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1 INTRODUCTEON

Experimental investidations, published in Titerature, of fire-
exposed, reinforced and prestressed concrete structures all-perva-
dingly have been Timited to fixed heating conditions according to
standard fire resistance tests, IS0 834 (1975). Additienally the
effect of cooling, which follows a heating phase is ignored and
the objective of the experiments primarily has been a determina-
tion of the fire resistance, fire resistance time. In some cases

a complementary ascertainment of the residual load-carrying ca-
nacity after fire is also done. In a very dominating extent the
investigations are carried out at statically determinate support

conditions.

However, during the recent years there has been a growing inte-
rest in a more thorough study of the mechanical behaviour and
Toad-carrying capacity of structures thermally exposed, including
hyperstatic structures. Among theoretical works the following
ought to be mentioned: Saito (1968}, Issen & Gustaferro (1970),
Haksever {1975) and Klingsch (1975). Examples of standard fire
resistance tests for hyperstatic concrete structures are given

in Selvaggio & Carlson (1963 and 1967), Carlson et al (1965),
Ehm & von Postel (1965), Gustaferro (1970), Gustaferro et al
(1971) and Salse & Gustaferro (1971).

At present, in several countries, a development of design codes
and regulations takes place, which leads towards an increased
degree of functionally based requirements and performance crite-
ria. This trend gives a high priority to a development of diffe-
rentiated systems for a fire engineering design, based on a real,
complete process of a fire development. The fire process is vary-
ing with the combustion characteristics of the fire load and the
géometfical, ventilation and thermal properties of the fire
compartment {Magnusson & Thelandersson (1970, 71 and 74), Har-
mathy (1972), Thomas (1976)). The condition precedent for such

a’ development leading to rational and practical ‘design methods is
among other things a thorough understanding of the mechanical be-
haviour ‘of structurés during a whole fire process, comprising a
heating and a subsequent c¢ooling phase. Consequently,-the goal
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has to be analytical models for & realistic prediction of a com
'p1ete structural behaviour and load-carrying capacity at different
fire exposures. The models also have to be verified by experimen-
tal investigations, carried out during well-defined test condi-
tions. If the goal is attained it decreases the need of exten-
sive and expensive fire testings for the benefit of analytical
predictions of structural response.

Any experimental studies of reinforced and prestressed concrete
structures at fire - in addition to an investigation presented

by the author (Anderberg (1973)) - have not been accounted for

as regards the influence of practically representative fire pro-
cesses. The experimental investigation reported and analyzed in
the present publication is the first one of its kind. Furthermore
it includes the earlier study accounted for by the author in An-
derberg (1973). In another aspect the investigation is also ori-
ginal i.e. the structural behaviour is foilowed up to the resi-
dual state after cooling with respect to residual stresses and
deformations, residual Toad-carrying capacity and flexural stiff-

ness.

The experimental investigation is performed with regard to support
conditions, for a pure type of hyperstatic structure and compri-
ses a continuous registration of temperature-gradients, deforma-
tions, cracking formations and restraint bending moments. These
measurements are carried through at a fire-exposure merely and
at a combined influence of a fire and external transverse load
respectively. The experimental part of the project is directly
coupled to a comprehensive theoretical analysis, which comprises
an evaluation of thermal and structural response of the current
structure. The study of structural behaviour is based on a com-
puter model, which can be described as a modification and fur-
ther development of a model, constructed at University of Cali-
fornia, Berkeley, for a response analysis of reinforced concrete
frames in fire environments (Becker & Bresler 1974)). The most
profound, new contribution to the computer mode]l constitutes a
material behaviour model of concrete valid at transient -high-
temperature conditions, which is recently developed in Anderberg
& Thelandersson (1976). Material behaviour models of concrete



applied and accounted for earlier in literature are incompliete

for use in a fire engineering design as they are based on test
data obtained in high-temperature tests at steady state of Toad and
temperature. Consequently, the new material behaviour model func-
tionally gives a more correct description of the mechanical be-
‘haviour of fire-exposed concrete. Thus it also improves the pro-
spects for realistic fire engineering designs not only for the
structure dealt with here but aiso for other types of concrete

structures.
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2 - OBJECTIVE OF THE RESEARCH PROJECT. . . .
Gn.this géneré1'backgrbun¢;ﬁthe.mq%g,gdqj;qfﬁthe‘pfpjec;_is_to
'derfve,anaiyﬁica]¥mode1sl@nd gqnnected pomputer_progpqmg.;Thg:
programs will have the ;apabiii;y pfcprgdigﬁimgfthe,ﬁhérmq};and
strucfurai.behaviour.and the 1oad7¢arrying.gapac@ty,oflhypersia-
tic, continuous.beams,and frames. of reinfprced.cqncrete-subjected
to fire. Foraverification of fﬁe.ana1yti;aiﬁm0¢e]§,withqregpect
to the thermal and mechanical reéponse of the fire-eprseﬁastruc-
tures, the project also contains an extensive experimental in-
vestigation. It embraces a great number of tests carried out for
different fire exposure characteristics and different levels of

external static Toad.

The experimental part of the project is mainly focused on a fun-
damental study of an extremely puretype of hyperstatic structure,
viz. a reinforced concrete plate strip, thermally exposed on one
side and restrained against rotation at both ends, with axial dis-
placement is free to take place. The investigation is planned to
give a comprehensive survey of the behaviour and load-carrying
capacity of the structure.during a complete fire process. It also
includes a determination of the residual state with regard to
stresses, deformations, load-carrying capacity and bending stiff-
ness after fire. The investigation further covers, in a systema-
tic manner, a wide, practically representative variation in the
fire process, external load level, concrete composition and age
of the specimen at testing. The laboratory tests were carried out
by Anderberg et al (1969) and in tnree graduate thesis {Denker et
al (1970), Erntsson et al {1971) and Bernow et al (1372)) under
the supervision of the author.

The outiine of the research project is based on the principles of
a functionally based, analytical design procedure for fire-ex-
posed, load-carrying and separating structures (Pettersson
(1971), Pettersson (1973), Magnusson et al (1974), Anderberg

et al (1974) and FIP/CEB (1975)). Such a design procedure re-
fers to performance criteria and postulates that the real phy-
sical processes with respect to fire exposure, heat transfer

and structural behaviour are predictable as far as possible.
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A description of the test arrangement is given in the next sec-
tion which then is followed by a presentation of the experimen-
tal program in section 4. The resuits from laboratory tests com-
prising temperature measurements and observed structural beha-
viour are accounted for and analyzed in section 5. The scope of
test data is very great and therefore it cannot be accounted for
in detail. However, a complete collection of these are avail-
able and can be requested from the author. The theoretical study
divided into a thermal and a structural behaviour analysis in-
cluding comparisons with test results is described in section 6.
Comptete material behaviour models of concrete and steel uti-
lized in the computations are alsc given within this section. In
section 7 a very brief proposal of theoretical design of fire-
exposed concrete structures is made. Finally a summary and con-
clusions are presented. Furthermore an Appendix is embraced as

a supplement to the publication. The Appendix contains further
illustrations and diagrams.
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3 TEST ARRANGEMENT

The principal form and function of the testing facilities are
shown in Fig. 3.1 and Fig. 3.2. The tests were performed for
reinforced concrete plate strips which were symmetrically loca-
ted on a horizontal roller-bearing at A and a hinge support at

B and supplied with cantilevers AC and BD (Fig. 3.1). The plate
strips were exposed to fire from below within the area AB through
a gas burner system in a furnace whose longitudinal upper wall
edge approximately coincided with the upper surface of the plate
strips. The supports of the plate strips were directly placed
against the short walls of the furnace. The prescribed degree of
restraint against rotation on the supports A and B was realized

by applying concentrated bending moments on the cantilever ends

C and D through couples of concentrated forces P], introduced by
means of loaded wires, fastened to the lever arms FF. During the
experiment, these cantilever moments were continuously varied

such as to maintain the rotation at the supports A and B at zero
value, controlled by water Tevels which were located over the sup-
port. In three of the test series (A, B and C) the fire behaviour
of the plate strips were examined without any external transverse
load acting upon the strips. In a fourth test series (D), the plate
strips were simultanecusiy exposed to a fire process and a constant
transverse load, applied in the form of two symmetrically located
concentrated Joads P according to Fig. 3.1. Fig. 3.2 gives a
more detailed description of the complete testing equipment. The
experiments were computer-controlled as regards all measurements
and a_data—acquisition system collected all test data.

3.1 Heating arrangement

The furnace, used in the test series, is built of refractory bricks
giving a wall thickness of 31 cm and externally covered by sheet-
metal as protection against external wear. The detailed design of
the furnace is iliustrated in Fig. 3.3.

The heating of the furnace is produced by a gasoil burner system
with one burner applied through an opening on each short side of
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- 15 -

the furnace. The burners are specially manufactured for this pur-
pose by the 011 Consumers (OK); The maximum capacity of the bur-
ners amounts to 7-8 1 gaseil/min, and 1 1 gas corresponds'to an
effective heat value of 25 kd. The gas pressure, ordxnartly used,
is about 0.1 MPa. The gas and air supply of the burners is. controt-
led by a regulating system and adjustable within a wide range. The
combustion products are exhausted through a chimney, setting out
from one of the long sides of the furnace and discharging into the
open air. By continuously adjusting the air supply of thé Surners
and the cross sectional area of the ch1mney, a prescrabed tempera-
tyre-time curve of the furnace can be followed sat1sfactor1]y A
representative illustration of how close the measured furnace tem-
peratyres follow the prescribed curve is furthermore given;in

Fig. 5.2. '

For fire processes with a very high or a very slow rate of heating,
a risk of a sudden temperature fall of short duration was found

1t was due to the fact that a burner may become ext1ngu1shed by
pressure changes in the furnace. Such a temperature fall could

last for some minutes and may in some cases have an appreciable in-
fluence on the testing process. In the intermediate range of heating
rate, most.commonly used in the test series, the burners proved to
operate quite satisfactorily. The furnace temperature was recorded
by the data-acquisition system and measured by 5 thermocouples

(4, 20, 8, 16 and 12) of chromel-alumel-type placed in kanthal py-
rometer conduits. These were located in the longitudinal symmetyri-
cal Segtjon_of the furnace according to Fig. 3.4. The response time
of the'thermoc0up1es in. the furnace is discussed in section 5.2.
The design characteristics of the furnace ahd'the”iocation of the
burners and the chimney opening_rendered the'higheSt furnace tem-
perature within a centre region between the-thermocoup1es 16 and
20. This:region was selected as reference for regulating the fur-
nace. temperature according to the prescribed temperature -time cur-
ve. The reference temperature was def1ned as the mean value of the
three thermoc0up]es 20, 8 and 16. From this reg1on the temperature
decreases somewhat towards the short sides of the furnace. An ex-
ample of the temperature distribution inside the furnace is given
in Fig. 5.3 for the test AZ:5.



Figure 3.5 The arrangement of appiying end restraint.

Figure 3.6 Assemblage of pulleys.
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3.2 Arrangement for end restraint

In order to simulate fixed-end conditions with respect to rotation
without preventing the elongation of the test specimens, Tevers
are used,attached to the cantilever ends of the plate strips, as
shown in Fig. 3.1 and Fig. 3.2. Each lever is 2.25 m long and con-
sists of two I-beam sections (HE 100 B), threaded over the canti-
lever ends of the plate strip and clamped to this by means of four
angle profiles (L 120) according to Fig. 3.5. A porous pad was
placed between the plate strip and each angle profile in order to
achieve a more uniform load transmission. As shown in Fig. 3.1

and Fig. 3.2, the couples of forces P}, producing the cantilever
bending moments, were applied through wires fastened to the ends
of the levers. These wires lead over pulleys and through holes in
the floor deck to the basement where they are connected to four
water containers of 0.7nﬁ capacity each, serving as weights. The
detailed assemblage of the pulleys is shown in Fig. 3.6, from which
it is to be observed that the pulleys are firmly locked around an
axis with pivoted ends, which are placed in a ball bearing cup that
reduces the friction a maximum value of only 0.05 kN per pulley,
which was considered acceptable for the present investigation. The
final choice of the detailed pulley design was preceded by a se-
ries of loading tests for various design characteristics in order
to study the different factors influencing the magnitude of fric-
tion, viz. the cross sectional area of the wire, the size of the

pulley and the Tength of the pulley axis.

The wire forces P} were applied by filling the containers with wa-
ter, through connected rubber tubes, to a Tever, giving the re-
quired fixed-end conditions of the plate strip. The filling could
be adjusted by four taps, one for each container, located nearby
the furnace. Emptying of the containers is achieved by four pumps,
with an individual capacity of 55 1/min. In order to obtain equal
loads in the wires connected to the same lever, assyring that no
longitudinal forces are introduced on the plate strip, the con-
tainers are communicating with each other two by two.

The wire forces P} were measured by electrical loading cells with
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a direct registration by the data-acquisition system, For control
purposes, complementary measurements were made with gauge-indica-
tors, type KRG-4, from Bofors.

In certain cases, the restraint bending moment changes its direc-
tion during the cooling phase of the fire process. In order to
enable a measurement of the restraint moment during a complete
fire process also at such circumstances, an arrangement 1is requi-
red to reverse the direction of the Tever forces P}. For this pur-
pose a special switching arrangement has been designed.

The fulfilment of the fixed-end conditions during the test was con-
trolled by two water levels placed at each support section, faste-
ned vié T-profiles in the plate strip. Twe parallel water levels

at each support then enabled a control of a possible warping of

the plate strip. This control system does not function, if a crack
formation takes place during the test in a support section of the
plate strip. To cope with this problem and to assure further preci-
sion, also a third water level was placed just outside each sup-
port section. This finally adopted procedure was developed after

a series of less successful experiments, using other alternative
arrangements for the control of prevented end rotation.

3.3 Arrangement for lateral load

Fig. 3.7 illustrates the basic equipment, used in series D, for--
the application of the symmetrically placed vertical loads P,
shown schematically in Fig. 3.7. The arrangement consists of'é
Toading yoke built up by means of steel beams (HE 100 B}. The
load is applied through wires, fastened to the loading yoke, which
are passing over pulleys (Fig. 3.8) and cbntinuing through holes
in the floor deck to the basement, where they are attached to a
horizontal steel beam (HE 100 B), on which an arbitrary Toad_cah'
be applied, for instance, in the form of a water container syétem
(Fig. 3.7);3T0 this Toad the dead weight of the load-transmittér
construction, which amounts to a total of 2.3 kN, is added.



Figure 3.9 Connection box for measurements.

Figure 3.10 View of applicated potentiometers measuring deflections
at mid- and T/4-sections of the plate strip.



3.4 Registration of measurements

A computer-controlled data-acquisition system (Fig. 3.2) with a
capacity of 200 channels was used in order to automatically and
continuously collect all the test data from the different types
of measurements. Test data were obtained from

themocouples, giving the temperature distribution within the fur-
nace and the plate strip

potentiometers, giving the deflections

force transducers, rendering the lever forces which are determin-
ing the restraint bending moments.

At the front side of the furnace a connection box (Fig. 3.9) is
located, to which 30 thermocouples, 6 potentiometers and 4 force
transducers can be connnected. From this connection box, four gold-
plate plugs are directly coupled to the scanner unit of the data-
logging system. Three of these pliugs, used for temperature measure-
ments, contain 10 channels each, and the fourth plug contains 6+4
channels for deflection and force measurements, respectively.

The distribution of the furnace temperature was determined accor-
ding to section 3.1. The temperature-time fields of the fire exposed
plate strips were measured by 25 chromel-alumel thermocouplies, lo-
cated in the plate strips in accordance to Fig. 3.4. These thermo-
couples rendered the temperature gradients in the mid-, 1/4- and
end-sections of the plate strips as well as the temperature dis-
tribution along the strip at different depths. The thermocouples,
nubered 25 - 30, were only used in the last part of the investiga-
tion, embracing 14 tests. The response time of these thermocouples

are aiso discussed in section 5.2.

The deflections were determined by 6 potentiometers, applicated

two by two to the mid-span and the two 1/4-sections, as indicated
in Fig. 3.10. These twin measurements were used for controlling

any possible warping of the plate strips. In order to preserve the
accuracy of the potenticmeters {precision 0.05 mm) it was necessary
to protect them from heat transfer and vapour diffusion from the
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plate strips. This was achieved by inserting 0.25 m long quartz-
rods between the upper surface of the plate strips and the mecha-
nical stroke of the potentiometers and by installing a fan for

cooling.

The restraint moment was determined indirectly by measuring the

wire forces P, by force transducers (precision 0.2 kN) attached

1
to the 4 wires for the Tevers (Fig. 3.5).

