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Abstract

The validation of advanced calculation models fa fire design is an important issue for
computer code developers, designers and authoritege approach consists in the
comparison with experimental results, which are alwtays available or are not always
useful, due to the lack of details about the irgata or the results, or uncertainties about the
boundary conditions. This paper presents the uabideof the special purpose computer
program SAFIR (2005) for structural fire analysisrough DIN EN1991-1-2 procedure
(2010), which represents an alternative to thedatilbn through fire tests.

1. Introduction

The fire resistance of steel, concrete and compaséel-concrete members may be
determined using tabulated data or simplified mashieased on formulas. When the
situation is not covered by the simple methodss, mtecessary to perform an advanced
numerical analysis, using special purpose progréadsanced calculation models)
able to perform a thermal and mechanical analy$istctures under elevated
temperatures. One condition that these programs fulfiff refers to their validation,
which can be performed through relevant test restihe German National Annex of
EN 1991-1-2 (2010) offers an alternative to theidadlon through experimental
results. This document presents a series of vadillaxamples assembled in Annex
CC, concerning: heat transfer for different sedioand material properties,
temperature induced expansion for different matéavas, internal forces and stresses
induced by thermal action and ultimate bearing cipaf elements. These examples
include steel, concrete and composite steel-can@@ttions. Each example offers a
set of results and the acceptable tolerances éoretsults.

This paper presents the simulation of the exampfe®IN performed with the
computer software SAFIR. The aim is double: todetk the computer program and
to have a critical view on the examples of DIN, gthcould be profitable for future
validation exercises of other programs.
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2. Validation

Annex CC of DIN EN1991-1-2 contains eleven validatiexamples. Example 1
analyses the heat transfer in the cooling procdésa square section with given
material properties (see figure and results in @dbl The initial temperature of the
section is 1000 °C. Three sides of the cross-sec@present an adiabatic boundary,
while the other side exchanges heat with a medifinvlach temperature is and
remains equal to 0 °C, by linear convection andataxh. The limit deviations for the
calculated temperatures in a selected point weisfisd for a 64 quad elements mesh,
as given in the cross-section model figure of Tdb(evhich presents the temperature
distribution at 1800s).

Example 2 analyses the heat transfer in the heatiogess of a square section with
given material properties (see figure and result3able 2). Similar to the above
example, the initial temperature of the sectio@°S and the section is plunged into a
medium having 1000 °C. The limit deviations for tedculated temperatures in the
center point of the section were satisfied for & §dad elements mesh.

Example 3 analyses the heat transfer in a ste@whdection, filled with a material

for which the thermal properties are known, with iaitial temperature of 0 °C,

plunged into a medium having 1000 °C (see figur@ r@sults in Table 3). The limit
deviations for the calculated temperatures in taeter point of the section were
satisfied for a 324 quad elements mesh.

Example 4 analyses the thermal induced expandliaf a steel element with given
dimensions, at different values of homogenous teatpee in the cross-section (see
figure and results in Table 4).

Example 5 analyses the elongation of a cantilevédr avheight of 10 cm and a square
cross-section made of steel or concrete, for dhffer uniform temperature
distributions at some given stress-strength rgsee figure and results in Table 5).
The mechanical properties of concrete and steedrugldvated temperatures are those
given in the corresponding Eurocodes (EN 1992-26P5; EN 1993-1-2, 2005). For
the steel cantilever, all results fit well withihet prescribed deviation limits. The
results presented in Table 5 are only for the ceteccantilever and some deviations
from the limit values are emphasized. It must beeddhat the results are of very
small values, the problem here being the numbedigits that the software can
provide. The higher deviations from the limit arbtained for the values of the
elongations that are very close to 0 (E-02 milimsgtevhich corresponds to the
number of digits that SAFIR offers for the valuésisplacements in millimeters) for
which the opposite thermal and mechanical defolnatare almost the same. For the
cases in which the limit deviation is not satisfidle difference between the
calculated and reference values of the displacesramet given in Table 5. It may be
observed that the differences in terms of absolakiees are very small, the maximum
value being 5E-03 millimeters. The same problerategl to the number of digits that
the software can provide for the values of the ldigments in millimeters may be
observed in Example 4, but in this case all catedlaalues were within the deviation
limits, because the values of the elongations \hagkeer.

