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ABSTRACT

The European system for fire testing and classibozof loadbearing building elements lacks
consistency because the two standards that halve &pplied prescribe different criteria for
assessing the loadbearing performance. This aditéyzes the implications of the present
conflict between the standard for testing and tla@dard for classification. The prescribed
criteria for loadbearing performance are relatedht exceedance of deflection and rate of
deflection thresholds. A database of 46 fire rasist tests performed at the University of
Liege is collected that contains the time at whiwdse thresholds are reached in fire tests with
different typologies of elements (walls, floors,lusons and beams). Then, the loadbearing
performance (and hence the fire resistance ratag) be derived according to the two
standards. The evolutions of deflection and ratedeflection during the tests are also
analyzed to gain a better understanding of the waBqof the standards. The selection of one
or the other standard affects the time at whichlufa” is deemed to occur in fire tests.
Statistically speaking, the difference in termdadlure time that results from using one or the
other standard has a 25% probability to exceed 1@t certain cases, this results in a
difference in fire resistance rating; this was obed for 3 of the analyzed tests. The apparent
contradiction in two codes in application has pb&rpractical implications and therefore
needs to be solved. The article suggests some lagigefor defining homogenized and
consistent criteria.
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1. Introduction

1.1 Background

Experimental testing may be used to assess theelistance of building elements. For
comparing the results of tests made in differebotatories on various types of elements, the
tests have to be performed under well-defined stahized conditions. The established
standards define the heating and loading conditibns also the performance criteria that
have to be applied to measure the fire resistancaidn.

In Europe, the procedure that leads to the classifin of building elements with regards
to fire resistance involves a two level processthe first stage, one or several tests are
performed by a laboratory that must have accreditasccording to 1ISO 17025. Each test
leads to the issue oftast report. In the second stage, a competent body compikegetst
report and issueschassification report, the results of which can then be used by thewshfft
stakeholders of the construction process, e.gubyoaities having jurisdiction.

An important performance criteria that can be aggpknd results in a classification is
related to the loadbearing capacity. This perforredmas to be assessed for building elements
with a loadbearing function. Yet, it appears tha¢ test standard (CEN 2012) and the
classification standard (CEN 2009) (which are bothrently in application) prescribe
different criteria for assessing the loadbearingfqgpmmance. More specifically, these two
standards consider different logical combinatioristhee criteria used to define loss of
loadbearing capacity. This leads to an inextricaltigation which has to be fixed in order to
lead to a consistent and credible system for tgstimd classification of building elements in
fire.

The fire resistance lab of University of Liege Haeen conducting, for many years,
experimental tests on loadbearing building elemehtd cover the main typologies of
building elements. These data are used in this rpapenvestigate the consequences of
adopting one or the other of the loadbearing dédins currently given in the standards.

1.2 Standard definitions of the loadbearing capacit  y performance

The loadbearing capacity is defined as the timeampleted minutes for which a test
specimen continues to maintain its ability to suppiwe test load during the test (CEN 2012).
Obviously, this definition calls for a second défon relative to the ability to support the test
load. Support of the test load should be assedgjedtively and based on criteria that reveal
imminent failure. Indeed, it is not desirable toque experimental tests until complete failure
of the test specimen, because this could damagestrg facilities and raise safety issues for
the personnel.

This study focuses on two European standard cddesfire resistance test standard
(CEN 2012) and the classification standard (CEN920MD is important to compare these two
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standards because they are both used in the twa) focess followed in Europe for
classification of loadbearing building elements hwitegards to fire resistance. Hence,
discrepancies or contradictions between these tavalards raise an important issue.

The two standard codes base their criteria on ii@uat of deflection (in mm) measured
during the test and rate of deflection (in mm/maalculated from these measurements.
Limiting thresholds are set for the deflection aatk of deflection of construction elements.
These thresholds depend on the typology of the esd¢r{CEN 2012). For flexural loaded
elements, they are given by Eqgs (1) and (2).

L2
D= Eg. 1
40Cd
d L Eq. 2
dt ~ 900cd '

whereD is the limiting deflection (in mm), L is the clegpan of the test specimen (in miah),

is the distance from the extreme fiber of the adésign compression zone to the extreme
fiber of the cold design tension zone of the stradt section (in mm), andD/dt is the
limiting rate of deflection (in mm/min).

For vertically loaded elements, the limiting valgsesholds) are given by Egs (3) - (4).

h
C=— Eqg. 3
10C g
dt  100C

whereC is the limiting vertical contraction (i.e. negaielongation, in mm)y is the initial
height (in mm) of the test specimen, aid/dtis the limiting rate of vertical contraction (in
mm/min). Given that a contraction is an axial deften, the same word “deflection” will be
used in this paper to refer equally to “deflectminflexural loaded elements” and “vertical
contraction of vertically loaded elements”.

These criteria on the deflection and rate of défl@care accompanied by two comments
in the test standard (CEN 2012). First, since inetht rapid deflections can occur until stable
conditions are reached, the rate of deflectioregdtis not applied in the first 10 min of the
fire test. Second, the deflection value has todieis zero at the commencement of the fire
test. This means that zero point for deflectiomeasured after applying the load and before
commencement of heating. This latter requiremesnfthe general test method standard is
also present in the test method standards for fapégpologies of elements, e.g. for beams
(CEN 1999-a) or for columns (CEN 1999-b).