The registration of the different measurements was carried out at
prescribed times, regulated by an external digital clock connected
to the computer- controlled system. The computer program waé.so
constructed that, some seconds after each recording, selected re-
sults were printed out on the teletype in order that the furnace
temperature and the behaviour process in general could be followed
intermittently. In conjunction with the printing, the complete re-
sults were punched in order to facilitate a subsequent computer

analysis.

3.5 Computer and data-acquisition system

During the Tast part of the investigation, which embraces 14 tests,
a computer-controlled data-acquistition system was available and
therefore incorporated in the tests. These faciTities are illustra-
ted in FIg. 3.11, which shows the Hewlett-Packard computer and

the data-1ogging system, containing scanner with scanner control
and multifunctionmeter "DVM" and signal conditioning unit "SCU",
and the units such as tape punch Facit 4070, optical high-speed
punched tape reader and teletype. Some data about the different

units are as follows.

Computer: Hewlett-Packard 2114 A
8.000 words 16 bits
(Tater 2116 C with 16 K words memory)

Software: Available lanquages are assembler, basic, algol and for-

tran.
Handware: Data acquisition system: Hewlett-Packard 2321 A

Scanner: Scanner control: 200 channels, speed = 10 channels/s
and a resolution of 1T u V
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DVM multifunctionmeter: five full digits 20% ovefrange
Tapepunch: Facit 4070, 75 characters/s

Optical high-speed punched tape reader

Hewlett-Packard 2748, 415 characters/s

Teletype: ASR 33 10 charactersys

A complete description of the equipment and its possibilities of
application is given in Christiansson (1974).

:‘t c|ococ 00 0

O R O

Figure 3.11 Computer-controllied data-acquisition system

(:) HP-Computer (:) Digital clock

(:) Tape-reader (:) Scanner with scanner control
@ Tape-punch Digitat-voltmeter

(:) Teletype (:) Signal conditioning unit

(:) Plotter GED Gauge indicators.
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4 TEST PROGRAM
4.1 General description on the investi-
gation

The experimental investigation contains 81 tests, divided into 6
test series (A1, A2, A3, B, C and D). A1l tests were performed
on reinforced concrete plate strips with a span of 2.5 m and a
total length of 3.5 m which gives a cantilever length of 0.5 m
outside the two supports according to Fig. 4.1. The strips had
a cross-sectional area, bxh, of 0.3x0.15 m2 and a longitudinal
reinforcement in the tension as well as the compression zone of
each with a concrete cover of 0.025 m (Fig. 4.1}. Each of the
cantilevers was furthermore strengthened with 5 stirrups 410

KS 40.

The reinforced concrete plate strips were tested as fixed against
rotation at both supports and free to deform in the Tongitudinal

direction.

Tests were accomplished with varying characteristics of the fire
exposure, the concrete composition, the age of the plate strips
at testing and the external transverse load.

The fire exposure was applied unilaterally from below over the
whole span length. The gastemperature-time curve of the fire ex-
posure was varied within the test series according to the current
Swedish Standard Specification, SBN 75, as specified for a fire
compartment, typé A, having‘surrounding structures made of a ma-
terial with a thermal cgnductivity A = 0.81 W/mOC and a heat ca-
pacity pCy = 1.67 Md/m3 ¢ - c¢f. Magnusson & The]anderssonr(1970).
The gastemperature-time curves are exemplified in Fig. 4.2. En-
trance parameters are the ventilation charactersitics of the fire
compartment, expressed by the opening factor A#Q/At, and the fire
load density g, given by the formula

1 2
T E zm H (M3 /m%) 4.1
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where A = total area of the window and door openings (mz)
H = mean value of tihe heights of the window and door ope-
nings, weighed with respect to each individual opening

area {m),
A = total interior area of the surfaces bounding the fire
compartment, opening areas included (mz),
m_ = total weight of combustible material v (kg}, and
H = effective heat value of combustible material v within
the fire compartment (MJ/kg).

In a design procedure, fire compartments having surrounding struc-
tures with other thermal properties than for fire compartment,
type A, can be transferred to the fire compartment, type A, accor-
ding to simple rules, based on fictitious values of the opening
factor (AJFI/At)f and the fire load density q; - see Anderberg et
al (1974) and Pettersson (1976).

A1l tests embraced in the investigation, except those belonging
to the test series D, were carried out with the strips having no
Tateral load. From this type of tests, basic informations are gi-
ven regarding the structural response of a hyperstatic concrete
structure due to the fire exposure alone. The additional influence
of a simultaneous constant load is then studied in test series D.
The load is made up by two symmetrically applied concentrated
loads 0.76 m apart from each other cf. Fig. 3.1. The loading le-
vels 1/4, 1/2, 3/4 and 1/1 of PaH were used, where Pa]] = 16 kN
denotes the allowable Toad at ambient conditions according to
Swedish Concrete Standards. Furthermore Pa11 amounts to about
half the theoretical ultimate value of the plate strips.

As stated, the experimental investigation generally comprised for
all tests, a continuous determination of the temperature gradient,
the restraint bending moment and the bending moment distribution,
the vertical deflection, and tﬁe crack formation of the plate
strips during a complete fire process. In test series A2 and A3,
the change in the flexural stiffness during the fire exposure was
investigated as well by measuring the deflection response from an

instantaneous load application.
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Information concerning the residual state characteristics are of
fundamental importance for structures with a requirement on re-
serviceability after fire and generally for an estimation of the
condition of a fire-damaged, Toad-bearing structure. Consequently,
a complementary study was carried through for a determination of
the residual restraint bending moment as well as the residual
bending moment capacity and the residual flexural stiffness of
the fire exposed plate strips after cooling down to ordinary room
temperature conditions. Also an investigation of the residual
stress-strain relationship of the reinforcement of the plate
strips was included in this complementary study.

4.2 © Material data

This section deals with some basic material data at room tempera-
ture as concerns the material properties of the concrete and the
reinforcement steel, the concrete composition and the age of the
plate strips at testing. Also a summary report is given of the
residual yltimate strength of the reinforcement steel after fire
exposure. The concrete was made from Standard Portland Cement,
gravel (< 8 mm) of glacial origin and macadam (8 - 16 mm) of
quartzite. Information about the concrete mix proportions is gi-
ven in Anderberg (1973). The detailed mechanical behaviour of con-
crete and reinforcement steel at transient high temperature con-
ditions will be dealt with in connection to the presentation of
the material models, used tn the theoretical calculation in sec-
tion 6.2.2.

For every test specimen, the concrete gquality was controlied by
determining the compressive, tensile (test series Al only) and
flexural strength on specimens, poured for these purposes. Six
cubes, 0.15 m in length were used for the compressive and spiit-
cube test and two non-reinforced beams, bx1xh, 0.8x0.15x0.10 m°
for the flexural test. The specimens were cured 5 days in water
and then in air at 20°C and 50% relative humidity up to the time
when the fire test was carried out. Mean value and relative stan-
dard deviation of the strength data as concerns compressive and
tensile strength are summarized in Table 4.1 for all tests. Fur-

thermore the water-cement-ratio, the amount of cement paste and
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Tabie 4.1 Material data for concrete at rcom temperature
Test Compressive strength | Tensile strength Tensile bending | Water-cement Amoynt of Testing age

Mean value| Relative | Mean Relative strength ratio cement -paste

standard | value | standard Mean value
deviation deviation

N % M/l | % MK /i . months
Al:1 35.0 3 2.2 68 4.3 0.63 280 2
Al:2 39.0 5 2.4 25 4.5 ! " 2
Al:3 38.0 3 2.1 14 4.1 " i 2
A1:4 40.0 5 2.5 | 32 4.5 " ) 2
A1:5 40,0 4 2.5 36 5.3 " " 2
Al:6 35.0 3 2.1 62 4.5 " " 2
Al:7 39.0 ] 2.4 42 5.3 " " 2
Al:8 38.5 - - - 3.8 " 277 2
Al:9 - - - - - " " 4
A1:10 45.0 3 - - 5.3 " " 5
Al:11 46.0 5 - - 6.0 " " 6
Ai:iz 38.8 2 - - 4.1 ! " i
Az 28.6 2 - - 3.3 0.63 277 1
AZ:2 28.0 4 - - 3.5 ! " 1
A2:3 29.1 2 - - 3.5 " " 1
A2:4 25.2 2 - - 7.8 " " 1
AZ:5 30.7 5 - - 3.6 " " 1
A2:6 27.9 3 - - 3.5 ! " 1
A2:7 27.9 5 - - 31 " ! 1
A2:8 28.2 4 - - 2.5 " ! i
A2:9 27.8 4 - - 3.7 " " 1
A2:10 29.7 2 - - 3.5 " " 1
A3:1 38.6 2 - - 5.0 0.63 277 1
A3:2 34.0 6 - - 4.7 " ! 1
A3:3 35.0 3 - - 4.5 B " 1
A3:4 36.3 2 - - 4.3 " " 1
A3:5 36.1 1 - - 40 " " 1
A3:6 33.7 7 - - 4.2 ! " 1
A3:7 39.6 1 - - 4.7 " " 1
A3:8 34.5 3 - - 4.3 " " 1
A3:9 38.0 1 - - 4.5 " ! 1
A3:10 35.2 2 - - 4.2 " ! 1
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Material data for concrete at room temperature

Test Compressive strength { Tensile strength Tensile bending | Water-cement Amount of Testing age
Mean value| Relative | Mean Relative strength ratio cement-paste
standard | value | standard
deviation deviation
N/ g M/l | ¢ M8 /i 2 months

B 1 42.0 - - - 5.3 0.563 277 3
g2 53.0 - - - 5.5 0.52 " 3
B 3 22.0 - - - 3.5 0.77 " 3
B 4 36.0 5 - - 3.9 0.63 " 1
B 5 22.0 3 - - 2.9 0.77 " 1
B 6 40,0 5 - - 4.4 ¢.52 " 1
B 7 45.0 4 - - 4.0 0.52 " 1/2
BB 26.0 3 - - 2.7 0.77 " 172
B ¢ 35.0 4 - - 4.1 0.63 v 1/2
B 10 32.3 5 - - 4.5 0.77 " 12
B 11 52.4 4 - - 5.0 0.52 " 12
1 43.0 4 - - 4.6 0.63 277 ]
c2 46.0 3 - - 4.9 B 257 L
Cc3 43,0 ? - - 4.4 " 296 1
c4 42.2 8 - - 6.0 " 277 3
c5 45,5 5 - - 6.3 " 257 3
cs 34.2 6 - - 4.8 " 29 3
C7 41.5 7 - - 5.8 " 277 4
cs8 35.% 6 - - 5.5 " 257 4
[} 49.2 5 - - 5.2 " 296 6
D1 32.8 6 - - 4.0 0.63 277 1
b2 30.6 3 - - 3.3 " " 1
D 3:1 35.4 ] - - 4.0 ! " 1
D 3:2 35.3 2 - - 4.1 “ " 1
D4 37.1 5 - - 4.4 " " L
D 5:1 37.2 2 - - 3.9 " " 1
D 6:1 36.4 4 - - 4.6 " " ]
D7 42 .4 9 - - 5.4 " " 1
D8:1 38.8 3 - - 5.0 " " 12
D 5:2 37.9 15 - - 4.5 " " 1
L6:2 30.9 11 - - 3.7 " " 1
D 7:2 45.1 & - - 4.3 ! " 1
D 8:2 46.0 5 - - 4.7 " s 1
D9 32.8 6 - - 3.4 " u 1?7
D10 34.5 2 - - 3.5 " " 1
Bi1:1 36.6 5 - - 3.5 " " 1
D 1:2 43.0 5 - - 5.4 " " 1
Di12:a 33.5 2 - - 3.3 " " 1
D 12:2 46.9 2 - - t'3 " " ]
D13 34.7 g - - 4.9 " " 2
D14 42.4 4 - - 4.5 W " 7
D15 25.9 19 - - 3.4 " i i
D16 30.3 15 - - 3.5 " " 1
D17 33.0 9 - - 4.8 " " 2
D18 37.4 19 - - 3.4 u " ]
Dig 30.2 & - - 4.1 " " 1
b 20 35.2 5 - - 3.5 " " 1
D21 49.4 16 - - 5.6 " " 1
D 22 46.8 5 - - 5.2 B N 1




- 31 -

the age of the plate strips at testing are also given in the
table.

The longitudinal reinforcement of the strips is characterized 1in

0
Table 4.2 by the yield strength, 020 C, and the ultimate strength,
200¢ . . Y
9y , at ambient conditions.

Table 4.2 Material data for reinforcement steel at room tempera-

ture
Test series | Reinforcement Remarks
200Ct 20°C
Oy 5 Ty p Mean value of
MN/m™ | MN/m
Al 470 704 6 tests
Az 490 766 6 tests
A3 458 631 1 test
B and C 508 751 2 tests
D 458 681 T test

The residual strength of the Tongitudinal reinforcement of the
plate strips after having been exposed to fire was determined in
five cases {tests D3, D11:2, D12:2, D21 and D22). This was made
in order to roughly estimate if any significant influence from
the thermal exposure could be noticed. For this purpose two pie-
ces of the reinforcement hars located at the bottom and at the
top of the mid-section of each of the five plate strips were cut
off afterwards. During the fire tests this part of the bottom re-
inforcement was exposed to a maximum temperature within the re-
gion 400 to 700°C. Owing to that the bottom reinforcement steel
was thermally exposed under load its stress-strain relationship
was significantly altered when compared with the virgin relation-
ship. If this kind of steel is only thermally exposed it, however,
more or Tess gets back to its virgin stress-strain relationship.
For the residual ultimate strength, the thermal exposure only
gave rise to an inconsiderable decrease in comparison to the
original ultimate strength at ambient conditions, c¢f. Table 4.3.
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Table 4.3 Residual ultimate strength of the bottom reinforce-

ment
Test % ofoﬁooc Max. temperature | Remark
at fire exposure
D3 100 400 2 tests
D 11:2 100 510 2 tests
D 12:2 95 510 2 tests
D 21 99 625 2 tests
D 22 97 700 2 tests

For the top reinforcement, no noticeable decrease in ultimate
strength from the thermal exposure could be measured. The tem-
perature level for these reinforcement bars had however as a

maximum been only 300°C.

Summing up it can be established that the decrease in the resi-
dual ultimate strength of the reinforcement steel of the actual
type subjected to temperatures up to about 700°C, is in prac-
tise of no importance. The stress-strain curve, however, will
be influenced in a not negligible extent by the combined effect
of the Toad and temperature history from the fire test, especi-
ally when the temperature exceeds about 350°C.

4.3 Main tests

The testing scheme of the main tests divided into 6 test series,
is described summarily in Table 4.4, which gives the characte-
ristic of the different tests as regards the fire exposure, con-
crete mixture, the age at testing and the level of applied, trans-

verse load.

The fire exposure then is specified over the gastemperature-time
curves in Fig. 4.2 by the fire load density g, defined according
to Eq. 4.1, the opening factor of the fire compartment AJH/At and
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Table 4.4 Characteristics of main tests.

Test Duration| Fire load | Opening-{Water- | Amount Testing { Load
No. of heat-] density | factor |cement | of cement-| age

ing ratio | paste

phase

f HJ/m2 m]/Z E/m3 months P/Pan
Test series Al
1,3%8 4 251 0.01, (.63 277 z 0
2, &, (9), 11 4 507 n.02 " " Z2,5:0 ¢
5 1 1 251 0.04 " " 2 0
6, 12 4 502 0.04 " " ? 0
7 4 1005 .04 " b 2 1}
10 8 2010 0.04 " " 5 0
Test series A2
1 [ 251 g.m 0.63 21 1 Q
2 2 " 0.02 B " 1 0
3 1 “ 0.04 B " 1 0
4 2/3 " .06 " " i 0
5 1/2 " 0.08 " " 1 0
& 1/2 N 0.91 " " 1 0
7 1 63 0.01 " i 1 1]
8 -2 126 0.01 " " 1 o
9 1/2 63 0.02 " " 1 0
10 1 126 .02 " Y 1 0
Test series A3
1 172 126 0.04 0.63 277 1 1}
? 3 754 G.04 " ! 1 0
k! 4 1005 .04 " " 1 0
4 1/3 126 0.06 " " 1 0
5 11/3 502 .06 " " 1 0
6 Z 754 0.06 “ " 1 0
7 7 2/3 1005 0.06 ! " 1 o]
8 1 502 0.08 " b 1 ]
9 11/2 754 0.08 ! " 1 o]
10 ? 1005 0.08 " " 1 0
Test series B
1 2 502 0.04 0.63 277 3 1}
2 u " a 0.52 " 3 0
3 " b " 0.77 N 3 0
4 " " N 0.63 " 1 0
5 " N " 0.77 " 1 0
& " B ! 0.52 " 1 a
7 " " " 0.52 " 172 0
8 1 n n O. ?7 " ]/2 0
9 . B " " 0.63 " 1/2 ¢
10, " ! b 0.77 " 24 0
] i it " u O 52 “w 24 G
Test series C
1 2 502 o.02 loes 277 i 0
2 b “ 4 2 257 1 0
3 1 " u | at 206 1 0
2 « " W o 277 3 o
5 ! " " o 257 3 0
P a " a I 235 3 0
7 " " " a 277 1 0
8 " " N " 257 4 0
9 W n " " 236 5 0
Test serfes D
1 172 251 0.08 0.63 277 1 1/4
2* " W Il " " 1 172
3 A ! " " " 3 374
3 u " u M u 3 1
5 ! N 0,08 " : ] 1/4
g u . » | n 1 142
7 " u " N " 1 3/4
g " a u u u 1 1
9 4 b 0.0 " N 1 1/4
]0* " n n W " 1 172
1% " M i M " 3 374
12 " u I " u 1 1
13 2 502 0.04 b " ? i/4
i, " n ;. u i ] 142
]5* n " u u 1 1 34
16 a " M B B 1 1
17 1 " (.08 " " 2 174
18* W " M " Lo 1 172
19 u a u u 1w 1 374
20: " w u " " 1 1.
21, 2 2/3 1005 0.06 " " i1 |
22 4 1506 i " " i o3

; i

* computer-controiied deta-squisition system used.

