115°C 

ρ(θ ) = ρ(20°C)⋅(1 - 0,02(θ  - 115)/85) for 115°C < θ ≤ 200°C 
ρ(θ ) = ρ(20°C)⋅(0,98 – 0,03(θ  - 200)/200) for 200°C < θ ≤ 400°C 
ρ(θ ) = ρ(20°C)⋅(0,95 - 0,07(θ - 400)/800) for 400°C < θ ≤ 1200°C 

 
where θ is the concrete temperature (°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) for   20°C ≤ θ ≤ 100°C 
Cc =  900 + (θ  - 100) (J/kgK) for 100°C < θ ≤ 200°C 

Cc =  1000 + (θ  - 200)/2 (J/kgK) for 200°C < θ ≤ 400°C 
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Cc = 1100 (J/kgK) for 400°C < θ ≤ 1200°C 
 
where θ 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 

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

 
and linear relationship between (115, Cp,peak) and (200, 1000). 
  
For other moisture contents a linear interpolation regarding Cp,peak 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 

values for density and specific, 
b.  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 1st and 2nd 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 – 

PT2) as far as the upper limit is concerned 
b. 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. 

 
 
J. Kruppa 
 
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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draft TC 250 Resolution N° … 
 
Subject: Thermal properties of concrete 
 
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 λc of normal weight concrete may be determined from: 

λc = 2 - 0,24  (θ c / 120) + 0,012 (θ c / 120)
2
  W/m K for 20°C  ≤  θ c ≤ 1200°C 

where θ
 c
 is the concrete temperature. 

 
 The lower limit of thermal conductivity λc of normal weight concrete may be determined from: 

λc = 1,36 - 0,163  (θ c / 120) + 0,0082 (θ c / 120)
2
  W/m K for 20°C  ≤  θ c ≤ 1200°C 

where θ
 c
 is the concrete temperature. 
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BDA 3.6 
 
 
Temperature comparisons CERIB/DPO/DCO/FR 
 
Thermal conductivity of concrete 
Comparisons of measured and calculated temperatures 
 
 
 Curve 1 “ENV”: ENV curve and upper limit in 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 

CTICM slab 11 (France) 
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CSTB (France) 
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Japanese and Danish (prENtest5) tests 

 

unexposed side - slab 10 cm - water content 4.7 %
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Evolution of the temperature in the slab at 120 minutes - slab 10 cm - 
water content 4.7 %
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BDA 3.7 
 
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?) 
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Tests with standard fire exposure 

Test type Page refer-
ence 

Measured - calculated temperature Δ (°C) 
 “< “means Δ < ± 50°C 

  Reinforcement Steel web Upper flange 
Column A19    
 A20  +100  
 A21 -100, +60   
Column A30  +100  
 A31 ± 50   
Column A39  +100  
 A40  +100  
 A 41 -200, +150   
Beam A48  +50  
 A49   -50 
 A50 -100   
Beam A61  <  
 A62  ±50  
 A64 +50   
 A69  <  
 A70   < 
 A72 +100   
Beam + slab A80  <  
 A81 -100   
 A84 <   
 A85 slab <    
 A87  <  
 A89 -70   
 A91 slab <    
 A92 slab <    
Beam + slab A87  +50  
 A89 -50   
 A99   < 
Column B4  +70  
 B5 -50   
Column B12  <  
 B13 -60   
 B15 ±50   
Column B21  <  
 B24 -120   
Column B30  <  
 B31  <  
 B32  ±50  
Frame beam + column B41  +100  
 B42  ±100  
 B43  <  
 B45 ±50   
 B48  <  
 B49   -50 
 B51 slab <    
 B53 slab <    
Frame beam + column B66  <  
 B67  <  
 B68  -150  
 B70 +100   
 B73  +70  
 B74   -50 
 B76 slab <    
 B78 slab <    
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Remarks:  
 
 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? 
 
Tests with parametric 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. 
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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 Liège 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. 
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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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PrEN 1992-1.2 / BPEL – DTU FB = - 11 % 

 

Figure 6 : stress-strain relationships of prestressing steel at 500°C 
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PrEN 1992-1.2 / BPEL – DTU FB = - 31 % 

 
 

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. 
 

 

14cm 10cm -1-

6cm 
2.5cm 

-2-

3.5cm 

-3-

6.5cm 

floor with shuttering floor slabs elements 6 + 14
calcareous aggregates, R90

span span span
case 1 case 2 case 3

ρ (strands) 0,07% 0,07% 0,07%
ρ (φ8) � 0,07% 0,07%
a concrete cover (m) 0,025 0,025 0,025
Mu EC2 (MN m) 0,0372 0,0464 0,0446

θsteel EC2 (°C) - steel layer 1 588,7 588,7 588,7
θsteel EC2 (°C) - steel layer 2 � 475,4 252,3

Mu, fi EC2 (MN m) 0,0044 0,0138 0,0136
ηfi EC2 0,1182 0,2981 0,3049
Mu BAEL (MN m) 0,0351 0,0426 0,0414

θsteel DTU (°C) - steel layer 1 521,1 521,1 521,1
θsteel DTU (°C) - steel layer 2 � 0,0 0,

Mu, fi DTU (MN m) 0,0113 0,0186 0,0199
ηfi DTU 0,3211 0,4368 0,4798

Mu, fi EC2 / Mu, fi DTU

0

-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 
temp. 

fpy,θ / (0,9 fpk) fpp,θ / (0,9 fpk) Ep,θ /Ep εpt,θ [-] εpu,θ [-] 

θ [°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 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

ρ (strands) 0,07% 0,07% 0,07%
ρ (φ8) � 0,07% 0,07%
a concrete cover (m) 0,025 0,025 0,025
Mu EC2 (MN m) 0,0372 0,0464 0,0446