Thus, the criteria of Eqg. 1-4 allow for determinittig ability of an element to support the
test load. However, the two considered standarffierdn their interpretation of the logical
combination of the criteria that indicates failufeccording to fire resistance test standard
(CEN 2012), failure to support the load is deenedhdave occurred wheone of the two
criteria has been exceeded, i.e. whether the deflectidheorate of deflection. Hence, the
loadbearing capacity is lost when the first of batikeria (“deflection” or “rate of deflection”)
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is met. On the other hand, the classification stesthdCEN 2009) states that the loadbearing
capacity is lost wherboth criteria are met. In other words, the classification stamhda
considers the latest of the two criteria met asahe determining the loadbearing capacity,
whereas the test standard considers the earliest on

There is thus a discrepancy between the definitadrileadbearing capacity performance
given by the test standard and by the classifinastandard. Both standards use the same
definitions for the limiting criteria (thresholdbyt differ in their logical combination of these
criteria. This automatically results in differenefohitions for the loadbearing capacity
performance when the thresholds for the deflectiod for the rate of deflection are not met
simultaneously. At the time being, no clear solutto this discrepancy is offered and this
leads to endless discussions between the sporisthrs @sts, the laboratories performing the
tests, the body doing the classification and tlibatties.

Finally, it has to be noted that the test standi@slevolved from its first version in 1999
to the current version (2012). In its first versitime test standard adopted the definition based
on the exceedance of both criteria (deflectionghoéd and rate of deflection threshold). It
also stated that the rate of deflection criteriallshot be applied until a deflection of L/30 is
exceeded. The first version of the classificatitandard was issued in 2003; it adopted the
same definition“poth criteria” ) but without any limitation on the application thie rate of
deflection criteria. An updated version of the slfsation standard was issued in 2009
without any modification on the loadbearing capadifinition; this is the version currently
in application. Both test and classification staddahus used to be consistent regarding the
main definition of loadbearing capacity. Then i thersion of the test standard issued in
2012, the definition was modified and based onekeeedance ofohe of the two criteria
The limitation on the rate of deflection criteriasvalso modified and now refers thé first
10 min of the fire te&tHowever, the classification standard was notsey accordingly. The
modifications in the 2012 version of the test seaddhus resulted in the current situation of
conflict between the definitions of the loadbearoagacity.

1.3 Objectives of the research

Given this conflict between test and classificatgiandards, the question arises as to
which definition is most relevant and what are¢basequences of using one or the other.

In this document, the results of 46 fire resistatests on loadbearing elements
performed in the Fire Testing Laboratory of the \énsity of Liege (Belgium) between 2005
and 2014 are collected. The tested elements cbheemtin typologies of building elements,
namely walls, floors, beams and columns. The “@défti@” and “rate of deflection” criteria
are processed for each test. The objective is twige a database for analyzing the fire
response of loadbearing elements with regards ¢o standards that are in application
nowadays. This means that the results of the fest®ormed before 2012 have been re-
evaluated according to the current version of éisé standard (CEN 2012). Then, analyses are
conducted on these data with the aim to highlidjet implications of the present conflict
between standards. Finally, conclusions are dramaerder to provide useful information and

Loadbearing Capacity Criteria in Fire Resistancesiing 4



Author Preprint Version — Paper Published by Sminrg© RILEM 2016
F. Dumont, E. Wellens, T. Gernay, J.M. FranssenteMials and Structures (2016) 49, pp. 4565-4581

recommendations to the attention of the scientbonmunity involved with fire resistance
testing, as well as to the authorities in chargeesblving the conflict between both standards.

2. Test Data
Table 1 summarizes the main data from the 46 testsidered for the analysis.
Test End of | Deflection criterion | Rate of deflection
Testnr Test dement standard | test [min] time [min] criterion time[min]
1062 | Wall (Masonry-) EN 1365-1 167.4 NA 167.4
1065 | Wall (Masonry-) EN 1365-1 136.9 NA NA
1066 | Wall (Masonry-) EN 1365-1 29.5 295 29.3
1070 | Wall (Masonry-) EN 1365-1 35.2 NA NA
1081 | Wall (Masonry-) EN 1365-1 148.4 NA NA
1083 | Wall (Masonry-) EN 1365-1 302.9 NA NA
1084 | Wall (Masonry-) EN 1365-1 256.6 NA NA
1102 | Floor/Roof (Other-) EN 1365-2 59.8 NA 58.5
1120 | Column (Steel-conc. composit¢-) EN 1365-4 88.B 88.6 87.2
1121 | Column (Steel-conc. composit¢-) EN 1365-4 22.p NA 22.0
1122 | Column (Steel-conc. composit¢-) EN 1365-4 64.3 NA 64.3
1123 | Column (Steel-conc. composit¢-) EN 1365-4 42.6 NA 42.4
1117 | Floor/Roof (Timber-) EN 1365-2 70.2 NA NA
1124 | Column (Steel-conc. composit¢-) EN 1365-4 56.p NA 56.5
1125 | Column (Steel-conc. composit¢-) EN 1365-4 64.p NA NA
1126 | Column (Steel-conc. composit¢-) EN 1365-4 38.[7 NA 38.7
1127 | Column (Steel-conc. composit¢-) EN 1365-4 78.p NA 78.9
1128 | Column (Steel-conc. composit¢-) EN 1365-4 1033 NA NA
1129 | Column (Steel-conc. composit¢-) EN 1365-4 35.p NA NA
1140 | Beam (Steel-conc. composite- EN 1365-3 539 950 47.8
1141 | Beam (Steel-conc. composite- EN 1365-3 781 .6 70 73.2
1142 | Beam (Steel-conc. composite- EN 1365-3 67.4 .1 63 66.0
1143 | Beam (Steel-conc. composite- EN 1365-3 1654 42.51 165.3
1144 | Beam (Steel-conc. composite- EN 1365-3 445 941 37.2
1145 | Beam (Steel-conc. composite- EN 1365-3 85.5 .383 79.3
1146 | Beam (Steel-conc. composite- EN 1365-3 95.6 2 75 88.1
1147 | Beam (Steel-conc. composite- EN 1365-3 93.6 NA 93.2
1148 | Wall (Timber-) EN 1365-1 139.7 NA NA
1205 | Floor/Roof (Other-) EN 1365-2 37.6 37.3 37.2
1167 | Floor/Roof (Timber-) EN 1365-2 63.8 NA NA
1180 | Column (Steel-) EN 1365-4 22.2 NA 21.6
1181 | Column (Steel-) EN 1365-4 19.7 NA NA
1182 | Column (Steel-) EN 1365-4 20.5 NA 20.2
1212 | Wall (Timber-) EN 1365-1 120.1 NA NA
1213 | Wall (Timber-) EN 1365-1 61.3 NA NA
1183 | Column (Steel-conc. composit¢-) EN 1365-4 10814 NA NA
1229 | Beam (Steel-conc. composite- EN 1365-3 120.0 A N NA
1231 | Beam (Steel-conc. composite- EN 1365-3 102.7 A N NA
1224 | Column (Steel-) EN 1365-4 12.1 NA 11.8
1223 | Column (Steel-) EN 1365-4 11.9 11.8 11.3
1225 | Column (Steel-) EN 1365-4 11.8 11.8 11.2
1233 | Wall (Masonry-) EN 1365-1 120.2 NA NA
1280 | Beam (Steel-) EN 1365-3 18.7 18.4 14.8
1296 | Floor/Roof (Other-) EN 1365-2 30.0 255 15.4
000G | Beam (Steel-) EN 1365-3 28.7 28.5 24.3
000H | Beam (Steel-) EN 1365-3 28.9 28.7 24.5