Notation: FOE fire exposures characterized by the fire load densities 1400%

and 1506 Md/m

supplementary gastemperature-time curves have been calculated.
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an approximate vaiue of the duration of the heating phase t,, de-
termined by the formula - Magnusson.& Thelandersson (1970)

ty=—— 94 (h) 4.2
d =
6300(1[\‘/5“5) :
A

q is to be inserted in M3-m % and A/Q/At inm/2.

The main tests, except those belonging to test series A3, are ac-
counted for in detail in section 4.2 in Anderberg (1972) and for
that reason the following description excludes a lot of details.
The test series Al, A2 and A3 comprise a study of the structural
behaviour of non-loaded plate strips at different complete fire
processes. The variation of the fire prccess is determined by the
opening foctor, A/H/At ranging from 0.01 to 0.08 mT/z, and the
fire Toad density, q, ranging from 31 to 2010 MJ-m—Z. The corre-
sponding gastemperature—timé curves for the different combinations
of opening factors and fire load densities are in accordance with
Fig. 4.2. For some tests with a duration of the heating phase ex-
ceeding 2 hours, no curves are given in literature, as concerns
the cooling phase. For these tests, the cooling was selected to

a temperature decrease of 10°C/min, which is in accordance with-
the recommendations in the Swedish Standards Specification.

As the test series Al was the first to be performed and the tes-
ting equipment then in a preliminary phase, the test results were
partly not quite reliable and therefore not accounted in detail
in section 5. The concrete composition is kept constant in the
test series Al, AZ and A3, characterized by a water-cement-ratio
of 0.63 and amount of cement paste of 277 T/mg,

The purpose of the test series B and C was to find out any inf?d—
ence of variations in the concrete composition and the age of the
specimers at testing on the thermal and structural behaviour of

the plate strips during fire exposure. The temperature-time curve
was kept constant, characterized by an opening factor of 0.O4m]/2
and a fire joad density of 502 MJ/mZ. The concrete composition
was varied by changing the water-cement-ratio -~ 0.52, 0.63 and

G.77 - at a constant cement paste guantity and by changing the
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cement paste quantity - 257, 277 and 296 1/m3 - at a constant
water-cement-ratio for test series B and C, respectively. The age
at testing was varied from 1/2 to 24 months. Due to the same rea-
son as mentioned above for test series Al, the tests of series B
and C are not fully reported in this connection.

Test series D which comprises 22 different tests extends the study
to include the influence of a lateral Toad (see Ssection £4.1) on
the structural behaviour of the hyperstatic concrete plate strips,
unilaterally fire exposed. In the first 20 tests of the test se-
ries, four load level alternatives were connected to different
fire exposures. These are specified by the following combinations
of the fire load density g and the opening factor A/H/At:

(251 MJ-m™2, 0.01 m' /2y, (251, 0.04), (502, 0.04), (251, 0.08) and
(502, 0.08). The tests D 21 (1005 Md-m 2, 0.06 m'/%) and D 22
(1506, 0.06) were primarily intended for a study up to a state
quite near a collapse during an extreme fire exposure at a load
level of Pa11‘

For all tests of the test series D, the concrete composition and
the age of the plate strips at testing were kept constant. The di-
vergence in the testing age for tests D 13 and D 17 then is prac-
tically negligible.

4.4 Test concerning residual state

In all main tests, the restraint bending moment and the vertical
deflection were followed during a complete fire process until the
residual state, attained when the plate strips had cooled down to
room temperature. As a complement to these measurements, the resi-
dual flexural stiffness and the residual bending moment capacity
were determined for a great number of the plate strips. For the”
plate strips in test series AZ and A3, additionally some experi-
ments were carried out for a determination of the gradual change
in the flexural stiffness during the fire exposure.

The gradual change in the flexural stiffness of the plate strips
was measured by an instantaneous application - successively re-
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peated for different times during the fire exposure - of twe sym-
metrical transverse concentrated loads of 0.5 kN each and a simul-
taneous reading of the instantaneous additional vertical deflec-
tions of the plate strip in its midpoint and 1/4-point sections.
The loading equipment consisted of two load-transmitters, connec-
ted to a steel beam, supported on two hydraulic jacks. By the
jacks the instantaneous vertical load could be sinked down to or
elevated ¥rom the plate strip in accordance to Fig. 4.3. Owing to
experimental difficulties, the procedure only could be applied to
plate strips, having no external transverse loading. The relative-
ty lTow level chosen for the instantaneous load was dictated by
the requirement of not influencing the crack formation and not
disturbing the structural behaviour of the fire exposed plate

strips.

The purpose of the determination of the gradual change in the flexu-
ral stiffness of the plate strips during the fire exposure was
mainly to get additional informations which could facilitate and
support a theoretical analysis of the tests. The change in flexu-
ral stiffness then constitutes a feasible tool to indicate, for
instance, an increased crack formation and material disintegration

from the fire exposure.

The residual flexural stiffness and the residual bending moment
capacity of the fire-exposed plate str:ips were determined, about
5 months after the respective main test by loading them as simply
supported with two symmetrically located transverse concentrated
toads, 0.8 m apart (cf. Fig. 4.4). At every load step, characte-
rized by a load increment of 1 - 2 kN, the vertical deflections
in the midpoint and 1/4-point sections of the plate strips and
the curvature between the two point Toads were measured. In most
of the residual tests, the plate strips were loaded in the same
position as in the main test, giving the residual flexural stiff-
ness and the residual moment capacity corresponding to a posi-
tive bending moment. In some residual tests, the plate strips
were Toaded in the reverse direction (cf. Anderberg (1973)).

A complementary determination of the residual strength and the re~
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sidual stress-strain relationship of the reinforcing bars after

fire exposure is reported in section 4.2.

I
e fﬁ%&

i TRANSMIT-
(I TER

| RN

Figure 4.3 Load equipment for determining flexural stiffness
during a fire test,
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Figure 4.4  Load equipment for determining residual flexural
stiffness and strength after fire test.
1 Gauge indicator at mid-section
2 Gauge indicator at 1/4-section
3 Gauge indicator for curvature measurements.
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5 SOME RESULTS OF THE EXPERIMENTAL
STUDY
5.1 Outtiine of the presentation

In Anderberg (1973), the experimental results of the majority of
the tests were presented in brief, embracing an analysis of some
of the most important results. Thus, the presentation was not comp-
lete, but the structural behaviour of the fire-exposed concrete
plate strips was studied by selecting one illustrating test (A2:3).
The detailed behaviour during the whole test then was followed
thoroughly and a para?]e] explanation was given. In this paper,
such a description is omitted and the objective is rather, as

far as possible, to give a more integrated picture of the struc-
tural behaviour during fire exposure at varying conditions, ac-
counted for in section 4. This way of presenting the test re-

sults is also caused by the intention to use the results for

a control of the theoretical study in the following section 6,

‘which deals with a thorough analysis of the structural response

to fire, including the strain and stress distribution in diffe-
rent cross-sections, Due to the great amount of test data gath-
ered from all the 81 tests, a fully exhaustive reporting cannot
be given in this paper. A complete collection of all test re-
sults regarding the temperature measurements as well as the
observed and measured structural behaviour is nevertheless avail-
able and can be obtained from the author at request.

In addition to this more over-grasping analysis with comparisons
and theoretical interpretations of the results within the main
study, the residual flexural stiffness and the residual strength
of the plate strip are also studied in this section.

5.2 Temperature measurements

The presentation and analysis of the transient temperature state
is based on measurements by 30 thermocouples where five of them
(4, 8, 12, 16, 20) are giving the furnace temperature and the re-
maining 25 the temperature distribution of concrete plate strip
in accordance with Fig. 3.4, The temperature recording of the
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plate strip then comprises the surface temperature along the
strip (5 points), the temperature distribution along the bottom
reinforcement at 30 mm depth (7 points) and the thermal gradient
at three sections, namely support section, 1/4-section and mid-

section.

The accuracy in the temperature measurements was sometimes dis-
turbed by unintentional small dispiacements of the thermocouplies
in relation to the prescribed positions, occurring when the plate
strips were casted. In decisive cases the real position of the
thermocouples was determined afterwards. Most sensitive to a dis-
placement then were the thermOCOubles, placed immediately inside
the fire-exposed surface and intended for @ determination of

the surface temperature. In exceptional cases, these thermocouples
were found to be displaced 1/2 - 2 mm, consequently réndering a
considerable error'and'requirjng a cd}reétiOn{:If‘a displacement
of the surface therm000up125'3ed to'an'unproteCted pdsition this
was noticed immediately and the meésurement was not used.

Furthermore, the response time of the thermocoupnles placed in
the furnace and, to some extent, of the'thermoc0up1es situated
at the surface of the plate strip could influence the racorded

temperature.

Two different types of thermocouples were used,'chrqmeT Alumel

20 AWG, 0.81 mm in diameter, (:) , within the specimen and im-
mediatiey inside its bottom surface and chromel ATumel T4AKG,
1.63 mm in diameter, isolated by a tube of ceramics and inserted
in a protective tube, @13 - 15 mm, of Kanthal, (:) , for the fur-
nace temperature measurements. The response time of these thermo-
couples was determined in accordance with the manual published

by ASTM Committee E-20 (1970) and.dis shown in Fig. 5.1 as a func-
tion of the temperature. For the smaller thermocouples (:) , the
deTay in the measured temperature has no practical significance,
apart from exceptional cases. However, the response time of the
furnace thermocouples (:) is considerable, viz. 390 seconds at
809C which drops to 48 seconds at 1000°C, but the practical con-
-'seqqenéelbeldw about 600°C is 0f_1ittlé importance for the heat-
ing period -as the %urnacg'temperatUPe_very aﬁick}y.attains 600 -
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Figure 5.1 Response time of thermocoupies as functions of
temperature
Chromel - Alumel 20 AWG, 0.81 mm in diameter
Chromel - Alumel 14 AWG, 1.63 mm in diameter and
insolated by a tube of cheramics and inserted in a
protective tube, ¢13 - 15 mm, of Kanthal.
Response time = time to attain (1 - 1k )T, where
Tf = furnace temperature.
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Figure 5.2 Prescribed temperature-time curve and the corresponding
time curves of the furnace temperature, measured at the
points 4, 8, 12, 16 and 20 for the test AZ2:5, chosen as
representative for the tests D1 - 4 and AZ2:5.
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800°C (already after 0.10 - 0.15 hours), when the opening factor
is supposed to be greater than 0.02 m]/z. For the cooling period,
the high response time of the thermocouples (:) within the Tower
temperature region may:have a more dec1s1ve influence. These cir-
cumstances are rendering a use of the measured furnace tempera-
ture impossible in connection with a determination of the heat
transfer to the strip surface. Furthermore, the heat transfer

characteristics of the furnace are insufficiently known,

Probably, a thermal calibration of the furnace could have been
‘carried out according to the procedure developed in Paulsen (1975},
comprising a thorough heat and mass balance analysis of the fur-
nace and the thermocouples used for regulating the time varia-
tion of the ‘gastemperature. However, such a calibration was

found out to be very: Tab0r1ous in the present ‘case and not neces-
sary for a comparison between the observed and theoretically cal-
culated, thermal and structural behaviour of the fire exposed

plate strips.

The measured values of the furnace temperature were_thus only
. used in order to-control and follow a desired therma1 exposure
_in'a_defined way, enabling as good a reproduction of the fire
tests as possible. Conseguently, the boundary conditions of the
fire-exposed surface of the plate strips were formulated with a
direct reference.to the surface temperature. | |

Within this section, the illustration of the transient tempera-
ture fields will be Timited to the tests D1 - 4, i.e. trans-
versely loaded plate stripé, supplemented with the test AZ2:5,
characterized by the same thermal exposure but having no late-
ral load, cf. Table 4.4.

Fig. 5.2 illustrates how closely the time-curves of the furnace
temperature, measured at the points 4, 8, 12, 16 and 20, follow
the deSired_theQretical temperature-time curve, dashed in the

. diagram, where the test A2:5 is chosen to represent the selected
:_fave tests, charactermzed by the fire load density 251 MJ-m -2

and the opening factor 0.08 ml/ . As a complement -to this graph,
the temperature distribution in %heifurnaceris given at certain
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Figure 5.3 Measured temperature distribution inside the furnace
during fire test A2:5 chosen as representative for
the tests D1 - 4 and A2:5. Top: Heating phase.

Bottom: Cooling down period.
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times in Fig. 5.3, for the same group of tests. The dashed lines
to the left in the figure indicate the prescribed temperature.
By analyzing the results from these tests and other similar mea-
surements, the difficulties in following the prescribed tempe-
rature-time curve can be summarized in three points.

1. At a very rapid heating (AJH/At > 0.06 m]/z), the difficul-

ties to reach the prescribed temperature level during the
first 0.3 hours were obvious.

2. During cooling, the fluctuation of the measured temperatures

was often more pronounced than during heating.

3. Sudden disturbances, due to expiring burners and attending
pressure changes in the furnace, did occur in some tests.

Theftemperature'distribution along the fire-exposed surface of
the plate strip and along the bottom reinforcing steel, located

30 mmﬂfrom the exposed surface, is illustrated in Fig. 5.4. The
distributions are shown at selected times when the continuous
curves stand for the heating period and the dashed curves for the
cooling period. A characteristic feature of the temperature ex-
posure is the rapid decrease outside the thermocouples 7 and 18
and over the supports where the surface temperature rarely reaches
more than 300°C. The deqree of symmetry of the laterally nonuni-
form thermal exposure has to be observed.

The temperature gradient at selected times, recorded by 8 thermo-
couples in the mid-section of the plate strip 15 presented in
Fig. 5.5, complemented with the current temperature-time curve

2 and an opening factor

implying a fire load density 251 MJ-m~
.08 m1/2. The heicht of the plate strip is 0.15 m. During the
heating period the temperature gradient continuously increases.
After 0.45 hours, i.e. roughiy at the end of the heating period,
the gradient is extremely steep up to about 1/4 of the height
where an evaporation plateau starts with a temperature of 100 -
1109C, indicating a moisture vapourization within this portion

of the cross-section. During the subsequent cooling the gradient
successively tends to be linear. The transient temperature fields

of the plate strips are further illustrated in section 6 where
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Figure 5.5 Variation in temperature gradient during fire-expo-
sure for the mid-section of the plate strip A2:5
chosen as representative for the tests D1 - 4 and
A2:5. The corresponding furnace temperature-time
curve is inserted,. '
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measured temperature-time curves at different depths in mid-
section, 1/4-section and support section are shown and compared

with the corresnonding time curves, obtained in theoretical cal-

culations.