θsteel EC2 (°C) - steel layer 1 588,7 588,7 588,7
θsteel EC2 (°C) - steel layer 2 � 475,4 252,3

Mu, fi EC2 (MN m) 0,0079 0,0174 0,0171
ηfi EC2 0,2130 0,3740 0,3841
Mu BPEL (MN m) 0,0351 0,0426 0,0414

θsteel DTU (°C) - steel layer 1 521,1 521,1 521,1
θsteel DTU (°C) - steel layer 2 � 427,8 241,9

Mu, fi DTU (MN m) 0,0113 0,0186 0,0199
ηfi DTU 0,3211 0,4368 0,4798

Mu, fi EC2 / Mu, fi DTU -30% -7% -14%
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[1] Eurocode 2 : Design of concrete structures � Part 1.2 : General rules � Structural fire 
design, October 2002, prEN 1992-1.2 
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béton � P 92-701, December 1993 
 
[3] Eurocode 2 : Calcul des structures en béton � Partie 1.2 : Règles générales � Calcul du 
comportement au feu, 1997, ENV 1992-1.2 
 
[4] The effects of elevated temperatures on the strength properties of reinforcing and 
prestressing steels, M. Holmes, R. D. Anchor, G. M. E. Cook, R. N. Crook, The structural 
Engineer, Volume 60 B, No. 1, March 1982 
 
[5] Synthèse des essais de comportement à chaud des aciers pour béton armé et pour béton 
précontraint � Malaval, AITBTP, série matériaux, n°58, Paris, July � August 1981 
 
[6] Méthodes numériques pour la simulation du comportement au feu des structures en acier 
et en béton armé, J. C. Dotreppe, thèse d�agrégation de l�enseignement supérieur, Université 
de Liège, 1980 
 
[7] Règles techniques de conception et de calcul des ouvrages et constructions en béton 
précontraint suivant la méthode des états limites � BPEL 91 révisé 99 � Fascicule n°62 � 
titre I � Section II, April 1999 
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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 kp(θ) as follow : 
 

fpk (θ) = kp(θ) fpk(20°C) 
for wires and strands 
kp(θ) = 1,0    for 20°C ≤ θ ≤ 100°C 
kp(θ) = (850 � θ) / 750   for 100°C ≤ θ ≤ 250°C 
kp(θ) = (650 � θ) / 500   for 250°C ≤ θ ≤ 600°C 
kp(θ) = (1000 � θ) / 4000  for 600°C ≤ θ ≤ 1000°C 
kp(θ) = 0    for 1000°C ≤ θ ≤ 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). 

α

σ

ε sp,θ ε sy,θ ε st,θ ε su,θ ε

fsy,θ

fsp,θ
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Range Stress σ(θ) Tangent modulus 

εsp,θ ε Es,θ Es,θ 

εsp,θ ≤ ε ≤ εsy,θ fsp,θ − c + (b/a)[a2 −(εsy,θ − ε)2]0,5 ( )
b ε ε

a a ε ε
sy,

0,522
sy,

( )θ

θ

−

 − − 

 

εsy,β ≤ ε ≤ εst,θ fsy,θ 0 

εst,β ≤ ε ≤ εsu,θ fsy,θ [1−(ε − εst,θ)/(εsu,θ − εst,θ)]  - 

ε = εsu,θ 0,00 - 



ANNEX A � Values in different standards    

Parameter *) εsp,θ = fsp,θ / Es,θ     εsy,θ = 0,02      εst,θ = 0,15      εsu,θ = 0,20 
lass A reinforcement:         εst,θ = 0,05      εsu,θ = 0,10 

Functions a2 = (εsy,θ − εsp,θ)(εsy,θ − εsp,θ +c/Es,θ) 
b2 = c (εsy,θ − εsp,θ) Es,θ + c2 

( )
( ) ( )ffEεε

ffc
sp,θsy,θs,θsp,θsy,θ

sp,θsy,θ
2

2 −−−
−

=  

*) Values for the parameters εpt,θ and εpu,θ for prestressing steel may be taken from Table 3.3 
 

Figure 1 : Mathematical model for stress-strain relationships of reinforcing and 
prestressing steel at elevated temperatures (notations for prestressing 
steel “p” instead of “s”) 

 
(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 
temp. 

fpy,θ / (0,9 fpk) fpp,θ / (0,9 fpk) Ep,θ /Ep εpt,θ [-] εpu,θ [-] 

θ [°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 ϕs 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 1 0,30 0 
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ANNEX B � Results Holmes & Co [4]    
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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 Liège (ULg), on the request of Tauno Hietanen, 
Chairman of the Project Team of prEN1992-1-2.  

 
On the 4th 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 β; 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. 
 



 

 
 
 
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. 
 

 



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 (εud, 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 fpk (εuk, 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 kp(θ) referring to an ultimate strength value used for calculation, chosen at national 
level between 0,9 fpk and fpk with a mean recommended value 0,95 fpk situated on the safe 
side (coefficient β 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) ; 

•  a simplified 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 kp(θ) 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.  
 
"[…] 
 
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  fpy,θ 

/ (β fpk), fpp,θ 

/ (β fpk), Ep,θ 

/Ep,  εpt,θ [-],εpu,θ [-] 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 β for use in a particular country may be found in its National 
Annex, with 0,90 ≤ β ≤ 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 
temp. 

fpy,θ 

/ (β fpk) fpp,θ 

/ (β fpk) Ep,θ 

/Ep εpt,θ [-] εpu,θ [-] 

θ [°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 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 (β fpk) of a prestressing steel as a 

function of the temperature θ  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 β. 