NA Criterion not achieved at the end of the test

Table 1 Test database with raw results.

The flexural loaded elements (i.e. beams and flowofs) are tested in a 4 m long
furnace. They are subjected to uniform loading omp loading. The vertically loaded
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elements (i.e. columns and walls) are tested in2& & high furnace. These elements are
subjected to concentric or eccentric axial loading.

The load is applied by the use of weights for umfdoading and by hydraulic actuators
otherwise and is maintained constant during treetést. In all cases, the loading conditions
comply with the test standards requirements.

Regarding the support conditions, special devicesiaed to avoid friction in the hinges
and in free horizontal supports. Fig. 1 shows @éiconnection used for a column test (left)
and a rolling hinge support used for a beam tegtj:

Fig. 1 Hinge connection used for a column test (left) mnilihg hinge support used for a
beam test (right)

In Table 1, “NA” stands for “not achieved” meanitiwat the test was stopped before the
criterion was met. The reason why the test waspstbps either because the fire resistance
time targeted by the sponsor of the test was reqarebecause security reasons (relative to
the integrity of the equipment or to safety of persel) has incited the manager of the lab to
stop the fire test.

For the data analysis presented in the followirigs hotation is adopted: is the
deflection; f_ is the limiting deflection (criterion)f, =f/f. is the normalized deflection;
f =df / dtis the rate of deflectiorf;. is the limiting rate of deflection (criterionfj, =f /f'L
is the normalized rate of deflectiodf is the time increment between two measurements
(sampling period).

During the tests, the deflection is measured atpacal average acquisition sampling
period of 3 to 4 seconds.

The rate of deflection is processed from the daéflacmeasurements by numerical
differentiation. The differentiation is performedth a finite difference method by centered
differences (non-causal) to avoid a phase delayjghenon (i.e. time shift). Its scheme is

chosen to be a second order error, according'ita%uﬂmzj. Note that for the
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first and the last samples, the scheme is logicabuced to a forward difference and a
backward difference of first order error.

The rate of deflection values are then passed gir@moving average filter (low-pass
filter). The aim is to provide a smoothed signal hegucing the high frequency noise of
mechanical and numerical origin. This filter is fjoemed with a rectangular filter kernel
whose length is chosen as 120 sec in the time dorirasome cases, the length of the kernel
has to be reduced in the vicinity of failure be@atthe very sharp slope of the signal at this
time, depicting a strong acceleration or decelenatif the deflection. Reduction of the kernel
length is done in these areas until the filtergphai fits properly the original one. This helps
to maintain a sharp filtered response and consélyuém determine the failure time
accurately. More information about this numericadgessing of the signal can be found in
(Dumont 2015).

For each considered test in Table 1, the limitiefletttion and limiting rate of deflection
are calculated using Eq. 1-2 or Eq. 3-4, dependimthe element typology. Then, the times at
which the criteria are met can be obtained andegrerted in Table 1.

Finally, “normalized deflections” and “normalizedtes of deflection” are also processed
by dividing deflection values and rate of deflentiealues by their limiting (i.e. threshold)
values. These normalized quantities are not shaowfable 1 but they are used in the
subsequent sections of the paper for drawing alteékt data on a same nondimensional chart.

3. Evolution of Deflection and Rate of Deflection d  uring
the Fire Tests

3.1 Method

The aim of this section is to gain an insight ithe behavior exhibited by building
elements during the fire tests in terms of evolutdthe deflection and rate of deflection. The
database of Table 1 is used for the analysis.

For each test, time is eliminated from the evolutad the normalized deflection and
normalized rate of deflection to produce a parammetirve that can be plotted in the spdge (
; F'n). The normalized deflectiofs is plotted on the horizontal axis whereas the radized
rate of deflectiorf’s is plotted on the vertical axis. The behavior dfuglding element during
a fire test is represented by a curve in this ntim®ad space. In addition, the limiting criteria
(thresholds) in terms of deflection and rate ofletdfon can be represented as vertical and
horizontal lines, respectively; by definition thdsees cross the horizontal and vertical axes at
a value of 1.

The definitions of the loadbearing capacity perfante can be illustrated in the
normalized space. According to the test standafeN(@Q012), failure to support the load
occurs when one of the criteria is met, i.e. whas ¢urve representing the tested element
response crosses the continuous red lines in g TBese continuous lines represent the
border of the space in which the element is deeafel to support the test load. In contrast,

Loadbearing Capacity Criteria in Fire Resistancesiing 7
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the classification standard (CEN 2009) states fdnlitre occurs when both criteria are met,
which corresponds to a very different setting af thorder” continuous lines as shown in
Fig. 2b.
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Fig. 2 Border of the loadbearing capacity criteria acougdo the test standard (a) and the
classification standard (b)

It is interesting to highlight the following propers of the curves representing the
element response in the normalized space:

(1) Since the deflection value is set to zero at tbmmencement of the fire test, the
curves start from the origin of the system of camates.