For structural design purposes, it is of decisive importance to
know the maximum temperature, during a complete fire process, at
different depths from the fire-exposed surface of a reinforced
concrete structure. Applied to, for instance, a simply supported
beam, where the maximum temperature achieved in the tension re-
inforcement has a critical influence on the collaps of the struc-
ture, this information easily can be directly transferred to the
minimum load-carrying capacity during the fire exposure. Design
diagrams, rendering the maximum temperature for different combi-
nations of the fire Toad density and the opening factor then

are very useful. Examples of such diagrams are given in Fig. 5.6
and 5.7 constructed by analyzing all relevant maximum temperatures
at two different depths, 3 and 6 c¢m, in the accounted tests. In
Fig. 5.6, the maximum temperature as a function of the fire load
density at the depth of 3 cm can be found for five different ope-
ning factors (0.01, 0.02, 0.04, 0.06 and 0.08 m'/%). A charac-
teristic feature of the curves is the decreasing Tevel of the
maximum temperature when the opening factor increases at a con-
stant fire load density. The same pattern can be seen in Fig. 5.7,
illustrating the corresponding temperature at the depth of 6 cm.

5.3 Structural behaviour measurements

A phenomenological description of the principal behaviour of the
fire-exposed structure investigated will introduce the presenta-
tion in this section, cf. for instance Fig. 5.8 and 5.9.

When the unilateral fire exposure starts, steep thermal gradients
are developing in the structure according to Fig. 5.5. These
gradients make the structure deflect downwards but simultaneously
the rotation at the sypports is prevented and consequently ther-
mal restraint bending moments (negative sign) are induced. This
characteristic behaviour is due to the large thermal expansion
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effect in the external layer of the plate strips close to the
fire-exposed bottom surface and which must be compensated or
reduced by a change in the curvature, resulting in downwards de-
flection, in order to adjust for equilibrium demand. A possible
Tateral load has the effect of increasing these downwards deflec-
tions and restraint moments but, in principal, the structural
behaviour is similar to that of a nil-loaded plate strip during
the first period of heating. This period is characterized by a
considerable increase in deflections and thermal restraint mo-
ments which, after a certain time, reach their maximum values
about simultaneously, as far as nil-Toaded plate strips are con-
cerned. The time for reaching the maximum values depends mainly
on the combination of the opening factor and the fire load den-
sity. After that time, which sometimes is shorter than the dyra-
tion of the heating period, the deflections and restraint mo-
ments are decreasing and even changing their signs during the
subsequent cooling, which also may occur for the Taterally loaded
strips but not equally accentuated. This feature in behaviour is
attributed to the change in the thermal gradient towards a more
Tinear form, the accelerating creep and transient strains (sec-
tion 6.2) in the zone most strongly influenced by heat and of the
cooling itself. The residual state of deflections and thermal mo-
ments of, as a rule, considerable magnitude, indicate, as a con-
sequence, the presence of large residual stresses within the fire-
exposed structure after cooling down to ambient temperature.

5.3.1 Fire-exposed plate strips without

external lead _________________.
The structural behaviour of the nil-Toaded concrete plate strips
in a fire environment will be studied in terms of the time-va-
riation of the bending restraint moment, and the deflections in
the mid-section and 1/4-section. How different fire environments,
defined by varying fire process characteristics, influence the
bending restraint moment and the deformation process will be
shown by direct comparisons in tables and diagrams for some of
the tests of the series A1, A2 and A3, which cover a wide range
of heating conditions, cf. Table 4.4. The influence on the struc-
tural response by varying the concrete composition and the age
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of the specimen prior to the thermal exposure is studied in test
series B and C. A brief characterization of these tests will also

be done.

The structural response to different fire exposure characteris-
tics is analysed and compared, where partiy the opening factor
is kept constant and the fire load density varied within the
range 126 - 1005 MJ-m*z, and partly the fire load density kept
constant and the opening factor varied within the range 0.01 -
0.08 m'/2, '

A collation of some characteristic features of the structural
response for the plate strips, accounted for in Table 4.4 is given
in Table 5.1, as concerns the maximum negative bending restraint
moment and the deflections at the mid-section and 1/4-section
together with the times to reach these values. Also the time for
the restraint moment to decrease to zero js reported.

From the detaiied study of the structural behaviour of the fire-
exposed plate strips belonging to the test series Al, A2 and A3,
summarily characterized in Table 5.1, the following general con-
clusions and aspects may be accounted. This study furthermore

includes penetrations of circumstances behind the various tests.

1/2

and a fire Toad density varying within the range 31 - 251 MJ-m_29

The tests, characterized by a constant opening factor < 0.02 m

show an increase in the maximum negative restraint moment and in
the maximum downward deflection when the fire load density is
increased. Furthermore, the maximum moment values are reached
apprdxim&te]y at the end of the heating phase but a similar fact
is somewhat irregular for the deflection values. The same is
noticed for the maximum negative restraint moment also for lar-

ger opening factors, when the fire Toad density < 251 MJ'm—Z,

However, at a constant opening factor > 0.02 mw2 and a varying
fire load density > 502 MJ.m™° the maximum restraint moment values
are almost constant (70 - 80% of Myie1d) and all attained before
the end of the heating period or the start of the cooling. The
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Table 5.1 Characteristic results of nil-loaded piate strips

Fire  Duration Max imum Maximum deflection Re- Test
ioad of heating restraint Stfa12§

den-  phase mament Midsection 1/4-section Togen )

sity N

-7 Time Time Time Time

MI-m = h kNm h mn h it h n

a) Opening factor 0.01 m”2

31 0.50 -6.5 0.52 1.70  0.47 0.9 0.60 1.7% AZ:6

63 1.00 -8.0 1.07 1.60 0.85 1.1 0.96 -3.3C A?:7
126 2.00 -85  2.725 3.90  2.60 2.4 2.60 -6.50 AZ:8
251 4.00 -12.8  4.00 5.40  3.70 3.3 3.70 5.40 Az:1

- 1/’2

b) Opening factor 0.02 m

63 0.50 -7.5 0.50 2.70 0.45 1.70  0.45 3.67 A2:9
126 1.00 -9.5  0.97 3.25  1.4C 2,00 1.5C 3.50 A2:10
251 2.00 -12.8  1.75 4,40 1.30 2.75 1.80 5.00 A2:2
502 4.00 -14.0  2.25 4.83  1.70 3.20 1.90 5.70 A1:11

. . 142

¢} Opening factor 0.04 m

126 0.50 -10.8 0.58 3.83 0.63 2.07 0.40 2.1¢ A3:%
251 1.00 -11.9  6.87 3.10  0.63 2.20 0.73 2.80 AZ:3
502 2.00 -14.6  1.30 6.34 1.10 4.29 1.10 4,3C Al:12
754 3.00 -15.2  1.4% 4,58 1.10 2.56 1.10 5.25 A3:2
1005 4.00 -15.1  1.13 5.47 1.07 3.52  1.14 €.70 A3:3
d) Opening factor 0.06 m1/2

126 0.33 -10.6 0.28 3.50 0.38 1.80  0.55 1.60 A3:4
251 0.67 -11.3  0.68 3.40  1.20 2.00 1.37 2.60 AZ:4
502 1.33 -15.4  0.85 3.00 0.72 1.80 0.72 2.70 A3:5
754 2.00 -14.2 0.97 3.80 0.8C 2.60  0.80 2.85 A3:6
1005 2.67 -15.0  1.05 3.70  0.80C 2.9¢ 0.80 4.50 A3:7
e) Opening factor 0.08 m”2

251 0.50 -10.1  0.53 2.9¢  0.50 1.80 0.83 2.20 AZ:5
502 1.00 -13.9  0.70 3.5¢ 0.57 2.20 0.70 2.25 A3:8
754 1.50 -13.7  0.72 2.90 0.Bb 2.00 0.55 3.60 A3:9
1005 2.00 -14.¢  0.90 2.8¢ 0.72 1.80 0.72 3.70 A3:10
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fire duration of the heatiné period is thus ne significant para-
meter and additionaily the deflection values indicate more or
less the same feature as the restraint moment values. The maxi-
mum values c¢f the restraint moment and the deflections are
followed by a decrease before the cooling phase begins and that
behaviour is due to accelerating transient and creep strains
(see section 6.2) in the cross-sectional areas of conckete most
strongly heated and to the successive change in the thermal

gradient towards a more linear form.

The comparisons made at a constant opening factor and varying
fire load densities make it possible to control the reproduca-
bility of the tests and the scattering in results as a common
part of the heating period at each opening factor exists. A
good reproducability is most often noticed but a dispersion
in results cannot be neglected. That deviation or “error" in
restraint moment and deflection values may reach values of 10%
and 20 - 30% respectively. The reason for the scattering is
due to the following factors:

- Deviation from desired thermal exposure depending on the success
to follow the prescribed furnace temperature.

- Severe cracking over support may render unintended rotations
and make it more difficult to keep the rotations over support

exact]y at zero.

- Any displacement of reinforcing bars and varying material cha-

racteristics.

The structural behaviour in terms of the bendinc restraint moment
is a function of the thermal exposure and this is best shown in
comparisons, where the fire Toad density is cdnstant and the ope-
ning factor varied. In such comparisons, the time-curves of the
restraint moment show the same pattern as the furnace témpera- |
tyre-time curves, i.e. the rate of moment increase is in accor-
dance with the rate of heating, and the descending branch comes

‘ Tn the same order as cooling does. The structural behaviouf is
very sensitive to deviation in the imposed thermal gradients.

TabTle 5.1 and the following iilustrations, supplemented with some
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Figure 5.8 Bending restrajnt moment as function of time. Opening
factor: 0.04 mi/2. Fire load density within the range
126 - 1005 MJ-m-2. The corresponding furnace tempera-
ture-time curves are inserted.
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Figure 5.9 Deflection process at mid-section of the plate strip.
Fire process characteristics in accordance with Fig. 5.8.
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diagrams in Appendix serve to prove these statements. The time-
variation of the bending restraint moment and the deflection
process at the mid-section of the strips for the tests, charac-
terized by a constant opening factor and a varving fire Joad
density within the range 126 - 1005 MJ-m"Z, are reproduced in
Fig. 5.8 - 5.9. The influence of varying fire processes can be
studied as well as the dispersion of the results and the re-
producability of the tests during that part of the heating
period which is common to the various furnace temperature-time

curves.

When analyzing the reasons for the scattering in the results,
explanations may be found by studying the real thermal expo-
sure and the temperature development inside the structure. An
example of such a study‘wi11 be given for the tests accounted for
in Table 5.1d and illustrated in Figs 5.10 - 5.12. A directly
striking result in these figures is shown by the test A3:5, for
which the somewhat high maximum restraint moment is followed by
comparatively small deflection values as compared with the tests
A3:6 and 7. An immediate cause of a pervadingly too high restraint
moment should be an oversized thermal exposure. Consequently,

the recorded temperatures inside the structure are shown in

Fig. 5.13 at mid-section, 1/4-section and end-section for diffe-
rent depths, as concerns the three tests A3:5 - 7. The tempera-
tures for the test A3:5 are thus comparably higher in all sec-
tions and this fact must have & considerable effect on the be-

haviour.

In order to confirm more in detail what is stated summarily in
connection with Table 5.1 for tests characterized by a constant
fire load density and changing opening factor within the range
0.01 - 0.08 m'"/2, Figs 5.14 - 16 are additionally shown. The
pattern of the curves is recognized and for the tests AT:11 and
12 the rate of increase in the thermal restraint moment is Jess
than for the tests A3:5 and A3:8 due to a smaller opening fac-
tor and a corresponding Tower rate of heating. Inversely, Tar-
ger deflection values are reached for the tests Al:11 and 12.

In all diagrams presented in Figs 5.8 - 12 and 5.14 - 16, the
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Figure 5.10 Bending restraint moment as function of time. Opening
factor: 0.06 ml/2, Fire Toad density within the range
126 - 1005 MJ-m-2. The corresponding furnace tempera-
ture-time curves are inserted.
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Figure 5.11 Deflection process at mid-section of the plate strip.
Fire process characteristics in accordance with Fig. 5.10.

Figure 5,172 Deflection process at 1/4-section of the piate strip.
o Fire process characteristics in accordance with Fig. 10.
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Figure 5.13 Comparison between temperature deve]opment with time
at different depths of the plate strip in tests A3:5 - 7.
a) mid-section
b) 1/4~ and support-sections.
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Figure 5.14 Bending restraint moment as function of time. Fire
load density: 502 MJ-m~¢, Opening factor within the
range 0.01 - 0.08 ml/2. The corresponding furnace
temperature-time curves are inserted.
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Figure 5.15 Deflection process at mid-section of the plate strip.
Fire process characteristics in accordance with Fig. 5.14..
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Figure 5.16 Defiection process at 1/4-section of the plate strip.
Fire process characteristics in accordance with Fig. 5.14.
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residual state of restraint moment and deflections are also in-
dicated. The residual state of the fire-tested plate strips be-
Tonging to test series A2 and A3, complemented with A1:12 is
assorted in Table 5.2. A pervading feature of these tests is a
positive residual restraint moment, which roughly increases

with an 1ncreasing fire Toad density at a constant opening fac-
tor. Inversely, the influence on the residual restraint moment
of variations in the opening factor at a constant fire load
density is comparatively small. For Tower fire load densities
within the range 31'- 126 MJ'm ¢, the residual deflection is
close to zero. For higher fire load density values, 3_251 MIm e,
a residual upwards deflection occurs.

For the results of the tests in test series B and C in which the
fire exposure generally was the same, g = 502 Pﬂd-m_2 and AVﬁ/At =
= 0.04 m}/z, but the concrete composition was changed in terms

of water-cement ratic and cement-paste quantity, here only some
concluding remarks will be given, cf. Anderberg {1973).

A noticable influence of varying water-cement ratio is a delay
in time, whéh the maximum restraint moment is achieved. It can
also be established that an increase in cement-paste quantity
shortens the time at which the restraint moment changes sign,
nrobably due to more excessive shrinkage, ¢reep and transient
strain (cf. section 6.2) at elevated temperatures. The influence
of specimen age prior to fire (1/2, 1, 3 months} was also in-
vestigated (see Table 4.4), but no significant change in the
structural behaviour was ndticed, except that more water trans-
pired from the specimen of the age of 1/2 month.

The occurrence of spalling gave the impression of a random cha-
racter and was noticed for about 8 of totally 50 tests and only
for those which were characterized by a high rate of heating,
i.e. opening factors within the range of 0.04 - G.08 m1/2 and
fire Toad density > 251 MJ-m 2, Spalling took place after about
15 - 20 min at the directly exposed corners and surface iayers

and appeared with irregular frequency and distribution.



Table 5.2 Residual state of fire exposed plate strips without lateral load

f
i Test Fire Joad | Opening Residual Residual deflections
density factor restraint
mament
mid-section 1/4&-section
MI-m2 m!/2 kNm i mn
31-126
Az:5 31 0.01 2.0 0.6 0.3
17 63 0.01 1.2 0.2 0.2
9 63 0.02 1.0 0.4 0.3
:8 126 0.01 1.5 0.4 0.1
10 | 126 0.02 2.0 n.5 0.5
A3:1 126 0.04 0.0 0.0 0.3
4 126 0.06 2.0 0.4 0.3
A2:1 251 0.01 4.3 -0.5 -0.3
12 251 0.02 7.9 -2.2 -0.6
13 251 0.04 7.3 -1.8 ~0.4
24 Z51 0.06 5.4 -1.3 =0.6
:5 251 0.08 5.3 -1.6 -0.2
Al:12 | 502 0.04 12.0 - -
A3:5 502 0.06 15.0 -3.0 -1.8
:8 502 0.08 11.6 -3.5 -1.3
A3:? 754 0.04 13.0 -3.9 -2.0
6 754 0.04 14.6 -1.3 -0.8
:9 754 0.08 13.2 ~3.3 -2.2
A3:3 1005 0.04 4.4 -1.7 =0.1
27 1005 0.06 13.5 -0.9 =0.2
+10 | 1005 0.08 14.4 -3.4 -1.9
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5.3.7 Fire-exposed plate strips with

lateral load  ________________
A1l fire-exposed plate strips, tested in the presence of a late-
ral load, belong to test series D, cf. Table 4.4. These tests
can be combined into five groups. accordwnq to Tab]e 5. 4 with
each group character1zed by its own fire exposure, the tests
D21 and D22 excluded. At such a grouping, it is a matter of
course that also the nil-loaded plate strips (P = 0), tested
at the same fire exposure characteristics, are included - tests
A2:5, A2:3, A2:1, Af:12 and A3:8, respéctive]y.

As the results from the five groups of tfests generally compared

in section 6 with the theoret1ca]1y calculated structural beha-
viour, the presentation here can be made very summarily. An in-
tegrated picture of the structural behaviour is:given in Table
5.4, comﬁrising only the maximum support moment and the maximum
deflection in the mid-section and 1/4-section of the plate strips
and the time of their occurrences. Additionally the complete
structural fire behaviour of the loaded plate strips is exempli-
fied for the tests of group 2 in terms of the time-variation of
the bending restraint moment and the deflection process at the
mid- and 1/4-sections. The moment distribution and the Toad-carry-
ing capacity of the strips under fire will, however, not be studied

until section 5.5.