 
 
[…] 

 
 
 
 
Curve  1  : Cold worked 
prestressing steel (wires and 
strands) 
 
Curve  2  : Quenched and 
tempered prestressing steel 
(bars) 
 
 
 
 
 
 
 
 
 
 

Figure 4.3 : Coefficient kp(θθθθ) allowing for decrease of characteristic strength (ββββ⋅⋅⋅⋅fpk) of 
prestressing steel 

 
 
 
[...] 
 
 
 
 
 

0

0,2

0,4

0,6

0,8

1

0 200 400 600 800 1000 1200
θθθθ  

  

 [°C]

kp (θθθθ)

  1  

  2   



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ANNEX 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 



Figure A.1 : Coefficient kp(θθθθ) allowing for decrease of characteristic strength (ββββ 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+ω)/(0,85/αcc+ω), 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. 
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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. 

 
 
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  

CEN/TC 250/SC 2/PT 1-2 Doc N 182 
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(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:  
fck,90days= βcc(90 days)*fck,28days=±1.1*fck,28days . 
 
Standard deviations of ratio 
 
Standard deviations for the common application field (51 columns) in comparison with their mean 
value = STDEV = sqrt( (Σx2-(Σx)2) / (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.xls!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 c=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 result is 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-
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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 NAD2: 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.xls> 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 
25*(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.xls>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.xls> 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 
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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.xls (for NAD1) > ‘data’ sheet 
column tests NAD2.xls (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.xls!interpol’  sheet). 
 
Note about results with NAD1 method 
 
The calculation of the NRd values with the procedure according to <column tests NAD1.xls!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 (prEN, mails, …) 
We will send you shortly our comments about revisions to be done on various documents (prEN, 
mails, …).  
 
 
 
 
_________________________________
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Column tests prEN 
 
 
no Lab. N As a b h bp i L Ed,fi R test circular w n ee+ea

R prEN/ 
R test R interpol

b-
bmin

a-
amin remarks prEN

1 2 3 4 7 8 9 10 11 12 19 20 27 37 39 41 42 47 48 49 50
cm² mm cm kN min.

1 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
2 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
3 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
4 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
5 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
6 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
7 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
8 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
9 RUG 21A 6,78 31 30 20 24 5,77 390 300 60 no 0,234 0,279 29,9 1,52 91 38 0 b=/h

10 RUG 21B 6,78 31 30 20 24 5,77 390 178 120 no 0,245 0,172 29,9 1,05 126 25 0 b=/h
11 RUG 22A 6,78 41 30 20 24 5,77 390 283 60 no 0,224 0,254 29,9 1,91 114 0 6 b=/h
12 RUG 22B 6,78 41 30 20 24 5,77 390 334 120 no 0,224 0,301 29,9 0,86 104 0 4 b=/h
13 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
14 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
15 Ulg 21BC 6,78 31 30 20 24 5,77 210 611 107 no 0,237 0,576 7,2 1,08 115 24 0 b=/h
16 Ulg 22BC 6,78 41 30 20 24 5,77 210 620 97 no 0,266 0,641 7,2 1,19 116 1 0 b=/h
17 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
18 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
19 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
20 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
21 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
22 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
23 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
24 TUBr 8 12,57 38 20 20 20 5,77 376 420 58 no 0,828 0,511 9,7 0,66 38 0 8
25 TUBr 9 12,57 38 20 20 20 5,77 376 420 66 no 0,828 0,511 9,7 0,58 38 0 8
26 TUBr 10 12,57 38 20 20 20 5,77 476 340 48 no 0,828 0,413 11,9 0,00 lambda=82
27 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
28 TUBr 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
29 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
30 TUBr 14 12,57 38 20 20 20 5,77 476 280 49 no 0,617 0,302 21,9 0,00 lambda=82
31 TUBr 15 12,57 38 20 20 20 5,77 476 240 36 no 0,617 0,259 31,9 0,00 lambda=82
32 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
33 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
34 TUBr 18 12,57 38 20 20 20 5,77 476 170 49 no 0,617 0,183 71,9 0,00 lambda=82
35 TUBr 19 12,57 38 20 20 20 5,77 476 130 53 no 0,617 0,140 111,9 0,00 lambda=82
36 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
37 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
38 TUBr 25 12,57 38 20 20 20 5,77 576 208 40 no 0,560 0,220 24,4 0,00 lambda=100
39 TUBr 26 18,85 38 30 30 30 8,66 333,2 735 160 no 0,385 0,411 24,1 0,71 114 0 1
40 TUBr 27 18,85 38 30 30 30 8,66 333,2 355 89 no 0,344 0,146 159,1 0,00 e/b=0,53
41 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
42 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
43 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
44 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
45 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
46 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
47 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
48 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
49 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
50 TUBr 42 9,24 30 20 20 20 5,77 571 140 31 no 0,348 0,134 114,3 0,00 e/b=0,571
51 TUBr 43 9,24 30 20 20 20 5,77 571 245 40 no 0,346 0,235 24,3 0,00 lambda=99
52 TUBr 44 9,24 30 20 20 20 5,77 571 172 35 no 0,348 0,165 64,3 0,00 lambda=99
53 TUBr 45 9,24 30 20 20 20 5,77 571 175 49 no 0,350 0,167 24,3 0,00 lambda=99
54 TUBr 46 9,24 30 20 20 20 5,77 571 122 52 no 0,352 0,116 64,3 0,00 lambda=99
55 TUBr 47 9,24 30 20 20 20 5,77 571 128 72 no 0,347 0,123 24,3 0,00 lambda=99
56 NRC I2 20,40 60,75 30,5 30,5 30,5 8,80 190,5 1333 170 no 0,344 0,619 6,9 0,71 120 0 19 over
57 NRC I3 20,40 60,75 30,5 30,5 30,5 8,80 190,5 800 218 no 0,371 0,393 6,9 0,83 181 0 25
58 NRC I4 20,40 60,75 30,5 30,5 30,5 8,80 190,5 711 220 no 0,362 0,343 6,9 0,89 196 0 28
59 NRC I6 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
60 NRC I7 20,40 60,75 30,5 30,5 30,5 8,80 190,5 1067 208 no 0,352 0,504 6,9 0,58 120 45 39 over
61 NRC I8 20,40 60,75 30,5 30,5 30,5 8,80 190,5 1778 146 no 0,365 0,862 6,9 0,00 n=0,862
62 NRC I9 20,40 60,75 30,5 30,5 30,5 8,80 190,5 1333 187 no 0,332 0,602 6,9 0,64 120 7 21 over
63 NRC II2 20,40 60,75 30,5 30,5 30,5 8,80 190,5 1044 201 no 0,291 0,427 6,9 0,83 167 0 27
64 NRC II3 20,40 60,75 30,5 30,5 30,5 8,80 190,5 916 210 no 0,359 0,439 6,9 0,78 164 0 24
65 NRC II4 20,40 60,75 30,5 30,5 30,5 8,80 190,5 1178 227 no 0,240 0,414 6,9 0,76 172 0 29
66 NRC II5 20,40 60,75 30,5 30,5 30,5 8,80 190,5 1067 234 no 0,257 0,395 6,9 0,77 180 0 29
67 NRC II8 40,90 60,75 30,5 30,5 30,5 8,80 190,5 978 252 no 0,598 0,331 6,9 0,78 196 0 26
68 NRC II9 40,90 60,75 30,5 30,5 30,5 8,80 190,5 1333 225 no 0,686 0,491 6,9 0,67 151 0 17
69 NRC II10 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
70 NRC II11 65,50 64,15 40,6 40,6 40,6 11,72 190,5 2795 285 no 0,559 0,607 6,9 0,63 180 0 19  