(2) For vertically loaded elements, the normalidedlection is positive for contraction.
Due to thermal expansion, the curves related teetl@ements are expected to start towards
negative normalized deflection and negative nomredlirate of deflection at the beginning of
the fire test.

(3) For flexural loaded elements, the normalizetledgon is positive for a downward
displacement. The curves related to these elenart®xpected to remain in the space of
positive normalized deflection and positive normedi rate of deflection during the entire fire
test duration.

(4) As the rate of deflection is the derivativetioé¢ deflection, a curve can only progress
towards higher normalized deflections (“towards tiglit”) when in the positive normalized
rate of deflection area (upper half space). Inugrsecurve can only progress towards lower
normalized deflections (“towards the left”) whenthre negative normalized rate of deflection
area (lower half space).
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3.2 Vertically loaded elements
3.2.1 Columns

The dataset comprises 6 steel columns and 11 com®pisel-concrete columns. All
columns are heated symmetrically on four sides.résponse of the columns is plotted in the
normalized space in Fig. 3. Note that Fig. 3b sholnes same results as Fig. 3a but the
horizontal and the vertical axes are stretchedign 3b to show the complete curves for the
steel columns.
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Fig. 3 Evolution of the normalized deflection and ratedeflection for columns. Results are
shown for 6 steel columns and 11 composite steatrete columns. The same data is plotted
on (a) and (b) with a different y-axis scale. Thatpfor several of the columns lie on top of
each other
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As can be seen from Fig. 3a, the criterion relatovéne rate of deflection is always met
prior to the criterion relative to the deflectidWhen the test was pursued until reaching the
deflection criterion, the latter was met at a haglflection ratef(, greater than 2.5 and even
up to 25 for steel columns with small sections).

In fact, the limiting deflection defined for verdilty loaded elements (Eq. 3) represents a
very significant level of contraction. This leved not always achieved during fire testing
because of security reasons that incite to stofiith¢est. As an illustration, Fig. 4 shows the
deflected shape of a column at a normalized dedlecdf f, = 1.5. For this column, the
limiting deflection (contraction) is 25 mm and tb@entraction reached is 37 mm.

14-12-2011 15:06:49

Fig. 4 Deflected shape at the end of a fire test afteeedance of the deflection criterion

3.2.2 Walls

The dataset comprises 8 masonry walls and 3 tinvais. The term “timber wall” refers
to walls made from a timber studs structure. Tispoase in the normalized space is plotted
in Fig. 5. Note that Fig. 5b shows the same resdtEig. 5a but with different axis scales to
focus on the plots for timber walls. Vertical lineslicate a sudden collapse of the wall during
the fire test.

Masonry walls are very likely to meet the rate eflection criterion first, because of a
sudden collapse, as shown by Fig. 5. For such |é&raglements, the limiting deflection
criterion corresponds to a very significant cortitag which is not very realistic. Fire tests
are rarely pursued until such contraction levebs rmached because it would endanger the
testing equipment. As an illustration, Fig. 6 shdaiws deflected shape of a masonry wall at
the end of a fire test while the normalized deftettwas equal td, = -0.06. Out of plane
displacements are visible and indicate failure pdeshe fact that the deflection is far from
reaching the defined threshold. In fact, the wadkvgtill experiencing an elongation and not
yet a contraction, as indicated by the negativaesaf the normalized deflection.

Loadbearing Capacity Criteria in Fire Resistanoesiing 10
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Regarding the timber walls, the 3 tests were stdfyefore any of the criteria were met.
The deflections and rates of deflection remainey limited. Also, no negative value of the
deflection is observed since timber walls do neegise to thermal expansion.

(@)

w
o

—— Masonry
----- Timber

N
(631
!

T

n
o
!

T

=
(2]
!
T
I

o
(2]
!

T

Normalized rate of deflection f',
o =
o o
P
__\l

o
(2]
!

T

s
o

-10 -05 00 05 10 15 20 25 30
Normalized deflection f,

(b)

0.20
0.15 + p
0.10 + /

0.05 +1 7,

e earsansen?

0.00 + t t t

-0.05 r

-0.10 T
—— Masonry
----- Timber

Normalized rate of deflection f',

-0.15 T

-0.20
-06 -04 -02 00 02 04 06 038

Normalized deflection f,

Fig. 5 Evolution of the normalized deflection and ratedefllection for walls. Results are
shown for 8 masonry walls and 3 timber walls. Tame data is plotted on (a) and (b) with
different axis scales. The plots for two of theldignwalls lie on top of each other
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Fig. 6 Deflected shape of a masonry wall at the endefitle test

3.3 Flexural loaded elements
3.3.1 Beams

The dataset comprises 10 concrete beams and Josta®lk. The responses of the beams
are presented on Fig. 7. Fig. 7b shows the sanutges Fig. 7a with the horizontal and the
vertical axes stretched to show the complete cuvethie steel beams.

For the steel beams, the first criterion that ist mhering the fire test is the rate of
deflection in all three cases. For these beamsnwine deflection criterion is finally met the
normalized deflection rate, exceeds 9 (Fig. 7b).

The concrete beams consist in either reinforceccred@ beams or composite steel-
concrete beams. Fig. 8 shows the cross-sectiow®fof the test specimens, one composite
beam and one reinforced concrete beam.

For the concrete beams, the first criterion thanet is the deflection criterion in some
cases and the rate of deflection criterion in ottases (Fig. 7a). Actually, concrete beams are
the only elements out of the 46 tests considerethighstudy for which, in some cases, the
deflection criterion was met prior to the defleati@te criterion. This occurred for 4 of them,
all of which were composite.