Before the start of a fire test, the water-Tlevels over the sup-
ports were adjusted to zero. Then the lateral load was applied
with the plate strips restrained against rotation at the sup-
ports. The start values of the restraint moments, achieved in
this way for the different tests'are shown in Table 5.36. Tests
represented by the same load level show somewhat-different start
values of the restraint moment. This is partly due to inevitable
differences from one specimen to another as regards the dimen-
sons, location of the Tongitudinal reinforcement and material
quality, giving a varying distribution of the flexural stiff-
ness in the longitudinal direction of the plate strips. Also

the difficulty in applying the load and simultaneously, increas-
ing the restraint moment so that the'rotation over both supports
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Table 5.3 Measured and calculated start values of restraint moment
and central deflection due to lateral load.

a) Measured start values
Load Jevel Restraint moment )
' Test kNm Test kNm Test  kNm Test kNm Test kNm

1/4-Pa11 Dl 2.8 "D 2.8 Dg 2.5 D13 2.5 D17 4.6
1/2'Pa11 D2 5.3 D6 4.6 D10 5.4 N14 5.0 D18 4.6
3/4-PaH B3 7.% D7 6.9 D11 8.1 B15 8.0 p19 6.7
PaT1 D4 10.6 - D8 9.8 D12 9.1 D16 8.7 p20 10.1
Pa1] D21 9.1 - D22 9.1
b} _ Calculated start values
Load Tevel Restraint moment Central deflection

Theory of FIRES-RC FIRES-RC program

elasticity program

kNm kNm M
1/4'Pa11 2.3 2.3 0.2
1/2'Pa11 4.5 4.4 0.4
3/4'Pa1] 6.8 . 6.2 1.2
P 9.1 9.3 2.3

atl
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is kept at zero value, influence the start value. It thus occur-
red that the restraint was partly adjusted just after the total
load was applied, which caused a somewhat increased cracking
hoth at the mid- and end-sections of the plate strip.

1f the start value of the restraint moment at a specified load
level is calculated for the plate strip in accordance with the
theory of elasticity, i.e. the flexural stiffness is assumed
constant over the length of the span, the obtained values, given
in Table 5.3h, are constantly lower than the measured ones. If, in-
stead, the start value of the restraint moment is calculated
according to a more sophisticated theory, based on more realis-
tic material models, including the formation of cracks and the
tensile carrying ability, and considering the moment redistribu-
tion, the result will be somewhat changed. This is also shown

in Table 5.3b, which also contains the simultaneously calcula-
ted central deflection values. The FIRES-RC program, originally
developed at University of California, Berkeley, indicated in
the table and used in the calculation, will be presented later.
Trying to interpret the results from the FIRES-RC calculation,
the following can be stated. The cracking moment is about 5 kNm
which is reached at the support sections for a load level be-
tween 1/2 Pa11 and 3/4 Pa?i' The calculated deflections confirm
that the deflection is doubled when the load is increased from
1/4 to 1/2 Pa]1‘ At the next Toad level 3/4 Pa]]’ the deflection
increases considerably due to severe cracking over the supports.
At the same time the moment is redistributed to the mid-section,
where no cracking has taken place, which explains the somewhat
smaller restraint moment value at this load level than the corres-
ponding value according to the theory of elasticity. When the
Toad has reached Pa]]’ a considerable cracking has occurred also
in the mid-section which causes a substantial increase in the
deflection and a further moment redistribution.

The measured restraint moment values are pervadingly greater
than the theoretical values, except in the tests D12, D21 and
D22 which are to be excluded, because in these tests the applied
support moment at the Toad level PaH was chosen to 9.7 kNm and
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Table 5.4
Test Fire Opening | Dura- |LoadiMaximum support Maximum deflection
lTead factor | tion [le- |moment
density of vel
heat- mid~section | 1/4-section
ing
phase
Time Time
Mm% [m/2 |y Pyp/khm  h mo h i h
Group 1
Az:5 251 0.08 0.5 0 -10.1  0.53 2.9  0.50 1.9 0.83
D1 : " . 1/4 {-13.7 0.50 4.8 1.10 2.9 1.70
nz " " " 1/2 |~16.2 0.60 9.1 1.05 6.0 1.1¢
D3 " " " 3/4 1-17.3  0.50 12.6  0.80 7.5 0.80
D4 * ! " 1 -18.5  0.35 14.4  0.80 9.5 0.65
Group 2
A2:3 251 0.04 1.0 0 -11.9¢ 0.87 3.1 0.73 2.2 0.73
il " " " 1/4 1-17.0 0.80 7.0 0.9 4.0 1.20
D& " " i 1/2 1-17.5 0.75 11.0  1.20 £.4 1.27
07 " " ! 3/4 1-18.2 Q.73 15.3  1.45 9.5 1.45
08 " " " 1 -19.1 0.65% 7.8 1.15 | 11.4 1.30
Group 3 _
A2:1 251 n.01 4.0 0 -12.8 4.0 5.4 3.7 3.4 3.7
Dg " " t /4 |-16.9 3.85 7.2 4.65 4.3 4.25
D10 " " " 1/2 |-18.1 3.65 9.6 3.65 6.5 3.565
D11 " " " 3/4 1-17.3  3.80 14,2 3.80 9.4 3.80
Diz " H . 1 -18.2  2.25- 17.0 3.75-710.8 3.50
3.80 4.2
Group 4
Al:12 | 502 0.04 2.0 ¢ =14.6 1.3 6.3 1.10 4.3 1.10
D13 " " . 1/4 }1-16.6  1.15 5.2 1.10 2.3 1.30
D14 B " " /2 1-17.9  1.15 15.7 1.75 | 10.2 1.75
D15 " * ! 3/4 {-18.0 1.15 21.3 1,70 | 13.6 1.70
b6 " ! " 1 -19.5  1.1% 26.2 1.78 | 16.7 1.78
Group 5 _
A3:8 502 .08 1.0 0 -13.9  0.70 3.5 0.57 2.2 0.70
D17 " : " 1/4 {-17.4  0.72 5.2 1.2% 2.1 0.87
pi8 " " " 1/2 |-17.5 0.78 12.2  1.18 6.9 1.07
019 " " " 3/4 |-18.4 N.50 18.4 1.20 §{ 10.6 1.20
D20 t " " 1 -19.1  n.80 23.3  1.60 | 14.3 1.60
D21 1005 G.06 2.7 1 -19.8 1.20 4.8 5,20 | 21.7 4.60
L7[)22 1506 " 4.0 T -18.6 1.10 45.4  7.20 | 26.4 7.20
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after that this Situatiéh was tonsidered as the state of no -
rotation over the supports. The start value of the éest D17 de-
viates too much and is- accord1ngly too high. These deviations
in the start values of the restraint moment do, however, have
a Tittle influence on the structural behaviour during fire. '

Some characteristic main results of the laterally loaded plate
strips at fire can be studied in Table 5.4. From this table
the following may be stated:

- Increas1ng 10ad Tevel gives rise to maximum values
of ‘the restra1nt moment and the deflections at mid- and 1/4-

Sect1ons

- At a constant Toad 1eve1 and a constant opening factor, the
maximum deflection increases when the fire load dens1ty is

increased.

- If the fire load density is constant and the opening factor

1/2

is diminishing in the region above 0.04 m s the max i mum

deflection increase.

- The time to reach the maximum restraint moment approximately
coincides with the aduration of the heating period, except
when the fire load density > 502 MI-m 2 and the opening fac-
tor > 0.04 m/2. In these cases, this is shorter than the

duraticn of the heating period.

The time variation of the structural response to fire is 1Tlu-
strated in Fig. 5.17 - 19 for the tests within group 2, viz.
D5 -8 comp1emented with A2:3, Tor which the fire exposure is -
characterized by the fire load density 251 MJ-m™2 and the ope-
ning factor 0.04 m 2 and the lateral load of a level varying
from 0 to Pa}1. In Fig. 5.17 the restraint moment and the cor-
responding furnace temperature are reproduced as functions of
time. The curves are characterized by a very rapid increase in
restraint moment during the first 0.25 hours and the maximum
moment values are reached after about 0.8 hours. The yié]dfhg
moment is definitely attained at the supports for the Toad_leﬁe1'“
P=P and amounts to 19.7 kNm. Also at the load level P =

all _ -
3/4 P the yielding moment may have been reached even if the -

all’
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maximum value only amounts to 18.2 kNm due to a possible unin-
tensional displacement of the top reinforcement. A lowering of
these reinforcing bars of 1/2 c¢cm renders a drop in the yielding
moment of about 1 kNm (cf. the calculations in 6.2.4). The rapid
increase in restraint moment comes from the induced steep ther-
mal gradient during heating, cf. Fig. 5.5, which forces the struc-
ture to find new equilibrium states resulting in a downwards de-

flection.

The corresponding time variation of the deflections is illustra-
ted in Fig. 5.18 - 19 for the mid- and 1/4-sections of the strips.
The initial deflections due to the appiication of the Toad prior
to the fire exposure are omitted in the diagrams but are assor-
ted in Table 5.3b. The deflections grow almost linearly until

the maximum values are attained. The maximum central deflection

at the load Tevel Pa]I is 5.7 times larger than that at zero-
load and corresponds to about 1/140 of the total length of the

span.

During cooling, the restraint moments of the loaded plate strips
(Fig. 5.17) decrease considerably and attain positive values af-
ter some hours. Also the defleztions (Fig. 5.18 - 19) are conti-
nously decreasing but not changing sign during the cooling, as
concerns the loaded plate strips.

As observed, an unintentional displacement of the top reinforce-
ment influences the yielding moment at the support sections. This
is further illustrated by the tests D21 and [22 in which the yiel-
ding moment attained the values -19.8 and -18.6 kNm, respectively.
As pointed out before, these tests were designed to illustrate

the structural behaviour up to a collapse of the plate strips
during the fire process (see Table 5.4). No collapse happened,
however, and the reason for that will be studied later on in
section 5.5 with respect to the remaining reserve 1oad-carrying
capacity. From Table 5.4, extreme deflection values are observed
and for test D22 the maximum central deflection reaches the

value 45.4 mm which corresponds to 1/55 of the span length.
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Table £.5 Residual state of fire-exposed plate strips with lateral load
Test Fire Opening | Load Tevel| Residual restraint Residual defiection
load factor moment
density
mid-section | 1/4-section
e 1 1/2
Md'm m Pa]'l kNm fm me
Group 1
AZ:.5 251 0.08 0 5.3 -1.6 -0.2
D1 " " 1/4 4.0 2.7 1.3
D2 H n 1/2 2.4 4.3 2.8
D3 " i 3/4 -1.2 6.7 4.1
04 " " 1 -2.4 10.2 -
Group 2
Az:3 251 0.04 0 7.3 -1.9 -0.5
D5 " " 1/4 4.6 0.5 0.6
D6 " " 1/2 3.2 3.2 2.0
D7 “ " 3/4 1.8 7.0 4.5
D8 " " 1 0.0 10.7 7.7
Group 3
Az:1 251 .01 0 4.3 ~0.5 -0.3
D9 4 ! 1/4 3.0 - -
D10 " ! 1/2 C.9 - -
D11:2 " " 3/4 1.2 - -
D12 " " 1 0.0 13.5 9.2
Group 4
At:.12 | 502 0.04 ¢ 12.0 B -
D13 " i 1/4 11.0 -0.3 -1.5
C14 " " 1/2 8.4 7.8 -
D15 . " 3/4 4,6 13.5 9.3
D16 " ! 1 3.4 21.0 11.8
- Group 5 .
A3:8 502 0.08 0 i1.6 -3.5 -1.3
D17 i " 1/4 - - -
Di8 " " 1/2 5.8 3.1 1.4
018 " . 3/4 5.7 10.0 6.2
D20 " " 1 3.1 19.5 11.8
D21 1005 0.06 1 ~2.5 33.5 19.C
D22 1506 0.08 1 -8.5 35.7 20.0
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The residual state after 24 hours of the tests according to Table
5.4 is assorted in Table 5.5 and can be studied separately there.
Though the plate strips are Toaded vertically, considerable re-
sidual restraint moments of positive sign appear, but the resi-
dual deflections are mostly still directed downwards. This be-
haviour is due to the very large rotations developed during
heating at the support sections of the plate strips, rendering

a great inelastic deformation in concrete and reinforcing steel.
These permanent deformations influence the behaviour-during
cooling in such a way that, when the deflections successively
decrease, the restraint moment changes signs far before the de-
flections eventually reach zero values. As observed in Table 5.5
the residual restraint moment is decreasing at increased load
Tevel, but at the same time the residual deflection is increasing.

5.4 Change in flexural stiffness during

fire exposure

The continuous change in the flexural stiffness of a reinforced
concrete structure due to a thermal exposure is of a great pheno-
menological importance for a full understanding of the structural
behaviour of a fire exposed hyperstatic structure and will hence
be studied for the current type of plate strip. The effect on

the flexural stiffness of a complete fire process, including the
cooling phase, then will be determined for the nil-loaded plate
strips belonging to the test series AZ and A3, cf. Table 4.4.

The change in the flexural stiffness, owing to a pure fire expo-
sure, is primarily a measure and a result of the cracking forma-
tion and propagation and an eventual disintegration of the mate-
rial along and within the hyperstatic plate strip, induced by'
the thermal gradients and the elevated temperatures. Also the
reduction in the elastic moduli of the concrete and the steel
reinforcement influence the flexural stiffness but not to the
same extent. After fire, when ordinary room témperature is at-
tained again, the residual flexural stiffness mainly depends on
the extent of the residua1,cracking formation and the material
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disintegration while the modulus of the steel reinforcement is

fully regained.

The flexural stiffness, experimentally determined during the fire
test by measuring the additional deflection response in the mid-
and 1/4-sections to an instantaneous transverse load (see sec-
tion 4.4) at different times, will be regarded as a fictitious
stiffness of the whole plate strip. The presented results of the
flexural stiffness, referred to the additional deflections, are
the average of the fictitious stiffness values calculated from
the mid- and 1/4-section deflections in accordance to the equa-
tions 5.6 and 5.8 in section 5.6.

As shown in Table 5.6, there is sometimes considerable
discrepancy of the measured initial flexural stiffness from oOne
plate strip to another within a test series, although the con-
crete mix variations are small. The concrete in each plate strip
is characterized by a cube strength value, determined as the mean
value from six cubes, but - as can be seen in Table 5.6 - the
measured variations in the initial flexural stiffness were not
in accordance with the variations in the cube strength values.

A higher cube strength value did not always indicate a higher
stiffness and vice versa. It must, however, be underlined that
all measurements, giving the fictitious flexural stiffness, have
a great uncertainty and hence the presented resuits are only
giving a qualitative picture of the change in the flexural

stiffness during a fire process.

On the basis of the difficulties, it was found appropriate to
use a calculated value of the initial flexural stiffness EI as
a start value for the further treatment. EI then was determined

by the formula

El = EC-IC + ES-AS 5.1
where

EC = elastic modulus of concrete -

Ic = moment of inertia

ES = elastic modulus of steel reinforcement

As = steel reinforcement area
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EC is given by the formula

EC = 5200-(:”2 MN/m2 5.2

where

Z -
c = O'S'Ucube MN/m (chbe = cube strength)

These formulae are verified to give a good agreement with test

results at ambient temperatures.

By using the average cube strength values from test series A2
and A3, which are shown in Table 5.6, EI is calculated to 2.67
and 2.96 MNm2 respectively. These calculated values are 1in
a reasonably good agreement with the measurements, as can be

seen in the table.