71 NRC II12 65,50 80,15 40,6 40,6 40,6 11,72 190,5 2978 213 no 0,464 0,572 6,9 0,91 193 0 35
72 NRC III1 20,40 60,75 30,5 30,5 30,5 8,80 267 800 242 no 0,321 0,352 8,2 0,74 180 20 33 over
73 NRC III2 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
74 NRC III3 20,40 60,75 30,5 30,5 30,5 8,80 381 1000 181 no 0,318 0,438 34,8 0,48 86 0 25
75 NRC III5 31,00 59,1 30,5 45,7 36,6 13,19 190,5 1413 356 no 0,283 0,399 6,9 0,50 179 0 26 b=/h
76 NRC III14 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
77 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
78 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
79 Ulg C3 18,85 48 30 30 30 7,50 210 1450 187 yes 0,290 0,568 7,2 0,64 120 16 14 over
80 Ulg C4 18,85 48 30 30 30 7,50 210 1900 163 yes 0,290 0,744 7 0,00 n=0,744
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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 
données   result summary 1/r = 0,007269 M-1 rap = 100 %
no = 1  Nrd = 1763,0 KN eacier = -0,076%
dénomi-
nation = 

RUG31B  Mrd-Msd = 4,976E-08 KNm eb = -0,270%

L =  3,9 m = column buckling length Rf = 59 min 
L0 = 3,9 m = 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) 
a = 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  
A.s1 = 4,02E-04 M2 =IF(nbars=6;As/2;(nbars/4+1)/nbars*As) 
A.s2 = 0,00E+00 M2 =As-2*A.s1 
A.s3 = 4,02E-04 M2 

Es = 2,00E+08 KN/M2 = steel elasticity modulus 
gammac 
= 

1,5  = safety factor on concrete 

gammas 
= 

1,15  = safety factor on steel 

alpha = 0,85  = alphacc 
eayes yes  = yes if ea=additional eccentricity  taken into account otherwise no 
correction 
= 

1  = 1 if the concrete is deduced at steel location 

pivot3.7 = no  = yes if use of pivot at 3/7h otherwise no 
K2simpl = no  = yes or no 
epsilonb 
= 

0,270%  = 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-
Crit = 

25  =if(e.02=0;25;25*(2-e.01/e.02) 

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-
neMod = 

conserva-
tive 

 =if(and(lambda<140;or(ee>0,1*h;ee=0,1*h));'yes';'conservative') 

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 
K.1 = 1  =if(lambda>35;1;if(lambda>15;lambda/20-0,75;0)) 
e.2 = 0,0110562

83 
m =if(lambda<lambdaCrit;0;K.1*(L0*L0/10)*courb 

etot = 0,021 m = ee+ea+e.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 
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Mrd = 36,900 KNm 
Mrd-Msd 4,97591E-

08 
KNm must be zero to have correct Nrd  

Nud = 2134 KN = alpha*fcd*Ac+fyd*As 
Nbal = 815 KN =0,4f*fcd*Ac 
K.2 = 0,281  =if(K2simpl="yes";1;(Nud-Nsd)/(Nud-Nbal) ) 
epsilonyd 
= 

0,0025043
48 

 =fyd/Es 

1/r selon 
ENV=  

0,0058618
65 

m-1 =2*K.2*epsilonyd/(0,9*d)=courbure 

a/h = 0,110  =a/h 
w = 0,233  =As*fyd/(Ac*alpha*fc/gammac) 
etot/h = 0,070  =Msd/Nsd/h 
Diag 
Value = 

0,12  =NRd/(b*h*alpha*fc/gammac)  read on interaction diagrams  

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 Ai Yi ε  σ Ni Mi  
As1 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 Ai Yi ε  σ   
As1 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  
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Comparison between NAD1 rev (based on ENV) , 
NAD1 new (based on prEN) and R test 

 
 
Definitions 
 
“R NAD1 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, Liège, 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 
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COMMENTS 
 