3.3.2 Floors and Roofs

The tested floors and roofs consist of one steeérirstructure floor, one solid wood
floor, one timber structure floor, one metal sardwpanel roof (mineral insulated core) and
one steel deck polyisocyanurate (PIR) insulated rbioe response for all floors and roofs are
presented on Fig. 9a while Fig. 9b focusses otittiiger floors.
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Fig. 7 Evolution of the normalized deflection and ratedeflection for beams. Results are
shown for 10 concrete beams and 3 steel beamssarhe data is plotted on (a) and (b) with a
different y-axis scale

Fig. 8 Examples of sections of composite and reinforashis
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Fig. 9 Evolution of the normalized deflection and ratedeflection for (a) all the tested floors
and roofs and (b) for the timber floors only. Ntie change of axis scales

In this figure, a vertical line indicates a sudd@iure of the tested element. This
occurred for the metal sandwich panel roof. Regardhe tested timber floors (Fig. 9b), the
two tests were stopped before any criterion was igtber floors are characterized by very
low values of deflection and rate of deflectionisTis due to the fact that timber as a material
does not experience significant thermal expansortimber floors do not exhibit any thermal
bowing. Besides, timber has a stress-strain relghig that is approximately linear elastic up
to failure, with no distinct plastic elongation. 83® assumptions on the behavior of timber at
elevated temperature are the ones considered oc&ae 5 (CEN 2004).

For the other elements for which the test coulghtesued until a criterion was met, the
first criterion was always the rate of deflectidhetal sandwich panel roof (mineral insulated
core) is the only considered element (out of theteHis) for which the rate of deflection
exceeded the limiting value in the first 10 mirtloé fire test. According to the standard code
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(CEN 2012), this part of the curve has to be dibedr This roof finally collapsed after
38 min, see Fig. 10.

Fig. 10 Metal sandwich panel roof with mineral insulatedec

4. Time of Failure according to the Different Stand  ards

Based on the evolution of the normalized deflectomd rate of deflection, the
loadbearing capacity performance (or, equivaldrg,ttme of failure) of the tested elements
can be determined. As discussed in Section 1.Zctseh of the test standard or the
classification standard will lead to different defions for the loadbearing capacity, see also
Fig. 2 for a graphical interpretation. The objeetiof this section is to determine the
loadbearing capacity according to the two standéodsll tests of the database and analyze
the differences and resulting implications.

4.1 Method

For most of the tested elements in the databaseefirth tests were not conducted until
exceedance of the two criteria, either becauseidden failure of the element or because of
security considerations with regards to the teséggipment in the laboratory. Specifically,
the following situations are encountered:

() 16 tests were carried out beyond the limitihgeshold of both the deflection criterion
and the rate of deflection criterion.

(i) 12 tests were carried out beyond the thresloblthe rate of deflection criterion, but
stopped before the threshold of the deflectioredoh.

(i) 18 tests stopped before the threshold of eigrion.

(iv) for none of the test was the deflection crdarmet while the rate deflection criterion
was not met.
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In order to compare the implications of using on¢he other standard for definition of
the failure time, it is necessary to have a dawlohsests for which the times corresponding
to the two criteria are known. As is, the curreatadbase comprises only 16 tests for which the
two criteria were met. However, it is possible iolude the 12 tests of the situation (ii) into
this database, provided an extrapolation is peroknThe extrapolation method is described
in three steps.

- Step 1: The analyses conducted in Section 3 ghatvthe rate of deflection is very
unlikely to decrease once the rate of deflectiaeghold has been exceeded. This can be
observed for instance in Fig. 3 and Fig. 7. In,faalecrease in the rate of deflection when the
element is beyond a normalized deflection rate blufbelow a normalized deflection of 1
has only been observed for one test (Fig. 9a). Whs probably due to the particularity of the
tested roof, made of a steel deck with PIR insoitatiAs a result, it seems reasonable to
assume that, for a test that was stopped premwtibhel deflection rate beyond the end time
of the test would have been greater or equal tteamalue at the end time of the test. This
assumption is expressed by the following equation:

f,(t>tend)2f,end Eq S

Between the lower limitf( = f'end and upper limitf{—o), a linear extrapolation of the
deflection speed in the time domain is assumedraasonable estimation, see the following
equation:

f I(t ~ tend) = f"end'(t _tend) + f |end Eq 6

For the considered tests, the rate of deflectiopositive (since the threshold has been
exceeded) and remains positive (given the condideashere above). Hence, the deflection
can only increase. In other words, the expectedecuepresenting the element response
beyond the end time of the test inevitably movesgatads the limiting value of the deflection
criterion, see Fig. 11.
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Fig. 11 Domain of expected values beyond end time ofékein the normalized space
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- Step 2: an estimation of the expected behavidh@fdeflection beyond the end time of
the test can be predicted using Eq. 7. The expeatgéldction is calculated from the linear
extrapolation model of Eq. (6), and the extremeaigslare processed from the lower linfiit (
= f'end and upper limitf{—oo) of the deflection rate.

fEffde=fug+ [ S Eq. 7

- Step 3: Finally, the reversed equation predintsexpected failure time of the deflection
criterion, notedts, and its limit values. The lower limit time is tlome achieved when the
deflection rate keeps a constant value equal tetigeat the end of the test; the upper limit
time is the one achieved when the deflection mEssumed to be infinite; the expected time
is the one achieved when the rate of deflectiorticoes to rise linearly.

This data enhancement processing is performed en 1t tests of the second
configuration. It allows predicting the extrapolhteme at which the deflection criterion is
met for these 12 tests, as well as the lower ammkufimits for this time. These times are
reported in Table 2. Note that the difference betwine lower limit and the upper limit of the
enhanced values is rather limited, which gives soredibility to the extrapolated values. In
the end, Table 2 includes the data for the 16 tissiswere conducted until exceedance of
both criteria plus the 12 tests for which the tiofieexceedance of the rate of deflection was
experimentally obtained and the time of exceedanhtiee deflection is extrapolated.