The aim of Example 6 is to determine the load Igarcapacity at different
temperatures of the structural steel and concleteents of Example 5. For steel, a
perfect fit of the reference and calculated valwes obtained. For concrete, only a
slight difference for one case was obtained, whitchell in the limits, see Table 6.
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In Example 7, for a fixed steel beam subjectedhéorhal loading and having a square
cross-section of 100x100 mm, the calculation ofittternal forces N and M as well
as of the stress are demanded (see figure and results in Tabl@wd. cases of
temperature distribution are considered: uniformgerature distribution of 120 °C in
the section and linear variation of temperaturdlenheight of the cross-section, of
20/220 °C in the top/ bottom fiber, respectivelyr Analysis of the results presented
in Table 7 reveals an amazing situation: only tkialdorce calculated by SAFIR for
one of the load cases does not fit within the denalimits, while all other values
offer deviations which are extremely low comparedhe limits (including for the
stress, which considers the effect of the axiatdr

Example 8 analyses a weakly reinforced simply sttedaconcrete beam loaded with
uniform distributed load, subjected to fire on thr&ides. The cross-section of the
beam is given in Fig. 1. The purpose is to deteentire necessary area for the two
rebars S500, in order to reach the fire resistatass of 90 minutes. Fig. 2 shows the
mesh adopted in the numerical model in the neididima of the rebars.

A temperature of 544C is obtained in the reinforcement, which presentdeviation

of -3.2% from the reference value of 582 It must be emphasized that the limitation
of the deviation refers only to the area of theficement and, as shown in Table 8,
this criteria is fulfilled.

Example 9 is similar to Example 8, with the diffece that in this case, the same
concrete beam is strongly reinforced (see FigkF@). 4 shows the mesh in the area of
the rebars and the temperature values in thesesrdbar this case also, the criteria
refers only to the area of the reinforcement, dmsl ¢riteria is fulfilled, as shown in
Table 9. The calculated temperatures in the repegsent a deviation that ranges
between -0.54% and -4.76%, compared to the referealcies.

Example 10 analyses a reinforced concrete columbeld with a vertical load having
an eccentricity and a uniformly distributed horitadioad (see figure and results in
Table 10). The reference results, for which a lidaviation is provided, are: the fire
resistance time, the top horizontal displacemedttae bending moment at the base
of the column after a fire time t = 90 minutes. Tetrgeria are fulfilled for all
requested results. The maximum deviation of theutaled temperatures in the rebars
is of -3.33% from the reference ones.

The last example analyses a composite column véathigly encased steel section,
subjected to fire on four sides (see figure ofdtass-section and results in Table 11).
The column is centrically loaded and a parabolipenfection with peak value of
I/2000 is considered. The reference results, foickvia limit deviation is provided,
are: the fire resistance and the horizontal digptent at the mid-span of the column
at t = 30 and 60 minutes. The deviation of the dated temperatures from the
reference ones, given at 90 minutes, is of -4.1d8the rebars and of +1.79% for the
center of the steel profile.

The criterion is not fulfilled for the displacemesdrresponding to 60 minutes of 1ISO
fire. As was the case in Example 7, this deviaidmmot consistent with the other
results. The displacement at 60 minutes is lowan tthe reference value (-8.18%),
while for 30 minutes the displacement is slightligher (+0.82%). It would be
expected that lower displacements lead to a hifghleire time, which is not the case
here, the calculated failure time is lower thanréference one.
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Table 1: Results for Example 1

f;"n f Time Calculated Deviation Limit
imi
[s] Temeerature [%]/ [K]
[°C]
= 0 1000 0 0
60 998.6 -0.07| -0.7
+1%
> ' 300 892.5 0.07| 0.6
b - 600 719.1 0.20| 1.4
and
- 900 576.4 0.26| 1.5
1200 461.9 0.33 1.5
+50K
1500 370.1 0.38 1.4
. enEEEEE 1800|  296.3 0.34| 1.0
Table 2: Results for Example 2
< > % T | Time Calculated Deviation Limit
. Temperature
\ [min] ['?,C] %]/ [K]
o \><” 6 < 30 325 -11.9| -4.4 5 (;‘c;rr;_tn
Bretans 60 132.5 36| -49
- . +5.0
90 241.6 -1.2 -3 K
o t | 120 362.6 04| 15| fort>
- 150 469.6 0.7 | 3.4 60min
+3%
180 559.7 0.9 4.9
Table 3: Results for Example 3
a8
U P Time Calculated Deviation | Limit
2 = Temperature
N . min o %] / [K
8, : 8, < 30 337 -1.00 -3.8 411 9
i - 60 7217 | 06| 46
i B . 90 885.3 0.4 3.7 and
0y 120 952.7 0.2] 2.1
b
150 980.5 01 12 +50
180 992 00| 03 K
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Table 4: Results for Example 4