As an i11Tustration of the time-variation of the flexural stiff-
ness, defined above, the results from the tests AZ:3 and A3:2,
representing the opening factor 0.04 n'/2 and the fire load
dénsity 251 and 753 Md/mz, respectively, and the tests A2:4

“and A3:5, répfésenting the opening factor 0.06 m]/z_and the

fire load density 2571 and 502 MJ/mz, respectively, are re-
“produced in Fig. 5.20. Due to the wide dispersion in the measure-
ments, the diagram only gives a hint of how the flexural stiff-
ness aiters. Characteristic is a great decrease of 30 - 60% of the
initial value during the first 0.25 hours, followed by a more
stowly continued decrease, which stops after 1 - 2 hours in the
cooling phase, indicated in the figure( After that, the flexural
stiffness starts to increase and attains values up to twice the
minimum value after 24 hours. The minimum values and the values
after fire of the flexural stiffness are gathered in Table 5.6,
given in percehfage of the calculated initial flexural stiffness.
These values are furthermore assorted in Table 5.7, which §1lu-
strates the decrease in the minimum flexural stiffness and the
flexural stiffness after fire, when the fire load density is in-
creased. As can be noticed from the table, the minimum stiffness
value may decrease to only 19% of the original value and this
value represents the fictitious stiffness of the whole plate
étrip; whereas, for instance, the f1equaT stiffness at the mid-
section is much less with almost the whole cross-section being

‘cracked.
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Table 5.7 Minimum and residual flexural stiffness of the plate
strips
Number of Fire Toad | Minimum flexural stiffness | Residual flexural
tests ' stiffness
variation mean value variation mean value
MN /i - 7 g 7

7 31-126 31-56 42 49-75 64
5 251 28-43 35 51-61 55
2 502 19-28 24 41-56 48
3 753 272-38 29 40-57 48
3 1004 19-26 22 35-49 45
5.5 Load-bearing capacity during and

after fire exposure

In an analysis of the mechanical behaviour of a fire-exposed struc-
ture, it is of great interest to follow up the bending moment dis-

tribution, compared with the load-bearing capacity in decisive
sections, in order to search into the reserve moment capacity
and make conclusions about the safety to collapse. One way of
illustrating this problem is shown in Fig. 5.21, giving the ben-
ding moment distribution at four different times (0, 0.75, 3.0,
5.0 h) for the plate strip in test D16, transversely loaded by

P = Pa]T‘ For comparison, the corresponding values of the nega-
tive moment capacity at the supports and the positive moment ca-
pacify at thé'midSpén are indicated. These moment capacities are
evaluated for the plate strips as underreinforced on the basis
of the current reinforcement temperatures at the top over the
support and at the bottom in the mid-section, respectively, and

no consideration is taken to any reduction in the concrete strength

of the compressive zones. This is motivated by the fact that ra-
ther low temperatures are predominant in these zones as well as
" by the very insignificant decrease in concrete strength below
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300 - 400°C, which temperature level never is exceeded for the
investigated plate strips in the current compression zones. By
measuring the temperatures in the reinforcement and using the.
data concerning the relationship between the yield strength and
the temperature, presented in section 6.2.2.2, an approximate
value of the load-bearing capacity is calculated. This way of
calculating the moment capacity is further discussed in section
6.2.2.2. 1t may be noted from Fig. 5.21 that the initial moment
capacity has the value +19.5 kNm, which is reduced in the span
to only 6.8 kNm at 3 hours, at the supports, the corresponding
reduction can be disregarded. At 5 hours, i.e. about 3 hours
after the end of the heating phase the current moment in span

is 11.9 kNm and the positive moment capacity 12.3 kNm, which
means that the moment capacity in field is made full use of up to
97%. If the moment capacity is attained either in the span or

at the supports, the strip behaves as statically determinate

for a further Toad increase. A supplementary illustration of the
structural behaviour is given in Fig. 5.22, showing the time
variation of the current moment in fieid Mfie]d and at the

supports M and of the moment capacities in the same

support
sections.

As mentioned, the complementary tests D21 and D22 of test series
D were aimed to study if the plate strip may collapse under the
design load for a sufficiently heavy fire exposure. For the two
tests the opening factor was chosen to 0.06 m]/2 and the fire
load density to 1005 and 1506 MJ-m_Z, respectively. The result
from the test D21 is transferred to Appendix while the test D22
is analysed below. Fig. 5.23 illustrates the bending moment in
the fie]d and at the supports at the times 0, 1, 5 and 7.5 hours
for this test. The negative moment capacity decreases from -18.6
to -14.9 kNm and the positive moment capacity in the field from
+18.6 to 4.4 kNm at the time of 5 hours but then it is recovering
and reaches after 7.5 hours 6.5 kNm. The heavy fire exposure has
thus even influenced the moment capacity over the supports. The
complete time-variation of these moments and moment capacities
is  shown in Fig. 5.24. As can be noticed, failure is not at-
tained as the recovering of moment capacity in field enters
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after 4.75 hours., The temperature of the top reinforcing bars
over the supports starts to decrease oniy after 7 hours, i.e.
the recovering of the support moment capacity then begins at
this time. The reserve load-bearing capacity for this test is,
however, comparatively small  and reaches at the times 4.75
and 6 hours the values 3.5 and 2.8 kNm, respectively. The con-
clusion may be, that the type of reinforced concrete structure
used in this experiment and subject to a severe fire does not
reach a collapse state, not even‘during the cooling phase. For
a somewhat more severe fire exposure collapse had occurred, cf.

Fig. 48 in Anderberg (1973}.

5.6 Residual flexural stiffness and strength

The reserviceability of a fire-exposed load-bearing concrete
structure and the extent of the subsequent repair of a fire-
damaged structure are due to the residual load-bearing capacity,
the residual flexural stiffness and the residual deformation
state. The residual flexural stiffness has a great influence on
the deformation behaviour, when Toaded, and the remaining de-
flections can be decisive for the future use of the structure
from a functional or an aesthetical point of view. This.is the
background and some of the reasons for investigating the resi-
dual load~bearing capacity and the residual flexural stiffness
of the fire tested concrete plate strips.

The load-bearing capacity and the flexural stiffness after fire
were examined for the strips simply supported and loaded up to
fracture by two symmetrically placed concentrated loads, 0.8 m
apart. This was also done for plate strips, not exposed to fire,
in order to ohtain the initial Toad-bearing capacity and the
initial flexural stiffness.

The flexural stiffness was determined from three different types
of measurements, viz. the curvature between the concentrated
loads, the central deflection and the deflection in 1/4-section
of the strip. The calculations were carried through by using
well-known formuiae for an elastic beam, illustrated below, see
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Fig. 5.25.

A relationship between the moment M and the curvature o, measured
on a length of 0.6 m symmetrical to the mid-section, gives the
mean flexural stiffness (EL)_ of that region, which also had a
uniform fire-exposure in the main tests. The curvature follows

the formyla

1_ M

D (EIic 5.3

c

From geometrical considerations

which gives

_ 85
1/% =~ 5.4

2

and

Mys”
(ED), = —— 5.5
85

where MM is the moment between the loads.

If EI is supposed to be constant over the whole Tength of the
strip, the stiffness can be related to the deflection in the mid-
section Yy by the following formula

2,2,
Yy = P-a(3L" - 4a") 5 6
24(E1),,
giving
(ED), = 28w, 5.7
- Im .

Analogously, the stiffness related to the deflection in the 1/4-
section Y4 €20 be derived from the formula:



3 2
PL b 1
e - (1 -2 - —) 5.8
24(ET); 4 L5 16
giving
_0.468
(EI)1/4 o MM 5.9
Y174

The stiffnesses, calculated in these different ways, the inter-

relationship

(EI)C < (EI)M < (EI)-U4

both for an unexposed and an exposed plate strip. This is due to
the moment distribution and in addition, for the exposed strip,
to the nonuniform fire exposure along the plate strip, characte-
rized by a temperature level, which is highest between the con-
centrated loads and decreasing towards the ends. It must be
underlined, that the stiffnesses calculated in this manner are
referred to a cracked state, as concerns the fire-exposed plate
strips. Consequently, a Toad level should be chosen for the de-
termination of the flexural stiffness, which is above that giv-
ing the cracking moment for an unexposed plate strip. The flexu-
ral stiffness values, reported in the following, are based on
deflection values, generally obtained at about 0.8 Myie]d’ where
Myie]d denctes the yielding moment for the very plate strip.

For the unexposed plate strips, the flexural stiffnesses, evalua-
ted from the formulae above, are:

(ENUSP < 0,64 MNmZ

0.67 MNm°

(El)ﬁnexp

(ENY)3™ = 0.70 M

This interrelationship between the stiffnesses for the unexposed
plate strips follows the correct pattern but for the plate strips
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strips, transversely loaded as simply supported at
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subjected to fire this is not always the case. The differences in
residual deformed state from one strip to another influence the
change in curvature and deflections due to a load increment. The
calculated stiffness value is furthermore related to the value
given for unexposed plate strips, which may have a relative de-

viation of 10%.

The estimated absolute error in the determination of {EI)C can
he obtained from the following consideration:

Suppose that the deformation measurement has the error of
s = 2.107° m. From the formulas 5.3 and 5.5 we obtain

5

1 _8-2.10° 3

Ao 0.6°

1

= 0.44-10" 1/m

If we also consider an error in the applied load of aP = 0.20 kN,
it results in moment error, AM = 0.09 kNm.
I (EI)_ = 0.64 MNn” we get

-3
1T _0.09.10 © _ 0.14.}0—3 1/m

ADZ (.64

The total error in measured curvature may thus reach about 0.6-10“3

1/m, which must be born in mind in the study of the flexural stiff-

ness values.

In Fig. 5.26 and 5.27 a principal illustration of the relationship
between the moment and the curvature, the moment and the central
deflection and the moment and the 1/4-section deflection is given
for the plate strips of the tests A3:5, A3:10 and A3:7, which
were investigated about five months after they had been subjected
to fire. For comparison, the corresponding results from unexposed
plate strips, given as mean values of two tests, are also drawn.
The results for the plate strips A3:5 and 10, are intended to
illustrate the decrease in the residual flexural stiffness and

the load-bearing capacity when the fire load density is increased,
while the strip A3:7, which is tested upside~down, shows a fur-
ther decrease of both the stiffness and the Toad-carrying capa-
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city. This is due to the fact that the directly fire-exposed zone
of concrete now acts as the compressive zone with a reduction in
concrete strength. It is observed from the diagrams that there
is an approximately Tlinear relationship up to the moment level
at which a smooth transition starts whenever the deformations
strongly increase without any greater increase in moment. For
the unexposed strip it is obvious that the appearance of the
first cracks is attained at a moment of approximately 4 kNm
whereupon the stiffness decreases. The yielding moment and the
fracture moment then reach the values 18.8 and 21.3 kNm, respec-
tively. The load-bearing capacity of the tests A3:5, 10 and 7
(g = 502, 1005 and 1005 MJ-m 2, respectively) attains the values
20, 17.9 and 15.7 KN respectively, where the Tast value is re-
ferred to the plate strip tested upside-down.

The results of the experimental determination of the residual
flexural stiffnesses, found above, and the load-bearing capacity
are put together in Table 5.8, which in a condensed form iliu-
strates the characteristic tendencies in the residual properties
~of the piafe strips subjected to different fire exposures. From
the table, it can be cbserved that the flexural stiffness and
the load-bearing capacity decrease with increasing fire. Toad

- density and reach values of 60 and 70% of the original value,
respectively, at the very heavy fire load density of 2010 Ma-m 2.
At normal conditions, when the fire load density is less than
about 1000 MJ-m—?, the flexural stiffness and the load-carrying
capacity have an approximate decrease within the range of 0 - 30%
and 0 - 20%, fespecfive?y. If the plate strip is tested upside-
down, the corYeSponding decrease is 0 - 45% and 0 - 30%, respec-

t%ve?y.
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Figure 6.1 Principal temperature-, moisture- and vapour pressure
conditions at heating of moist concrete.
C-C: Hot surface

A-A:  Frontier of dried concrete
AT1-A1: Frontier of vapourization
Q= Heat flow

D Temperature, T

@ Vapour pressure, p

€)) Moisture content, u

r

rom Thelandersson (1974
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b THEGRETICAL STUDY

6.1 Thermal response of concrete structures

In concrete structures subjected to fire, two interrelated trans-
port mechanicms are governing the thermai response. Theses mecha-
nisms are the simultaneous heat and moisture flow which in a com-
plicated manner are interdependent of each other. Owing to the
vapourization of evaporable water above 1009C the moisture trans-
port takes place in water phase as well as vapour phase and cau-
ses a continuous change in moisture distribution. When the capil-
lary and adhesive forces and the steam pressure in the pores of
concrete are developed, the temperature of evaporation is increas-
ed and sometimes reaches values of 150°C. The steam pressure pri-
marily depends on the permeability, because the production of
vapour may not exceed the transport and in order to keep this
equilibrium, the vapour pressure is often consequently increased
and so the mass transport. A qualitative illustration of the in-
terrelated heat and moisture flow mechanisms is reproduced in

Fig 6.1 according to Thelandersson (1974). The figure applies

to the transient one-dimensional case and shows the distribu-
tion of temperature, T, vapour pressure, p, and moisture distri-
bution, u at an arbitrary point of time, t,for a concrete wall,
fire-exposed on one side. The transient state comprises three
different types of zonés, where the first zone close to the ther-
mally exposed surface is dried cut and the thickness of which is
increasing all the time. This zone is followed by a narrow zone
in which the vapourization takes place. In the third zone the
moisture predominantly is in the phase of water. From a thermo-
ﬁynamica1 point of view, the simultaneous heat and moisture flow
have to be analyzed analogously over a combination of partial dif-

ferential equations.

For the present application the computation of transient tempe-

rature-time fields is based on a soiution technique in which dif-

ferent aporoximations are made. A brief description is given be-

Tow: ' |

- The calculation of heat flow is based on the Fourier equation
of heat conduction in non-transparent and non-porous material.
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- Capillary moisture transport is neglected.

- Initial moisture content is successively vapourized on place as

the steam temperature is reached.

- Other influences on the heat flow at current moisture state is
regarded by making the thermal properties of concrete dependent
on moisture content. This is however functionally seen an in-

correct assumption,

- Vapouﬁ transport has no effect on temperature state.

The approximations mentioned above indicate a need for developing
functionally pure analytical models for interrelated heat and
moisture flow. In such an analysis the thermal properties are
furthermore independent of moisture content.

Different numerical methods as finite difference and finite ele-
ment approximations for computing the transient heat flow within
a concrete structure have been developed and are widely used to-
day. Such computations are based on the Fourier equation of heat
conduction which in the three-dimensional case has the general

form

%(Axgws%uyg—})uazg—l)+Q:Dcp§—1 6.1
where T is the temperature, Q tha external heat generation per
unit volyme, Ayo Ay, and A the anisotropic thermal conductivities
in the x, y and z directions respectively, o the density, cp the
specific heat and t the time. In a fire engineering design of con-
crete structures the thermal material properties are temperature

dependent which ordinarily cannot be neglected.

The basic equation (6.1) is connected to two different kinds of
boundary conditions relevant for fire-exposed structures, viz.

2} The value of the temperature T is specified on the surface of

the structure:
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or

b) The heat flow characteristics are specified on the surface of

the structure:

aT 1+ 3T 1 + 3 kXl

xax x Ty ey ly T ez Tz =0 6-3

+q+allT-T

A t)

where 1x’ ]y’ and 12 are the direction cosines of the outward nor-
mal to the boundary surface, g is prescribed heat transfer on the
boundary per unit surface and a(T - Tt) the heat transfer per unit

surface, o is the coefficient of heat transfer.

Despite the assumptions made, acceptable results for fire engineering
appiication are obtained, if only the thermal properties used in
equation (6.1) - the thermal conductivity and the product p-cp or
alternatively the enthalpy Eagiven by the relation

3l
e_ aT
'étt‘— D'Cp'a—_“t‘ 6.4
or
T
- ° T . .
% g p de 6.5

- are sufficiently well-known as concerns temperature and ficti-
tious moisture dependence. It has been shown, however, that it is
often very difficult to get reliable thermal material data. Mea-
surements in different laboratories on "identical" specimens may
often vary widely. Another way to find out these thermal proper-
ties is the procedure of optimization which is in progress today.
This procedure means that one temperature dependent parameter is
determined in such a way that the difference in measured and cal-
culated %emperétures has a minimum. If the state of temperature
and the heat flow are measured simultaneously two thermal pro-
perties can indirectly be determined. However, by this method
pure thermal properties are not found but these are a function

of the state of moisture content and moisture movement.

As will be shown. later in the application of the fire-exposed
- plate stfip useq-in the experiment the theoretical determination
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P 400 Portland Cement {class 400)
L1 Limestone from Tournaisis
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Figure 6.2 Thermal conductivity 1 for granite aggregate concrete
as a function of temperature under heating and subse-
guent cooling.
Cement aggregate 1:6, W/C = 0.7
From Udeen & Nordstrom {1972)
Table 6.1 Thermal conductivity determined at room temperature at different
laboratories (Stationary method). W/moC
Laboratory _ Size of test specimen Moisture state Concrete
P 400 + G P 400 + L1 | P 400 + LS
1 2 3
1 65x65x10 ¢m bry 1.23 1.07 0.57
reduced to {105°¢)
B0 x 6CGx 10 cm
2 u Dry 1.72 1.19 0.77
(105%;
3 " Dry- z.12 (1) 1.38 (1) 0.75 (1)
{105°C)
4 30x30x10 cm Dry o 2.17 1.52 0.95
(105°C) 2.46 (1) 1.64 (1) | 0.99 {1)
. Not dry 2.55 1.77 1.15
-Labo 2.98 (1) 1.96 (1) 1.23 (1)
" Saturated 3.13-3.25 3.13-3.25 4,99
The value of A is corrected as regards the resistance of contact between the
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of the instationary temperature-time fields is very sensitive to

the input of thermal properties.