1. Recommendations concerning bars of large diameters. 

 
1.1.  A few (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 φ = 25 mm, the axis distance for a column in a building 
will currently be  
    taken as follows : 

 
 a = c + Δc + φ/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-François DENOEL and one of my coworkers Pierre STREEL have 

examined carefully the influence of the value of NRd 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 NRd'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 + ω)/(0.85/αcc+ ω) 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 Rηfi 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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η*
fi
  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  
 
    r =Rf (NRd ; prEN) / Rf (NRd ; ENV) 
 

 introducing the coefficient  
)/85.0(

)00.1(
ωα

ω
+

+

cc
in the assessment of Rηfi  for 

Rf (NRd ; 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  
NRd is evaluated according to the recommendations of prEN1992-1.1, 
provided the correction indicated in formula (5.5) for Rηfi 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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⎝ ⎠

 (1) 

 
where 

( ), ,83 1.00 ,f fi fi d fi dR N Rη η η= − =  (2) 

( ) [ ], 1.60 30 , axis distance in mm, 25,80f aR a a= − = ∈  (3) 

( ) [ ], 9.60 5 , buckling length in m, 2,6f LR L L= − = ∈  (4) 

[ ],
4 section0.09 ' , ' = Dimension of the section in mm, 200,450
perimeterf bR b b ×

= = ∈  (5) 

, 12 if more than 4 long. bars are present, 0 otherwisef nR =  (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. 

2. 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. 

3. Creation of a data base of 76 experimental fire test results coming from 4 
different laboratories: Liege, Ghent, Ottawa and Braunschweig 

4. Verification that the conclusion from steps 1 and 2 were confirmed by the results 
of the data base. 

5. 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 b1 h L fcm fym esup einf e1 Ed,fi Rf exp
cm² mm kN/cm² cm kN 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 2.0 2.0 2.0 220 125
RUG 31E 8.04 4 33.00 30 30 390 3.34 57.6 -2.0 2.0 0.8 664 128
RUG 32A 8.04 4 48.00 30 30 390 3.66 57.6 2.0 2.0 2.0 349 123
RUG 34A 16.08 8 33.00 30 30 390 3.59 57.6 2.0 2.0 2.0 370 126
RUG 31F 8.04 4 33.00 30 30 390 2.93 57.6 0.0 0.0 0.0 422 116
RUG 41A 16.08 8 33.00 40 40 390 2.96 57.6 2.0 2.0 2.0 1650 93
RUG 21A 6.78 6 31.00 30 20 390 3.11 49.3 2.0 2.0 2.0 300 60
RUG 21B 6.78 6 31.00 30 20 390 2.96 49.3 2.0 2.0 2.0 178 120
RUG 22A 6.78 6 41.00 30 20 390 3.25 49.3 2.0 2.0 2.0 283 60
RUG 22B 6.78 6 41.00 30 20 390 3.24 49.3 2.0 2.0 2.0 334 120
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 0.0 803 123
Ulg 21BC 6.78 6 31.00 30 20 210 3.06 49.3 0.0 0.0 0.0 611 107
Ulg 22BC 6.78 6 41.00 30 20 210 2.73 49.3 0.0 0.0 0.0 620 97

TUBr 1 18.85 6 38.00 30 30 376 2.41 48.7 3.0 3.0 3.0 710 86
TUBr 2 18.85 6 38.00 30 30 376 2.41 48.7 0.0 0.0 0.0 930 84
TUBr 3 18.85 6 38.00 30 30 376 2.41 48.7 0.0 0.0 0.0 930 138
TUBr 4 18.85 6 38.00 30 30 476 2.41 48.7 3.0 3.0 3.0 650 63
TUBr 5 18.85 6 38.00 30 30 476 2.41 48.7 0.0 0.0 0.0 880 108
TUBr 6 18.85 6 38.00 30 30 576 2.41 48.7 3.0 3.0 3.0 600 61
TUBr 7 18.85 6 38.00 30 30 576 2.41 48.7 0.0 0.0 0.0 800 58
TUBr 8 12.57 4 38.00 20 20 376 2.41 48.7 0.0 0.0 0.0 420 58
TUBr 9 12.57 4 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 0.0 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 1.5 1.5 1.5 740 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 15.0 15.0 362 65
TUBr 18 12.57 4 38.00 20 20 476 3.07 46.2 6.0 6.0 6.0 170 49
TUBr 19 12.57 4 38.00 20 20 476 3.07 46.2 10.0 10.0 10.0 130 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 5.0 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 1.5 1.5 1.5 735 160
TUBr 27 18.85 6 38.00 30 30 333.2 4.32 54.4 15.0 15.0 15.0 355 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 1.0 1.0 1.00 970 55
TUBr 39 18.85 6 38.00 30 30 470 3.15 52.6 1.0 1.0 1.00 1308 57
TUBr 40 18.85 6 38.00 30 30 470 3.15 50.3 15.0 15.0 15.00 280 49
TUBr 41 18.85 6 38.00 30 30 470 3.15 52.6 15.0 15.0 15.00 465 50
TUBr 42 9.24 6 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 4.15 47.7 1.0 1.0 1.00 245 40
TUBr 44 9.24 6 30.00 20 20 571 4.15 48.0 5.0 5.0 5.00 172 35
TUBr 45 9.24 6 30.00 20 20 571 4.15 48.2 1.0 1.0 1.00 175 49
TUBr 46 9.24 6 30.00 20 20 571 4.15 48.5 5.0 5.0 5.00 122 52
TUBr 47 9.24 6 30.00 20 20 571 4.15 47.8 1.0 1.0 1.00 128 72  
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Lab. N As n a b1 h L fcm fym esup einf e1 Ed,fi Rf exp
cm² mm kN/cm² cm kN min.  