©® | Reference| Calculated Deviation Limit
[°C] | 4l [mm] Al' [mm] [%] / [mm]
- 100 0.09984 0.10 0.16 O.OOOleor@)<
300 | 0.37184 0.37 -0.49-0.00184| 300 °C
500 | 0.67584 0.68 0.61 0.00416 *0.05
mm
n 600 0.83984 0.84 0.02 0.00016
for®@ >
700 1.01184 1.01 -0.18-0.00184| 300 °C
900 1.18000 1.18 0.00| 0.00000 +1 9%
Table 5: Results for Example 5
. (0] Stress/ | Reference| Calculated | Deviation | Limit
°C | Strength | 4l [mm] Al" [mm] [%0)/ [%0]
Al'- Al
-10.18/
0.2 -0.0334 -0.03
-0.0034
- 20 -3.85/
0.6 -0.104 -0.10
-0.004
0.9 -0.176 -0.18 +2.27
0.2 +0.107 -0.11 +2.80
+5.48/
200 0.6 -0.0474 -0.05
4 f +0.0026
0.9 -0.2075 -0.21 +1.20
0.2 +0.356 +0.36 +1.12
+3
—-6.66/
400 0.6 +0.075 +0.07
-0.005
0.9 -0.216 -0.22 +1.85
0.2 +0.685 +0.69 +0.73
+19.76/
600 0.6 -0.0167 -0.02
+0.0033
0.9 -0.744 -0.74 -0.53
0.2 +1.066 +1.07 +0.37
800 0.6 +0.365 +0.36 -1.35
0.9 -0.363 -0.36 -0.82
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Table 6: Results for Example 6 (concrete)

(0] Calcula’ted Deviation Limit
N fik

[°C] [KN] [%] / [KN]

20 -20.0 0
200 -19.0 0 +3%
400 -15.0 0 and
600 -8.99 -0.11/0.01| 0.5

KN

800 -3.0 0

Table 7: Results for Example 7

Temperature load | Calculated | Deviation | Limit |,
case value (6] [%0]
N [KN] —2587 +0.08
120/
M[KNm] 0 0 N:£1
120
o [N/mm?] -258.73 +0.09 M: £ ’
1 i
N [KN] —2457 —2.15
6.5
220 | M [KNm] ~40.35 +0.12 g
U
o [N/mm?] -478.60 -0.08
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Figure 1: Example 8 Figure 2: Temperature distribution at 90 min
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Table 8: Results for Example 8

) _ Calculated | Deviation | Limit
Fire resistance| Reference value|
value [%0] [%]
As[cm?]
As' [cm?]
R90 3.56 3.77 +5.90 +10
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Figure 3: Example 9 Figure 4: Temperature distribution at 90 min

Table 9: Results for Example 9

Fire resistance| Reference value| Calculated value | Deviation Limit
As [cm?] As' [cm?] [%] [%]
R90 9.76 9.28 -4.91 +10
Table 10: Results for Example 10
Requested | Calculated | Deviation | Limit
results value [%] [%]
Fallur_e time 92 108 +3
[min]
E Displacement 405 +6.30 +15
[mm]
e —
s 1 = o .
HE of ™ Bending i
lo | o Moment [kNm] | 7493 0.75 +5
36
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Table 11: Results for Example 11

Requested | Reference| Calculated | Deviation | Limit
results value value [%] [%]
Failure time 92 88 -4.35
: 30
Displ. min 4.40 4.44 +0.82 +5
[mm]

60

min 5.50 5.04 -8.18

3. Conclusion

The results generally comply with the criteria aonterances allowed by the DIN
EN1991-1-2 procedure, thus demonstrating that SAKFRa suitable advanced
calculation model available for the structural geel at elevated temperatures.

For three examples, there are some deviations ftemaccepted limits. For one
example of a concrete element with very small disiams, the deviation is due to the
number of digits that SAFIR could provide, for mefiece results with values smaller
than one millimeter. For each of the two other epla® only one reference value
was not within the limits, while all other resuftdfilled the criteria, generally with

very small deviations; there seems to be an instersty on the reference values for
these two examples. It would be helpful to identifg origin of the procedure results.
The paper could thus serve as a base for the vialdaf other computer software via
the German national annex, an exercise that hadasaonot been performed

systematically by all software written for the silaiion of structures subjected to fire.

It is to be mentioned that a program is not vaédahrough the DIN procedure for all
situations that may be considered in a structural dnalysis. For instance, for the
thermal analysis, the effects of moisture or thespnce of cavities in the cross-
section are not covered by any example, whiletierrhechanical analysis only beam
elements are considered. All examples are limi@d2b for both thermal and
mechanical analysis.
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