6.1.1 Thermal properties of concrete

6.1.1.1 Thermal conductivity

In temperature calculations concrete is considered as an isotropic
material, i.e. the thermal conductivity is invariant with respect
to direction of heat flow. The thermal conductivity decreases with
increasing temperature but during a subsequent cooling the change
is not reversible. This is illustrated in Fig 6.2 for a granite
aggregate concrete heated to different maximum temperature levels
(0deen et al {1972)). Below 100°C the thermal conductivity is in-
fluenced by the moisture content, but it is very difficult to un-
dertake well-defined measurements, due to the'tomp1icated inter-
action between moisture and heat flow. The initial thermal conduc-
'utiv1ty at room temperature increases almost linearly with moisture
up to complete saturation. Also the type of aggregate will influ-

ence the conductivity.

As was mentioned in the previous section the test result on ther-
mal properties may differ considerably from one laboratory to
another. This is shown in a paper by Collet (1975) for the ther-
mal conductivity determined at room temperature. Test results
from four different 1aboratofies on three different types of con-
crete are accounted for and these can be studied in Table 6.1. To
the first three laboratories "identical® test specimens were sent
and tested in dried state (exposed to 105°C) at room temperature.
The deviation are thus remarkable and by comparing laboratory 1
to 3 for concrete 1 the value varies within 1.23 - 2.12 W/mOC.

In Taboratory 4 the values seem to be even 1arger and for satura-
ted specimens values of 3.25 W/mPC are obtained. These results,
determined by a statjonary method indicate that you have to be
very careful before accepting data on thermal conductivity. In
Collet (1975) is also described a non-stationary method used to
1nvest1gate ‘the thermal conduct1v1ty at elevated temperature

Th1s method 15 of great 1nterest but no comparssons have been made
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-89 -

so the reliability is not yet confirmed.

The thermal conductivity of the concrete used in the experiment
for spec1mens in test series AB and D is determined by Stdlhane

? ”Pyk S method (1923) at the Central Laboratory of Hdogands AB.

The curing condition of the spec1mens identical to the plate strip
“(cf. 4.3) and the initial moisture content was determ1ned to 1.5%.

Curve(:)1n Fig 6.3 illustrates the temperature dependence during

: ,+heat1ng and this is used as input 1n “the- temperature ca]cu]at4ons

During coo]xng the curve branch is chosen to incline upwards 0.05
W/mPC per 1009C. As the appearance of the cooling branch of » is
dependent on the temperature level at which*coeiing starts it is
difficult to define its variation, but this aséumption of a linear
re1at1onsh1p during coeling is an acceptable approximation for the
calculations.

In order to illustrate the importance of having relevant data on

the thermal conductivity when computing transient temperature-time
fields an example will be presented. The Ca1cu1at10n based on the

measured Ar-curve (:) and on the x-curve (:) shown in Fig 6.3 will

be compared with each other. .

The -heat flow is one-dimensional and the temperature calculations
have as input measured surface temperatures taken'from the mid-
section of the plate strip D17. The influence of thermal conduc-
tivity on computed temperatures when keeping other parameters con-
stant is illustrated in Fig 6.4, which shows the temperature-time-
variation at different depths of the cross-section partly from

the calculation and paft]y.from the measurements. It is very ob-
vious from the figure that a reduction in thermal conductivity of
13% gives a considerable decrease in ca]cu]ated temperatures and
in this case differences up to ﬁOdc_or 20% may: be noted.

6.7.1.2 Enthalpy

In the theoretical model capillary water-transport is omitted while

the vapour is assumed to leave the structure without influencing
~the heat-balance.: The principal variation.in moisture content with

. temperature is assumed to follow the curve ih F1g. 6.5. The initial



~ 90 -
Moisture
content cpP ™~
u
A

Ug

(cpPwater | - R

{CP' P)dry
concrete

100 T °C 100 T ' °c

Figure 6.6 Principal variation of
Y

Figure 6.5 Principal variation of Fieat Capacity, ¢

moisture content, u, vs temperature o Vs temperature

Entalphy
I

Figure 6.7 Principal variation of enthalpy, Ie,vs temperature

ble

kwh fm?
9004 .
800+
700+
6001
5004
400+
3004
2004
100+

TEMP
0 —

T T T T 1
0 200 400 600 800 1600 °C

. Figure 6.8 Enthalpy Iefor granite aggregate:concrete vs. tempera-
, - ture : o .
Curve (I Measured under cooling (Udeen et al (1972))
Curve @ Theoretical (Harmathy (1970))



- 9] -

moisture content is u, and the water is supposed to be vapourized
Tinearly between 100°C and T9C where T is dependent on dimensions
of the structure, distribution and size of pores. In fire appli-
cations it is usually assumed that all the moisture evapourizes

at the temperature 100°C and conseguently the required heat ren-
ders a discontinous step in the enthalpy curve at this temperature.

The heat capacity is intended to consist of two parts, viz one
part for the dry concrete and the other for the current moisture

content 1.e. (Cp'p)tot - (Cp'p)dry concrete (Cp'p)water' The
principal variation is illustrated in Fig 6.6 for both the heat-

ing and subsequent cooling phase.

As the enthalpy % is the integral of the heat capacity in respect
to temperature, it can easily be calculated for different initial
moisture contents of the concrete. The continous curve in Fig 6.7
indicates principally the variation in enthalpy at the moisture
content Ug = Ugy during heating as well as during cooling phase.
The principal relationship is also shown for dry concrete Ug = 0
and at the moisture content u = uoz.These illustrated curves are
somewhat simplified, however, because the latent heat of various
chemical reactions taking place during an initial heating is not
considered. This latent heat, which is evaluated during heating
of dry concrete is in Fig 6.8 iTllustrated as the difference be-
tween the curves. Curve (:) shows the enthalpy Ieversus tempera-
ture determined under cooling (Udeen et al (1972}), and curve (:)
gives the variation of the enthalpy theoretically determined on
the basis of stochiometric calculations and simplified assump-
tions on the chemical reactions (Harmathy (1970)). Because no
available methods of direct measurement exist regarding enthalpy
during heating for example the effect of vapourization of moi-
sture content and chemical reactions cannot be measured.

The enthalpy curve used for computation of temperature is chosen

to be the same as has been practiced in connection with a manual
concerning systematic determination of the temperature-time field
for varying conditions of fire-exposure and structural characteris-
tics. This manual is issued by the National Board of Physical Plan-
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ning and Bu11d1ng in Sweden. In Fig 6.9 this enthalpy curve re-
1evant for concrete with the actual moisture content 1.5% is

drawn as a fuli-Tine. The dashed curve represents initially dry
concrete and the dash-dotted branch to the main curve intends to
illustrate the latent heat due to chemical reactions during heat-
ing determined by Harmathy (1970). The influence of the chosen
enthalpy curve on temperature calculation Wi11 be illustrated for
the alternatives given in Fig 6.9. In the calculation the tempe-
rature dependence of thermal conductivity is pervadingly chosen

in accordance with curve (:) in F?g 6.3. As can be noticed from
Fig 6.10a the change in enthalpy curve regarding the effect of
moisture in the concrete has an obvious result on calculated
temperatures. Dry concrete has pervadingly higher temperatures,
which as maximum attain 50°C which is equivalent to 50% increase
at the depth of 7.5 cm after 1 hour. The effect of Tatent heat
included in the main curve of enthalpy as shown in Fig 5.9 is’
illustrated in Fig 5.10b. In this comparison (only drawn during
heating) the decrease in calculated temperatures due to the latent
heat is not quite as much as was the case in Fig 5.10a but it amounts
to 400C or 10% at the depth of 3 cm after 1 hour. This calculation
also gives too Tow temperatures so perhaps the effect of latent
heat is overestimated, i.e. calculated increase in enthalpy 1is
maybe greater than can be supposed. This remains of course to be

proved.

6.1.2 ‘Computer program calculating transient-

The computer program based on the finite element wethod and used
here for the purpose of predicting temperature distribution his-
tory for fire-exposed plate strips is developed from a program
library constructed by UTf Wickstrom at the Division of Structural
Mechanics and Concrete Construction at Lund Institute of Techno-
logy. This program library consists of a supply of permanent
system routines and problem-adapted routines, which must be con-
structed by the user. The program can be formed to solve one- as
well as two-dimensional problems and in one-dimensional case also
axi*symmetrica1-probléms; A1l types of boundary conditions as pre-
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scribed heat flow, heat transfer, prescribed temperature and adia-
batic boundary may be inserted. The temperature dependenceon_the
thermal properties is accordingly considered in the program and
the current structure may even consist of different materials.

The program package is constructed to be very general and the
applications on transient heat flow are therefore wide. The tem-

~ perature program will not be accounted for in detail, but charac-
.teristic features of it are described below.

In the dhe—dimensiona1 case of transient heat flow the basic equa-
tion of heat conduction is in the form

3 aT _ at
5;‘(A 5}) +Q = pCp Y3 6.6

This heat balance equation can be transferred in the matrix for-

mat

— BT_—
k=T + P e F 6.7

conductivity matrix

t

where

fl

heat capacity matrix
temperatyre vector
external heat flow vector

I | M v -
I

In the numerical solution of equation (6.7) the forward difference
method developed by Euler 1is used. As regards avoidance of con-
vergence problems this method is the most appropriate one and

gives the following solution chart:

At-kt-Tt + Pt-ATt = Ft-&t 6.8

the change in enthalpy is

AL, = P «aT, = (F_ - k_«T, )4t 6.9

t t t)
In order to avoid points of singu]aqity of Cp'p a nominal heat
capacity is introduced, viz cp-p‘ =a$ = 1.. Furthermore, if it
consists oniy of one material, the specific enthalpy i is defined

as follows:
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) Ia _ _
i = v , wWhere Vnode denotes the node volume.
node

As

+ VAI 6.10
node

Teaat 7 't

the temperature T, . .. is directly determined through the known
velationship between temperature-and enthalpy. 1¥, however, se-
veral materials are involved in the_caTcu]ation an iteration pro-
cedure must be undertaken by the'equation}

PSS B |
Tt+At - Pt+At It+At 6.11

The time increment At is generally limited by the need for

a) acceptable accuracy in approximations of boundary'conditions,
heat conductivity and heat capacity matrices.

b) numerical instability which in the one-dimensional case means

that

cC.*p
At < 0.4 E (Ax)2

5.12

and this well-known fact from finite difference approximation me-

thods.

The efficiency of the computer program run on an Univac 1108 machine
is illustrated by a certain calculation characterized below:

Boundary conditions: Surface temperatures are known.on fire-
exposed side and heat transfer is considered on unexposed side,

The smallest element length ax = 0.0075 m, time of fire exposure =

5 hours, 52 time-steps and 11 nodes,
Execution time = constant x number of nodes x number of time-steps.

Result: 350 time-step iterations were needed or a mean time-step
of 0.014 hours. Total execution time amounted to 6.5 seconds.

The flow chart of the computer program is presented in Table 6.2.
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Table 6.2 Flow chart of computer program

START : S Input gecmetrical data ]

Division in_regions ‘

Code of elements

{

! Inpat thermal preperties J

f

’ Additional input J
F Na Yes
orm correspondent Constant heat = Form capacit
node volume = conductivity? . matrix pP 4
matrix P' d

Initializé the system ]]

O, =

Farm heat conductivity
matrix

Calculate internal heat !
flow  F=K-T [

f

Caiculate heat flows at r

surface
81 = {Flow-F} x st | Mo | Constant heat Yes al = (Flow-F) x at
i =4+ al/p conductivity? lo = gt 4l
T = f{i) T =p1 . Io
— J
L QUTPUT OF RESULT;}
60 TO 1 Yes TIME < TOTAL TIME1

no

STOP
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6.1.3 Measuyred and calculated transient
temperafure—time fields of fire-

In a calculation of temperature-time fields it is of vital impor-
tance to simulate as well as possible the fire exposure, which
serves as input in the evaluation. If that is successful you may
have progress for further theoretical analysis of structural be-

haviour.

In the experimental investigation of the plate strips the fire
exposure was subjected to one side and varied approximately sym-
metrical in longitudinal direction. Therefore, in the theoreti-
cal calculation, owing to symmetry only half the plate strip was
studied, and the fire exposure was divided into four fire zones,
see Fig 6.11a. Due to the division of the strip into comparatively
large sections, where each section represents the mean temperature
state for a certain length of the strip, the heat conduction in
longitudinal direction is of secondary importance and therefore
disregarded in the calculation i.e. we solve the one-dimensional
heat conduction problem. The choice of division into four sections
is based on considerations over the modelling of temperature dis-
tribution longitudinally and of course the need of division in
structural analysis. For the latter purpose division into five
(main calculations) segments has been used, which will be dis-

cussed later on.

Many attempts have been made in order to find or define the cur-
rent coefficient of heat transfer in the furnace. As the heat
transfer is varying both with temperature and the fire zone, no
satisfactory results have been obtained. Therefore the measured
surface temperatures have been used as input in the computations.

The boundary condition of the unexposed surface characterized by
the coefficient of heat transfer, o, which consists of two parts
convection, &g and radiation, a. where o is calculated from
Stefan-Bolzmanns law with a resulting emissivity of 0.8. The con-
vection part a. s assumed constant a. = 12 w-m'ZO-c'T due to a
forced convection induced by a fan placed on the furnace during
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the whole experiment. The value of convection has been determined
by comparing measured and calculated surface temperatures on the
unexposed side of the strips for different values of convection
factor at the unexposed side. The thermal material data used in
main temperature caiculations is given by curve (:) in Fig 6.3
and full-Tine curve in Fig 6.9 for the thermal conductivity and
enthalpy respectively. Initial moisture content is determined to
1.5%.

The geometrical idealization of a structure is often governed from
the demand for accuracy in the structural analysis and so is also
mainly the case here. In the main calculations the cross-section
is divided into 7 subslices of concrete and 2 subslices of steel
bars, illustrated in Fig 6.11b, but for control of the accuracy

of the results, calculations also have been made with the cross-
section divided into 11 concrete subslices and 2 steel subslices
{see Fig 6.117c}.

Five groups of tests have been theoretically analysed. One test
from each group is chosen to represent the current temperature
state. The different groups of tests illustrated in section 5
are D1 - 4, A2:5; D5 - 8, A2:3; D9 - 12, A2:1; D3 - 16, Al:1Z;
D7 - 20, A3:8, and representative tests chosen are A2:5, A2:3,
A2:1, D13 and D17 respectively. However, the test A3:8 was ana-
lysed separately as it differed too much from the tests D17 - 20.
Results obtained in the computation are presented for the fire
zones 1, 3 and 4, i.e. support section, 1/4-section and midsec-
tion. Due to the difficulty in placing the surface thermocouple
exactly at the surface measured, the temperature is sometimes
somewhat corrected by analysing tendencies in precalculated

temperatures.

If corrections are made, this is indicated in the presentation.
Computed temperature-time curves at different depths and compa-
risons with measured results are jllustrated in Fig 6.12 - 6.13
for the tests mertioned above. As can be seen from the figures

the calculated result is generally in good agreement with measured
values under the heating as well as during the cooling phase.
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Figure 6.12 Temperature-time curves at different depths
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A characteristic feature in the comparison is the discrepancy at
dgepths greater than 3 cm, often most pronounced -during the first
hour and as long as the temperature level is below 1009C at any
depth. In these cases the measured temperatures are always higher
than the calculated ones, partly dependent on the moisture trans-
port and evaporation of water described in section 6.1, but also
the development of cracks caused by the steep temperature gra-
dient may facilitate the moisture transport. Also the concentra-
téd amount of thermocouples attached in the mid-section may in-
crease the risk of being exposed to unintended hpt moisture flows,
A partial result of these phenomena is indicated by a dashed en-
velop in Fig 6.13a, and can also be observed for the other tests.
It may be noted from observations of the tests that moisture al-
most without exception started to drop out on unexposed surface
just in mid-section and that it occurs mostly during the first
.15 to 0.50 hbufs. These observations support the aforementioned
theory of moisture flow influence, which is preva]ént for calcu-

lated as well as measured results.