T End of test Deflection criterion time[min] Rate of deflection
est nr Test element . — —— — S .
[min] Lower limit  Criteriontime  Upper limit | criterion time[min]

1062 | Wall (Masonry-) 167.4 167.4* 167.9* 169.2* 1467
1066 | Wall (Masonry-) 29.5 295 29.3
1102 | Floor/Roof (Other-) 59.8 59.8* 61.9* 64.6* 58.5
1120 | Column (Steel-conc. composit¢-) 88.8 88.5 87.2
1121 | Column (Steel-conc. composite-) 22.2 22.2* 22.9* 23.5* 22.0
1122 | Column (Steel-conc. composite-) 64.3 64.3* 65.2* 67.1* 64.3
1123 | Column (Steel-conc. composite-) 42.5 42 5* 43.2* 44.1* 42.4
1124 | Column (Steel-conc. composite¢-) 56.6 56.6* 57.9* 59.3* 56.5
1126 | Column (Steel-conc. composit¢-) 38.8 38.8* 39.6* 41.5* 38.7
1127 | Column (Steel-conc. composite¢-) 79.0 79.0* 79.6* 80.6* 78.9
1140 | Beam (Steel-conc. composite- 54.0 50.9 47.8
1141 | Beam (Steel-conc. composite- 78.1 70.6 73.2
1142 | Beam (Steel-conc. composite- 67.4 63.1 66.0
1143 | Beam (Steel-conc. composite- 165.4 1425 165.3
1144 | Beam (Steel-conc. composite- 44.5 41.9 37.2
1145 | Beam (Steel-conc. composite- 85.5 83.3 79.3
1146 | Beam (Steel-conc. composite- 95.6 75.2 88.1
1147 | Beam (Steel-conc. composite- 93.6 93.6* 95.6* 98.0* 93.2
1205 | Floor/Roof (Other-) 37.6 37.3 37.2
1180 | Column (Steel-) 22.2 22.2* 23.1* 24.3* 21.6
1182 | Column (Steel-) 20.5 20.5* 21.9* 23.2* 20.2
1224 | Column (Steel-) 12.1 12.1* 12.3* 12.6* 11.8
1223 | Column (Steel-) 11.9 11.8 11.3
1225 | Column (Steel-) 11.8 11.7 11.2
1280 | Beam (Steel-) 18.7 18.4 14.8
1296 | Floor/Roof (Other-) 30.0 255 154
000G | Beam (Steel-) 28.7 28.5 24.3
000H | Beam (Steel-) 28.9 28.7 24.5

* extrapolated value

Table 2 Test data base used for the failure time analysis

Loadbearing Capacity Criteria in Fire Resistancesiing 17



Author Preprint Version — Paper Published by Sminrg© RILEM 2016
F. Dumont, E. Wellens, T. Gernay, J.M. FranssenteMials and Structures (2016) 49, pp. 4565-4581

4.2 Analysis

The analysis of the loadbearing capacity perforragne. failure time) according to the
two standards is conducted based on the data ile Pafd his table contains the time at which
the deflection and rate of deflection criteria aret for the 28 tests. Regarding the deflection
criterion, the expected value of the criterion tirmeused in the cases where an extrapolation
was conducted.

The test standard states that the loadbearing itp®eceached as soon as one criterion
or the other is met, i.e. the earliest of the twoes. On the other hand, the classification
standard requires both criteria to be met, i.eldhebearing capacity is the latest of the two
criterion times reported in Table 2. For a givest,téhe selection of one or the other standard
leads consequently to a different failure time.sTikiillustrated in Fig. 12 where, for each test,
the time of failure is reported on the vertical sasiccording to the test standard and the
classification standard.

The following observations can be made from Fig. 12

- By definition, the failure time given by the clagsation standard is always higher or
equal than the one given by the test standard.

- The difference in loadbearing capacity is highemtl3 minutes in 10 out of 28 tests and
higher than 5 minutes in 3 out of 28 tests.

- The difference reaches up to 23 minutes in onep@$brmed on a composite beam (test
1143) and, interestingly, both deflection and ratedeflection criteria were actually
reached during the test (meaning that there isxctraolation in the value of 23 min).

- For 3 out of the 28 considered tests, the (loadbgarapacity) rating is affected by the
choice of the standard. For instance, the test IaillR after 58 minutes or 61 minutes
depending on which standard is selected. Hencdirétsesistance rating could change
from R45 to R60. Similar conclusions are drawn tfog tests 1280 and 1296 that can
achieve R15 and R20 respectively or not dependmitp@ applied standard.

The relative difference (in %) is computed betw#snfailure time according to the test
standard and the classification standard (withtds¢ standard as the reference value). The
average value of the relative differences for thmge shown in Fig. 12 is found equal to
8.7% and the standard deviation to 13.0%.

The cumulative frequency of the relative differemedailure time is plotted in Fig. 13.
The obtained frequency can be fitted by a lognomiisgttibution. The lognormal distribution
with parametergi=1.44 andb=1.28 (mean and standard deviation of the natogarithm of
the relative difference) gives a good predictiontfte relative difference in failure time (in
%). This lognormal distribution is suggested asepresentative model of the relative
difference distribution.
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Fig. 13 Cumulative frequency of the relative differencefailure time between the two
standards

The curve in Fig. 13 should be interpreted as ¥adlowhen performing a loadbearing
test on a specimen, the relative time differencevéen the attainment of the first of the
criteria (either deflection or rate of deflecticam)d the attainment of the second of them, is
expected to be lower than the value on the x-axis s probability given on the y-axis. For
example, the difference is expected to be lowen #®6 with a probability of 75%.
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5. Discussion

The current discrepancy in the test and classifinastandards is an issue, as shown in
the previous sections. It is not satisfactory fraracientific point of view. In addition, it can
lead to a different fire rating for a loadbearingmponent depending on the standard
definition that is adopted. This section discuses current propositions and additional
considerations related to this issue.