NRC I2 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 0.0 0.0 0.00 800 218
NRC I4 20.4 4 60.75 30.5 30.5 190.5 3.51 44.4 0.0 0.0 0.00 711 220
NRC I6 12.56 4 58.00 20.3 20.3 190.5 4.23 44.2 0.0 0.0 0.00 169 180
NRC I7 20.4 4 60.75 30.5 30.5 190.5 3.61 44.4 0.0 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 I9 20.4 4 60.75 30.5 30.5 190.5 3.83 44.4 0.0 0.0 0.00 1333 187
NRC II2 20.4 4 60.75 30.5 30.5 190.5 4.36 44.4 0.0 0.0 0.00 1044 201
NRC II3 20.4 4 60.75 30.5 30.5 190.5 3.54 44.4 0.0 0.0 0.00 916 210
NRC II4 20.4 4 60.75 30.5 30.5 190.5 5.29 44.4 0.0 0.0 0.00 1178 227
NRC II5 20.4 4 60.75 30.5 30.5 190.5 4.95 44.4 0.0 0.0 0.00 1067 234
NRC II8 40.9 8 60.75 30.5 30.5 190.5 4.26 44.4 0.0 0.0 0.00 978 252
NRC II9 40.9 8 60.75 30.5 30.5 190.5 3.71 44.4 0.0 0.0 0.00 1333 225
NRC II10 40.9 8 60.75 40.6 40.6 190.5 3.88 44.4 0.0 0.0 0.00 2418 262
NRC II11 65.5 8 64.15 40.6 40.6 190.5 3.84 41.4 0.0 0.0 0.00 2795 285
NRC II12 65.5 8 80.15 40.6 40.6 190.5 4.62 41.4 0.0 0.0 0.00 2978 213
NRC III1 20.4 4 60.75 30.5 30.5 267 3.96 44.4 0.0 0.0 0.00 800 242
NRC III2 20.4 4 60.75 30.5 30.5 267 3.92 44.4 0.0 0.0 0.00 1000 220
NRC III3 20.4 4 60.75 30.5 30.5 381 3.99 44.4 2.5 2.5 2.50 1000 181
NRC III5 31 8 59.10 30.5 45.7 190.5 4.25 41.4 0.0 0.0 0.00 1413 356
NRC III14 20.4 4 60.75 30.5 30.5 267 3.79 44.4 2.5 0.0 1.00 1178 183
Ulg C1 6.79 6 44.00 30 30 210 6.00 50.0 0.0 0.0 0.0 1260 156
Ulg C2 6.79 6 44.00 30 30 210 6.00 50.0 0.0 0.0 0.0 1770 131
Ulg C3 18.85 6 48.00 30 30 210 6.00 50.0 0.0 0.0 0.0 1450 187
Ulg C4 18.85 6 48.00 30 30 210 6.00 50.0 0.0 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 Rd which is needed for calculating the load 
level. 

• If an eccentricity eo was present in the test, Rd was calculated by taking into 
account this first order eccentricity eo as well as the accidental eccentricity ea = ν 
L0 / 2 as prescribed by the Eurocode for concrete structures at room 
temperatures. 

• The method of the model column was applied for calculating Rd. 

• The load level is based on design strength at room temperature and this one is 

based on the design strength of materials, ,c k

c

f
α

γ
 for concrete. This is what has 

to be applied when the model is used in a real design. For calibration of the 

model, the measured material properties have of course been used, i.e. ,c m

c

f
α

γ
 

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 , ,c m c kf f> . 

 

Table 2 gives the values as calculated by the model after calibration. 
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Table 2 

η b a L e n
Nrd η 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 31.8 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 41.4 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 31.1 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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η b a L e n
Nrd η 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 27.5 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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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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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: 

• Experimental tests has been the first method to be used, but it is limited to simple elements, 

and it is time consuming and expensive. 
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• Numerical modelling is nowadays the most sophisticated tool that is available. 

• 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. 
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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 
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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 φ 20 longitudinal bars ( As/Ac = 2.67%) and two with 6 φ 12 ( 

As/Ac = 0.96%). For each specimen the transversal reinforcement is realised with  φ 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 c = 30 mm on the stirrups and c = 38 mm on the main bars, i.e. for the 

longitudinal bars an axis distance a = 44 mm for  φ 12 bars and a = 48 mm for  φ 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 ISO 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 
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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. 
1.8

, , , , ,120
120

f f a f L f b f n
f

R R R R R
R η + + + +⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 (1) 

 

where 

( ), ,83 1.00 ,f fi fi d fi dR N Rη η η= − =  (2) 

( ), 1.60 30 , axis distance in mmf aR a a= − =  (3) 

( ), 9.60 5 , buckling length in mf LR L L= − =  (4) 

, 0.09 , Dimension of the section in mmf bR b b= =  (5) 

, 12 if more than 4 long. bars are present, 0 otherwisef nR =  (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 II 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 : 
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Nu(t) = χMN (λ) Npl(t) (7) 

 

with t : time 

 λ : slenderness ratio at 20°C 

 

Npl(t) is the plastic load of the section at time t : 

 

Npl(t) = γ(t) (β1(t) Nc
pl + β2 (t) Ns

pl) (8) 

 

with Nc
pl the plastic load of the concrete core at 20°C, 

 Ns
pl the plastic load of the steel reinforced at 20°C. 

 

β1(t) and β2(t) represent the diminution of the plastic loads with time. 