5.1 Proposals discussed in TC 127 WG1

In order to solve the conflict between test andssifecation standards, an alternative
definition of the loadbearing capacity performarwes been considered within Working
Group 1 of the CEN Technical Committee 127. Thi kefinition relies on three statements
as given hereatfter:

() The loadbearing capacity is attained at a tanhehich the first of both “deflection” or
“rate of deflection” criteria is met.

(i) The rate of deflection criterion is not apmlian the first 10 min of the fire test.

(i) The rate of deflection criterion is not apgdi until the deflection criterion has
achieved half of its limiting value.

Compared with the current definition adopted in té&t standard (see Section 1.2), this
proposal differs with the latter only by the thistatement. For the 28 tests of Table 2, it
appears that this proposal does not lead to afisigni modification of the failure time, as
compared with the previous test standard definitidre difference is lower than 1 minute in
23 out of 28 tests. The maximum value of the déifee is 4 minutes. Hence, the difference
turns out to be limited. As a result, this propakads not really allow for a better convergence
between the test and classification standards.

Another proposal is based on common practice uséeénwtesting elements or
substructures which are deemed to have a britlerédamode. Such elements are typically
characterized by the fact that the deformationsrarg small until failure. For such elements,
the person in charge of the test decides to remiozdoad and stop the test based on his
experience and, certainly, as soon as the respéiated by the sponsor has been reached. This
procedure has many shortcomings. What is the expeziof the lab? What is the expected
result in a scientific research program? A humatofais introduced which increases the level
of uncertainty and decreases the repeatability., Yetre is little alternative when the
displacements are so small that no deflectionterafdeflection can be used.

Based on this observation, it has been proposaddpt a similar definition of failure for
all types of structural elements. Why would indegulctile elements be penalized by
deflection criteria that are not / cannot be ajpt® brittle elements? The fire resistance time
with respect to load bearing capacity is then eithe time of real physical collapse (still to
be defined, for example when the load cannot bentaiaied) or the time when the test was
stopped if the load was still supported at thaktiffihe shortcomings mentioned here above
remain.
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5.2 Influence of the test data processing

Establishing a clear definition of the failure erit is a necessary step for the
standardization of testing and classification psses. In addition, it should also be ensured
that different laboratories use identical methadslitain and process the data.

For fire resistance testing of loadbearing comptsjethe deflections are directly
measured during the test. To the authors’ knowledthehe accredited European fire testing
laboratories carry out the test deflection measerdmwith dedicated sensors (i.e. position
transducers designed for the direct, absolute meamant of displacement). Then, the rates of
deflection are computed as time derivatives ofdé#ection measurements. This can be done
using different numerical methods and the choicthefmethod has an influence on the result.
In particular, three aspects are examined hereaféenely (i) the acquisition sampling period
during the test, (ii) the numerical differentiatiomethod for the calculation of the rate of
deflection, and (iii) the numerical low-pass filteg of the calculated rate of deflection.

() Regarding the acquisition sampling period, fiblowing requirement is mentioned in
EN 1363-1: in the case of loadbearing test specimens, measmtsnshall be made prior to
and following the application of the test load aamidl minute intervals during the heating
period’. This requirement should not be understood africéag the acquisition sampling
period at 1 minute. As a consequence to the impeedaracter of this requirement, different
labs may and certainly do use different samplingppls. Shorter periods should be preferred,
when technically feasible, for the sake of accuracy

(i) Given the measured values of deflection, the rof deflection must be obtained by
numerical differentiation. The choice of the nurnatidifferentiation method affects the result
(i.e. the calculated rate of deflection).

The backward difference scheme makes use of premmitpast measures, and is
therefore a causal differentiation method. Thishodtresults in a time delay in the calculated
derivative, as compared with the mathematicallycexalue of this derivative. The backward
delay effect occurs as soon as the signal is ngelolinear, which is generally the case when
dealing with real signals. The order of magnitutithe delay is half the differentiation step.

In contrast, the centered difference scheme mase®fadditional future measures, and
is therefore a non-causal differentiation methoklisTis a second-order method which does
not produce any (significant) time shift.

The method to use for calculating the rate of adifthe is not specified in the standard. It
has been observed (EGOLF 2015) that different kbaes use different numerical
differentiation methods and therefore, based onstrae deflection measurements, provide
different (i.e. shifted) values for the rate ofldefion. Since the rate of deflection takes part in
the definition of the loadbearing capacity, thisymasult in a difference in fire resistance.
However, application of the code requirement relatethe 1 minute sampling period ensures
that this difference remains limited to about OiBute. The fact that the difference is directly
proportional to the sampling period explains whghart sampling period results in a short
time shift in case of a backward difference method.
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(i) The numerical differentiation of the defleati measures produces a signal for the
rate of deflection. This signal must be filteredéduce the noise, which can be of mechanical
and numerical origin.

The moving average is the most common low-pasa fithainly because it is the easiest
filter to understand and use. In spite of its sioifyl, the moving average filter is optimal for
a common task: reducing random noise while retgigirsharp step response. As the name
implies, the moving average filter operates by agerg a numben of points from a raw
signal to produce each point in the filtered sigidlis filter can be used in a backward, a
forward or a centered scheme. Use of one or ther atithese schemes to the obtained rate of
deflection curve results in a different time shétween the filtered and the raw signal.

In the case of fire testing, the deflection measanets are typically acquired at a
sampling period shorter than one minute, e.g. tOrs#s. Yet, in order to derive the rate of
deflection from the deflection measurements, a wact difference scheme with a step of 60
seconds is typically used. These numerically ddrivalues are thus passed through a
backward moving average filter which leads to atesysitic delay of 30 seconds in the
evaluation of the rate of deflection. This delapw@l be taken into account when assessing
the failure time based on the rate of deflectiomréinformation can be found in (Dumont
2015).

5.3 Load performance criteria in other standards

It is interesting to compare the European situatith the American (ASTM 2014) and
British (BS1 1987) test standards concerning thefinition of the load bearing capacity.

The American and British test standards provide pnedefined criterion for most
elements. The British standard states that, fodkdearing vertical elementsfailure of the
test construction shall be deemed to have occumteeh the specimen fails to support the test
loading’, and recognizes in its annex that has not been possible to define the point at
which specimens of vertical elements are deemebletancapable of supporting the test
loading'.

Similarly, the American test standard states tfwatjoadbearing walls, columns, floors,
roofs and restrained beamshé test is successful if the test specimen sgstam applied
load during the fire-resistance test for a perioqual to that for which classification is
desired.

Only for some horizontal elements, the two stansla@jige predefined criteria to assess
the time at which failure is deemed to have ocalrfide British test standard states that, for
loadbearing horizontal elements, the loadbearinpacy is exceeded whesne of the two
following criteria is exceeded:

D =L/20 Eq. 8
2
db _ L Eqg. 9
dt  900Cd
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However, the threshold on the rate of deflectiog. (® shall not be applied until a deflection
of L/30 has been exceeded.

This limit on the rate of deflection criterion i be compared with the limits set by the
European test standardsliall not be applied in the first 10 min of the fire tgstnd in the
proposal discussed in TC 127 WGZEHall not be applied until the deflection criterion has
achieved half of its limiting vallle For the test data of the present study, it appehat, in
the very large majority of cases, half of the ddftn limiting value represents a value
smaller than L/30. Hence, the former is reachetleean the test than the latter. Therefore,
the limit set by the British test standard is mstrictive than the one discussed in TC 127
WGL.

On the other hand, the American test standard givedefined criteria only for loaded
unrestrained beams supporting floors and roofs.tfi@se elements, the loadbearing capacity
is exceeded whelmoth of the two following conditions are exceeded:

LZ
D= Eq. 10
400d
2
o _ L Eq. 11
dt _ 900cd

There is no condition on the application of theeraf deflection threshold. The criteria
defined in the American test standard are thuslainib the criteria of the European
classification standard (CEN 2009) for this spedype of elements.

6. Conclusion and Recommendations

This paper has presented a critical analysis ofrésellts of 46 fire resistance tests
performed in the Fire Testing Laboratory of the \émsity of Liege. The analysis focuses on
the definition of the loadbearing capacity critefidore specifically, it investigated the effect
of the adopted standard codes on the definitidh@failure time for the test sample.

Two standard codes that are currently in applicapmvide different definitions for the
time at which the loadbearing capacity is exceedexdstructural component tested in the fire
situation. Both codes base their definition ondah®unt and rate of deflection. However, one
of the codes (test standard) requires only onehe$d metrics to exceed a threshold for
defining the failure, whereas the other code (diaasion standard) considers that failure
occurs when the two metrics exceed their respetiineshold.

The paper reviewed the evolution of the amount rael of deflection for the 46 tests.
Then, it highlighted the differences in terms afuiee time that result from using one or the
other standard code. For the analyzed data, tifiereliice in failure time was higher than 3
minutes for 10 of the tests and it reached up ton#8ites in one case. The choice of one or
the other standard affects the fire resistancagdtr 3 of the tests. These results demonstrate
that the issue (i.e. the apparent contradictiotwim codes in application) is not anecdotic but
has potential practical implications and therefoeeds to be solved.
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Based on the work, the authors recommend consgldranfollowing guidelines:

1. The presented results show that the rate of dedlecs the first criterion to be met on
most cases, and that this criterion usually redléoe imminence of an instability.

2. For vertically loaded elements, the deflection shadd represents a very high level of
contraction. Only very ductile test specimens (ytaee expected to reach this limit,
whereas almost all others element are expectedltapse early in a brittle mode
(masonries, timber structures, etc). In the latBses, security reasons incite to stop
the fire test before reaching the deflection thoéshin consequence, the loadbearing
capacity definition from the test standard (i.ee @nteria or the other) would be much
more appropriate than the definition from the afastion standard (i.e. one criteria
and the other). More fundamentally, this raisesgbestion of the relevant nature of
measured vertical deflections in vertically load#ddments. Vertical deflections are
influenced by thermal expansion that has nothingaavith collapse. Would not the
horizontal displacement at mid-level be more rehévas it is directly linked to
buckling phenomenon?

3. For flexural loaded elements tested up to 6 m kentte limiting value for the
deflection may exceed 300 mm. Such high displacé&ntsts may turn out to be
complicated to manage (for reasons related to thepment). In fact, as soon as
deflection levels exceed values in the order of 2@®, control of a fire test in
laboratory becomes challenging. Consequently,léxufal loaded elements, the same
observation is made as for vertically loaded eldsalue to operational reasons.
Namely, the loadbearing capacity definition frone tlest standard should be favored
over the classification standard, because it allstwpping the test as soon as the rate
of deflection threshold is reached.

4. While it is recognized that different materials balifferent behaviors, it would not be
convenient to build different criteria definition®r each encountered group of
material. Among other shortcomings, this would léaehew questions for innovative
structures or materials that will appear in theufatand for which a criterion would
not have been foreseen. Therefore, it is recomntetalé&eep a unique definition of
the criteria and associated thresholds for use alitbonstituting materials.

5. The numerical method to be used for computing e of deflection from the
deflection measures should also be defined in thedard. This would allow for a
harmonization in the data processing and would laelpding systematic errors. A
centered finite difference scheme should be predeaver a backward scheme. The
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differentiation step for this finite difference shd also be standardized, as is the case
in the British and American test standards whickcgy a step of 1 minute.

It would be interesting if other labs could in tiwéure analyze their experimental results
following a similar method. These additional datawd enrich the discussion on loadbearing
capacity criteria in fire resistance testing, esgbcif other labs can introduce additional
typologies not considered here, e.g. timber columns
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