 

γ(t) is a function which takes into account spalling of concrete occurring at the beginning of the 

fire : 

 

γ(t) = 1 – 0.3 t ≥ 0.85 (9) 

 

 

χMN(λ) is the buckling coefficient : 

χMN(λ) = 
)(
)(

λϕ
λχ  (10) 

χ(λ) : buckling coefficient for an axial load 

ϕ(λ) : 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. 
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- Despite the particular shape of the columns, surface spalling was observed in the four tests, 

see Figure 4.  This means that the reduction coefficient γ(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 χ(λ) appearing in equation (10), the 

amplification coefficient ϕ(λ) remaining unchanged. Figure 5 shows a graphic presentation 

of equations (11) to (13) 

 

χ(λ) = 1 λ ≤ 20 (11) 
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in which c : concrete cover (to the longitudinal reinforcement) 

 

In order to show the adequacy of this new formulation, the ratio Nu (formula)/Nu (test) has been 

calculated for the 4 columns.  Nu (formula) is the maximum axial load according to the 

theoretical formulation, and Nu (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 pN , equation (8), in case of circular columns. 

 

4. Conclusions 
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1) 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. 

2) 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. 

3) The diameter of the longitudinal reinforcement φ 12 or φ 20 had no significant influence on 

surface spalling. 

4) 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. 

5) 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. 

6) 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 

reinforceme

nt 

Load  

applied 

(kN) 

Load applied 

Design strength Nud 

Fire 

resistance 

(min) 

C1 6 φ 12 1260 0.59 156 

C2 6  φ 12 1770 0.83 131 

C3 6  φ 20 1450 0.57 187 

C4 6  φ 20 1900 0.75 163 

 

Table 2 : Main observations during the tests 

Column Time 

(min) 

Observations 

C1 25 sloughing off of concrete in many places of the external layer 

C2 20 

29 

large cracks (mainly longitudinal) 

sloughing off of concrete of almost the whole external layer 

C3 34 

 

60 

large cracks at the bottom of the column 

a few moments later sloughing off of concrete at the same 

place 

significant increase of the damage 

C4 30 

 

38 

large cracks at the bottom of the column  

a few moments later sloughing off of concrete at the same 

place 

significant increase of the damage 
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Table 3 : Fire resistance values (method 1) 

Column Theoretical fire resistance 

Method 1 (min) 

Rf,m1/Rf,test 

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 Nu(formula)/Nu(test) 

C1 0.79 

C2 0.65 

C3 0.58 

C4 0.5 

 

 



 13

Figure 1: relationship between the 3 approaches for design 
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Figure 3: comparison between test and method 1 

 

Fig. 5 : Buckling coefficient versus slenderness ratio 
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Fig. 4: spalling in column C1 as observed after the test 
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Mechanical behaviour of HPC at high temperature  

 
Pierre PIMIENTA, Izabela 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 x 320 mm cylindrical specimens were equipped with a deformation measure 
device allowing 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 al and Castillo and 
Durrani. Modulus of elasticity determined on the 3 HPC decreased regularly from 
20 °C to 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 is its 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 found in [2, 4, 5]. 

DIN 
BDA 6.1
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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/m3) M30C M75C M75SC M100C 

Cement CEM I 52,5 PM CP of St Vigor  360 450 377 

Cement CEM II 32,5 R (L) 350    

Boulonnais calcareous sand 0/5 401 442  439 

River Seine sand 0/4 401 435  432 

Boulonnais calcareous aggregate 5/12,5 514 465  488 

Boulonnais Calcareous Aggregate 12,5/20 514 579  561 

Bouaffles silico-calcareous sand 0/5   615  

La Brosse silico-calcareous aggregate 5/12,5   726  

La Brosse silico-calcareous aggregate 12,5/25   504  

Densified silica Fume (DM)  22 45.1 37.8 

GT Superplasticizer from Chryso  9 12.25 12.5 

Retarding Chystard from Chryzo  2.5 3.1 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. 
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Test specimens consisted of 104 mm x 320 mm cylinders. The size of test specimens 
is the result of a compromise. 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 at 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 steel 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. RESULTS OF 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. 
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Fig. 1: Stress – strain curves of the concrete M30C, M75C, M75SC and M100C at different 
temperatures 

4.2 Compressive strength 
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.  
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Compressive strength (MPa) and relative strength (%) (between brackets) 
 
 

28 days water 
cured strength 
(MPa) T = 20°C T = 120°C T = 250°C T = 400°C T = 600°C 

M30C 37.3 
37.9 
36.4 
 
37.2 

41.7 
38.4 
37.7 
 
39.3 

27.6 (70,2) 
28.7 (73,2) 
26.5 (67,5) 
 
27.6 (70,3) 

32.5 (82,8) 
33.2 (84,6) 
33.1 (84,3) 
 
32.9 (83,9) 

29.8 (75,9) 
32.6 (83,1) 
31.1 (79,2) 
 
31.2 (79,4) 

12.4 (31,5) 
12.4 (31,5) 
13.3 (33,9) 
 
12.7 (32,3) 

M75C 111.4 
105.3 
103.7 
 
106.8 

96.7 
102.9 
99.6 
 
99.8 

77.7 (77,9) 
78.6 (78,7) 
77.1 (77,3) 
 
77.8 (78,0) 

75.4 (75,6) 
80.0 (80,2) 
84.9 (85,1) 
 
80.1 (80,3) 

41.6 (41,7) 
41.3 (41,7) 
40.2 (40,3) 
 
41.1 (41,2) 

36.4 (36,5) 
34.3 (34,4) 
32.3 (32,3) 
 
34.3 (34,4) 

M75SC 87.6 
94.8 
94.2 
 
92.2 

93.7 
79.9 
94.7 
 
89.4 

76.7 (85,8) 
75.8 (84,8) 
76.3 (85,3) 
 
76.3 (85,3) 

63.4 (83,1) 
69.1 (90,6) 
66.1 (86,7) 
 
66.2 (86,8) 

32.4 (42,5) 
33.9 (44,4) 
34.9 (45,8) 
 
33.7 (44,2) 

6.3 (8,3) 
7.4 (9,7) 
 
 
6.9 (9,0) 

M100C 112.0 
112.0 
114.5 
 
112.8 

119.4 
119.0 
123.8 
 
120.7 

96.7 (80,1) 
88.6 (73,4) 
87.0 (72,1) 
 
90.8 (75,2) 

68.4 (56,7) 
75.3 (62,3) 
75.5 (62,5) 
 
73.1 (60,5) 

78.9 (65,4) 
82.6 (68,4) 
80.9 (67,0) 
 
80.8 (66,9) 

37.1 (30,7) 
33.6 (27,8) 
36.0 (29,9) 
 
35.6 (29,5) 

Table 2: compressive strength and relative compressive strength (between brackets) at 
different temperatures 
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Fig.2: relative compressive strength vs. temperature 
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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 al [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]). Values determined at 120 °C on the 3 HPC are in 
good agreement with those obtained by Diederichs and al [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 al 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-calcareous aggregates. 
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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 values are 
slightly lower than those obtained by Diederichs and al. 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: 500µm/m (20, 120, 250°C), 1000µm/m 
(400°C) and 4000µm/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. Values at 600 °C are lower or equal to 15 %. M75SC present the 
smaller value (lower than 2 %). 
Obtained values are again in rather good agreement with those determined by 
Diederichs and 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 
42.7 
31.9 
 
36.1 

26.8 (74) 
24.0 (67) 
22.4 (62) 
 
24.4 (68) 

16.8 (47) 
22.5 (62) 
18.0 (50) 
 
19.1 (53) 

13.5 (37) 
10.0 (28) 
13.3 (37) 
 
12.3 (34) 

25.6 (7) 
23.7 (7) 
30.4 (8) 
 
26.6 (7.4) 

M75C 48.3 
49.8 
44.3 
 
47.5 

40.7 (86) 
38.2 (80) 
39.6 (83) 
 
39.5 (83) 

33.8 (71) 
31.5 (66) 
31.7 (67) 
 
32.3 (68) 

9.4 (20) 
9.0 (19) 
10.1 (21) 
 
9.5 (20) 

7.3 (15) 
6.6 (14) 
6.3 (13) 
 
6.8 (14.2) 

M75SC 45.0 
44.1 
53.4 
 
48.8 

34.0 (70) 
37.7 (77) 
38.1 (78) 
 
36.6 (75) 

23.1 (47) 
21.5 (44) 
22.0 (45) 
 
22.2 (45) 

6.9 (14) 
9.4 (19) 
8.5 (17) 
 
8.3 (17) 

0.6 (1) 
0.8 (2) 
 
 
0.7 (1.4) 

M100C 52.2 
50.5 
49.8 
 
50.8 

41.2 (81) 
41.4 (81) 
41.9 (82) 
 
41.5 (82) 

33.9 (67) 
32.5 (64) 
33.8 (66) 
 
33.4 (66) 

26.9 (53) 
27.1 (53) 
26.4 (52) 
 
26.8 (53) 

7.3 (14) 
7.3 (14) 
8.1 (16) 
 
7.6 (15) 
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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".  
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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 1. 
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 2. 
 

CEN/TC 250/SC 2/PT 1-2 Doc N 171 
 BDA 6.2 



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 3. 
 
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. 

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 0C (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/m3 CEM 
III; 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 4.  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 5. 
 
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/m3), river gravel (Rheinkies) 
and 80 kg/m3 fly ash; wcf 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/mm2 is achieved 6. 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.  
 

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 0C. 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 5, temperatures at the concrete surface did not rise 
above 100 0C within 2 hours of RWS fire exposure. After that period, temperatures gradually 
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increased up to nearly 300 0C during additional 3 hours of heating at 1200 0C, without any 
spalling 7. 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 8. 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 
Promatect-H (27 mm). External loading in 
compression was applied to a level of 10 MPa.  
 
During the test on the loaded test specimen, no 
significant spalling occurred, only superficial 
damage occurred in the unprotected area. 
 
The test underscores 9 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 
M8 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 M16 bolts and a 
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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 10,11. 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.  

Figure 4 FEM simulation of penetration of heat via steel plate and M16 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 0C. 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 12. 

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 13. 
 
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/m3 monofilament fibres 
( type “23", length 12 mm, diameter 18 μm) test specimen 2 had 2 kg/m3 fibrillated fibres 
(type 12-60F, length 12 mm, diameter 60 μm). 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 14. 
 
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 0C 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/m3. 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 15. 
 
 
Table 1 Recorded spalling depths (mm). 
 0 kg/m3 1 kg/m3 2 kg/m3 3 kg/m3 
Average 95 37 32 7 
Minimum 5 0 0 0 
Maximum 265 95 90 25 
Standard 
deviation 

65 26 29 8 

Characteristic 203 80 79 20 
 
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. 

 
 
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 

large tensile forces. 
Results of recent tests 
have suggested however 
that by adding steel 
fibres, spalling could be 
stopped.  In a study 
commissioned by ITM, 
TNO first performed 
indicative fire tests to 
select the most 
appropriate mix (with and 
without polypropylene 
and steel fibres; C30 and 
C50 concrete). The 
polypropylene fibres 
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Figure  7 Test arrangement cylinder tests. 
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where of the coarse fibrillated type, to an amount of 900 gr/m3. For the steel fibres, 50 kg/m3 
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 0C 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/m3), for the investigated cases, could not significantly improve the 
resistance to thermal spalling 16. 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 17. 
  
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 m3 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 0C. The curve extracted from these tests is the so-called RWS fire. 
It should be noted that above 1100-1200 0C, 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 0C. 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 5th 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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