A calculation may also indicate if the location of a thermgcouple
is not in accordance with the prescribed depth as for~examp1e in
test A3:8. The temperature state of this test in mid-section is
i1lustrated in Fig 6.13a. In order to give better agreement to
measurements at the depths 1.5 and 3 cm from exposed surface, the
surface temperature is corrected in accordance with the figure.
The computed temperatures at the depth of 1.5 cm are especially
during heating above the measured curve but at the depth of 3 cm
we notice the opposite. These circumstances indicate that the
thermocouples prescribed to be placed at these depths were in
reality moved 2 - 3 mm a fact which, however, during cooling has
a much smaller effect on the correct results and therefore not

that much noticed.

As the calculations of temperature-time fields have such a good
agreement with the measured results for a wide rahge of diffe-
rent fire exposures characterized by these exemplified tests the
final conclusions must be, that the accounted theoretical tran-
sient temperature—time fields are sufficiently reliable. If there
are differences they are most probably due to an erroneous mea-
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surement or a thermocouple not correctly located, at least when
the temperature is above 100°C.
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Figure 6.13 Temperature-time curves at different depths -
T Test A3:8 ' S : . :
- a) Mid-section
b) V/4-section’
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6.2 Mechanical response of hyperstatic concrete structures

The success of predicting the structural behaviour of concrete
constructions under transient thermal exposure depends in a de-

" cisive degree on the accuracy in temperature calculations as well
as the knowledge about the real mechanical behaviour of the struc-
tural materials. The models of material behaviour used in calcu-
-lations are based on experimental data obtained at transient as
well as steady~state conditions. Such data are accounted for con-
crete in Anderberg & Thelandersson (1976), in which furthermore
the constitutive model of concrete in compression is developed.
Due to this progress in modelling more realistic material beha-
viour, viz.constitutive relationship between strain, stress,
temperature and time is estab1ished, a wide step has been taken
towards a better understanding and improved possibilities to
predict the structural response to fire.

In this section the mechanical properties of concrete and steel
and related transient material behaviour models used in the eva-
Tuation of structural response are presented briefly. A more
thorough presentation as concerns stress and deformation charac-
teristics of concrete at elevated transient temperature is given
in Anderberg & Thelandersson (1976).

The theoretical analysis of structural response to fire is carried
out by a computer program "FIRES-RC" originally constructed at
University of California, Berkeley. This program is further de-
veloped by the author and the recent research on mechanical be-
haviour of structural materials under transient conditions is uti-
lized. A brief description of the modified program is given.

Predicted and experimentally observed behaviour on fire-exposed
reinforced concrete plate strips, fixed against rotation at both
ends, but free to move longitudinally, is compared for a large
number of tests during the whole fire process including the cool-

ing phase. Some complementary calculations are also presented.

Finally the influence of restraint forces and moments on load-
carrying capacity is briefly discussed on the basis of a theore-

tical analysis and observed behaviour.



- 104 -

6.2.1 Constitutive law of concrete

A complete constitutive law of concrete in compression as well.
as tension under transient, high temperature'conditions is here
described briefly. The constitutive equation of conéfete in
compression valid at first heating is originally presented in
Anderberg & Thelandersson (1976} and all details behind that
formulation are therefore not given in this paper.

The distinction of structural behaviour at chanaing temperature
and stabilized temperature is thus fundamental. In the formula-
tion of the computer-oriented model that is consequently regar-
ded. In the model the total strain is seen as the sum of the
following four strain components derived on a purely phenomenolo-

gical basis.

Thermal strain, including shrinkage, measured on unstressed speci-

mens under variable temperature.

Instantaneous stress-related strain, based on stress-strain curves
obtained under stabilized temperature.

Creep strain, time-dependent strain recorded under constant stress

at stabilized temperature.

Transient strain, stress-dependent and attributed to the effect

of a virgin temperature increase.

Generally, the constitutive law for concrete can be expressed as

follows:

= S(olt), T(E), &) 6.13
where
sc - total strain at time t
g - stress
T = temperature
g - stress history

By dividing the total strain intc strain components at a given
time, t, the following mathematical relation is used:
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oo STy + &8 (B, 0n T) +ecy, (o5 Ty t) #
th o} cr
s . 6.14
+ e (o, T)
tr i
where

C .
£¢n thermal strain

ez - stress-related strain

Ec - ¢reep strain

cr - _

C . .

€ty ~transient strain

The shrinkage, included in thermal strain, is developing below
about 200°C and is properly time-dependent. That is, however,
neglected in the model due to the application of the model at
fire conditions i e rapid heating to elevated temperatures.
Furthermore there exists an interrelationship between the stress-
relatéd and transient strain component, which will be shown later.

In a time-step calcutation of the structural response to fire,
equation 6.2 must be written in incremental form. The trans-
formation of the equation is here only given in principal and
the details behind are described later.

c c Cora c
Ae” = Aeth(AT) t e (55 0y T) + sel (o Ty at) 4 6.15

+ Aeir(o, AT)

The solution technique of equation 6.15 in the structural program
means that the total incremental strain,AeC, is given and the cur-
rent stress is to be evaluated. As not only the stress-related
strain but also thé transient and creep strain are stress depen-
dent the calculation is complicated and therefore a simplifica-
tion is introduced. When evaluating the incremental transient and
creep strain at a given time the stress at the previous time-step
is used, which is justified if the time-step, at, is chosen suf-
ficiently small for the change in stress to be small.
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Figure 6.14 Thermal expansion of quartz aggregate concrete
W/C = 0.63 - 3
Test specimen (0.11x0.23x0.03 m”) is water-cured
for 5 days and the air-cured at 20°C for a rela-
tive air humidity of 50%.
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Figure 6.15 Theoretical stress-strain relation in principal.
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6.2.1.1 Thermal strain model

The thermal strain during heating is a simple function of the tem-
perature directly given by the measured thermal expansion curve.
The curve used in the theoretical analysis of fire-exposed plate
strips is based on measurements of four specimens casted from the
same concrete mixture representative of plate strips in test
series A2. The result is illustrated in Fig 6.14 and the dotted
curve is estimated as the mean curve and chosen as representa-
tive in the calculations. It may also be underiined that drying
shrinkage is included in the curve and no other consideration

is made for that. This approximation is justified as the model
mainly is used at rapid heating in the temperature range up to
about 8009C, where the influence of moisture can be neglected.

Due to drying shrinkage and irreversible reactions occurring
during heating as for instance the auartz inversion at 575°C,

the thermal expansion during cooling is not quite reversibie.

The irreversible component is not insignificant for quartz aggre-
gate concrete heated above the guartz inversion 1imit (Fischer
1970). However, as a first approximation, pending more complete
experimental information, it may bé;jusfifiéd=to'assume that

the thermal expansion is fully reversible.

6.2.1.2 Stress-strain model

The calculation of the stress-related strain is_basedlon the con-
cept that at every state a stress-strain relation is valid for
the material. This stress-strain relation should be such that it
appropriately reflects the response of the material to a change
in stress. From the behaviour known from testing this means that
the stress-strain relation at a given time should depend on the
current temperature and prehistory of stress, cf eq. 6.2.

The principal description of the stress-strain relation is illu-
strated in Fig 6.15. On compression side the curve consists of a
parabolic branch followed by a Tinear descending branch until
crushing cccurs (Becker & Bresler (1974)). In tension zone the
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Figure 6.16 Compressive strength of quartz aggregate concrete
N as function of temperature

Mix proportions {weight units)

Cement 1
Water 0.6
Sand (< 8 mm) 2.88

Aggregate (8- 12 mm)} 1.92

The specimens were water-cured for five days and
then cured in 65% RH 20°C up to the time of testing.
From Anderberg & Thelandersson (1976)..
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first linear portion up to maximum tensile strength is followed
by a Tinearly descending branch. The stress-strain relation is
uniquely defined by the following parameters indicated in the

figure:

o {T) - compressive strength of concrete

e (T) - ultimate strain at which ¢ =.Uu(T)

E (T) - slope of the second branch in compression zone

s, (T) - tensile strength of concrete

€crack” formal strain at which cracking starts

The reason why the ultimate strain is preferred to the elastic
modulus is due to the uncertainty in determining the latter para-
meter. In the following, these parameters are expressed as func-
tions of temperature and stress-history.

Ultimate stresé, o,

In this presentation different influences on compressive strength,
such as petrographical composition and different types of aggre-
gate, cement-aggregate mixture as well as age and storing condition
will not be discussed. Here is only briefly mentioned resuits

from Anderberg & Thelandersson (1976) on a quartz aggregate con-
crete almost identical to that used in the experiment. For a

more detailed analysis the reader is referred to Anderberg & The-
landersson (1973).

The ultimate strength of concrete is a function of temperature
but it is also to some extent dependent on the stress history.
A somewhat higher strength is obtained for specimens heated under
sustained Tow stress than for those unstressed during heating.

In view of the uncertainties inherent in'ény.estimate of high-
temperature strength of concrete it is reasonable to assume
that o is a unique function OfAtemperatufe and that the in-
fluence of different prehistories of stress may be neglected.
Its function of temperature is illustrated in F%g 6.16,
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- 111 -

Ultimate strain,'eu

The ultimate strain is température as well as stress history de-

pendent

g = eu_(T, &) £.16

The inf1uence of an arbitrary prehistory of stress can further-
more be expressed by the accumulated transient strain, egr and

we can write:

B C
u eulTs egp) 6.17
When ¢, = 0 i e the previous stress history is equal to zero,

tr
the ultimate strain based on experimental data is modelled as

indicated in Fig 6.17 and:
e, (T> 0} = ¢ (T) 6.18

Noting that compressive strains are negative we can write:

oy - ¢
EU(T, ) = MIN[&:UO, eU(T) - Etr"(T’ a)l 6.19
-where
£ - ultimate strain at ambient conditions

uc
This means that the absolute value of the ultimate strain due to

a prehistory of stress is always less or equal to [Eu4 but not
reduced to less than !guol. This is i1lustrated -in Fig 6.17 for

a typical variation of £yt

. *
Modulus of descending branch, E

The stope of the descending branch of the stress-strain curve is
studied very Jittle in literature. It can furthermore only be
measured in a strain controiled test on the o - ¢ relationship.
The choice of this parameter 1is however not very important for
the behaviour and,E:.is given the constant value - 880 MPa in-
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dependent of temperature and stress history. The final point on
the descending branch defines the strain at which crushing occurs.
The strain called écfush is supposed t0 increase approximately
linearly from 5%. at room temperature up to 15%. at 1000°C. The
prediction of the behaviour in the failure state cannot be done
appropriately by this model. It is, however, necessary to consi-
der a separate faiiure criteria depending on the structural prob-
Tem in question. This is furthermore emphasized in Anderberg &

Thelandersson {1976).

Tensile strength, UE

The tensile strength 1is supposed to be solely temperature depen-
dent as shown in Fig 6.18. This curve is chosen on the basis of
tests on flexural and split-cylinder strength presented by Zold-
ners (1960) and Thelandersson (1972) respectively. The tensile
strength at room temperature is evaluvated from the following

formula:
t 2/3
Ou = 0-28 X (0-8 X chbe) 6.20
where
o - cube strength at room temperature
cube . ) %
(specimen size 0.15 x 0.15 m¢)

In the theoretical analysis of the piate strips 05 is further
reduced with 20% due to drying of the concrete. A representa—‘
tion cube strength is pfeva]ently chosen to 40 MPa, which means
a tensile strength equal to 2.3 MPa.

racking strafn
Cracking st s €crack

In strain-rate controlled tests the stress-strain curve in ten-
sion has a shape similar to that in compression. This charac-
teristic feature is shown by Evans & Marathe (1968) from which
Fig 6.19 is taken. The elasto-plastic. behaviour at room tempera-
ture is obvious which probably is more pronounced at elevated
temperatures and consequently it ought to be considered in the
theoretical model. As neither tensile nor flexural tests at
elevated temperature are studied in Titerature in connection
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with the determination of stress-strain curve in tension, the

model chosen here is simplified. Two linear branches are chosen
to describe the behaviour in tension as illustrated in Fig 6.15.
The sTope of the descending branch is determined by the tensile
strength, 05, and the formal cracking straih, gcrack,.whéie the

first Tinear portion coincides with the fictitious elastic modu-
Tus in compression, which is given from the derivation of chosen

curve expression. The formal value of e is & measure of the

deformability of concrete in tension an&rgggends in a fundamen-
tal way on the degree of strain-rate control in real structure,
for instance in actual plate strip. Such a condition does not
exist in a pure tension test and thus €crack has to be based

on flexural behaviour of the actual structure.

A representative value of €crack for a segment of the plate strip
will be studied theoretically at room temperature. A moment-curva-
ture relationship valid for a cross-section identical to that of
the plate strip including reinforcing bars as shown in Fig 6.20

is calculated at different values of Ecrack and o, The calcula-
tions can be directly compared with measurements on the moment-
curvature relationship of the unexposed concrete plate strip,
which is presented in 5.6. In that way a functionally correct

determination of ¢ can be carried through. This parameter

crack
takes into account the integrated effect of tensile carrying
capacity between the real cracks within a segment of the struc-

ture.

The evaluation of the moment-curvature relfation is carried out
with a computer program published in Alemo (1976). The calcula-
tions are based on actual material properties used in the stress-
strain law described above. In Fig 6.20a the moment-curvature
relation is shown for four values of €crack’ viz, 0.12, 0.40,
0.80 and 1.60%,, (55 = 0.11%,) at the compressive strength
value of 32'MPa, which corresponds to Ieube = 40 MPa. The curves

imply -an increasing cracking moment with increasing e from

crack
3.5 to about 8 kNm. The level of cracking moment is not so dis-
tinct in the experimental curve (see section 5.6) as in the theo-

retical curves, but can be estimated to 4 kNm., It can also be
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Figure 6.719 Stress-strain curves in tension from tests with
controlled deformation (Evans & Marathe (1968)).
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Figure 6.20 Moment-curvature relationship of unexposed plate

strips.
Quartz aggregate concrete.
W/C = 0.63

Curing conditions see Fig. 6.14.
Measured curve cf. Fig, 5.26
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noticed that the theoretical curves fit very well with the experi-
mental one and the very best agreement is obtained when €crack
= 0.4%.. Having in mind the uncertainties in the experimental
determination of the moment-curvature relation (see section 5.6)
and the discrepancy in the results obtained, the accordance is
quite satisfactory. As the compressive strength of concrete
varies from one plate strip to another (see Table 3.1) the in-
fluence of this parameter is also investigated. The moment-cur-
vature relation is calculated at the values 24 and 36 MPa of
crack constant at 0.4% . The

two values of strength represent actual measured minimum and

compressive strength when keeping e

maximum strength. The result, reproduced in Fig 6.20b indicates
a cracking moment lying between 4.5 - 5.5 kNM. It is true that the
measured cracking moment is only about 4 kNM but due to the age of

the testéd plate strips (1 1/2 year) the shrinkagelhas lowered the
value and other uncontrolled circumstances may also influence.

the determination. Therefore it is justified to correct the
crack equal to 0.4%.. How Ecrack 1S
influenced by rising the temperature is unfortunately not clari-

value upwards and choose e

fied, and therefore it is chosen to be invariant with tempera-
ture. This assumption is insignificant in the theoretical analy-

sis.

The parameters governing the complete stress-strain retation du-
riga first heating are presented. In order to make-calculations
during a cooling phase you have to define the influence of a
subsequent cooling, too.

The stress-strain fe1ation during cooling is studied very frag-
mentarily and only at room temperature after cooling. The know-
ledge is insufficient in order to establish any accurate theory.
As a first approximation it is reasonable to assume that the
stress-strain curve in compression used at the maximum tempera-
ture Tevel is invariant during a subséquent cooling. Due to the
complete lack of knowledge on tension side the same assumption
means that the values of the five parameters 9, €yl E*, ot

u’> ¢® “u
respectively valid at the current maximum temperature are

and
Ecrack
unchanged and also adequate during cooling. The sensitivity of
other assumptions during cooling ought to be Tooked upon in
future studies.
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Figure 6.21

Complete
o -
ot -

Ex -

Eerack

“max

€crush

stress~strain relationship for concrete

compressive ultimate stress
tensile ultimate stress
strain hardening modulus
ultimate compressive strain
ultimate tensile strain
strain at transition point
permanent inelastic strain

- formal cracking strain

maximum tension strain

- crushing strain

Index ¢ is omitted.
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The mechanical properties of concrete at elevated temperatures
today are relatively satisfying, but there is still a need for
investigating these characteristics especially during a subse-
quent cooling. As the material models during cooling are based
.on estimated properties this will according]yﬂinf]uence the
reliability of calculated structural behaviour.

The determination of aTI parameters necessary for the formula-
tion of the stress- stra1n relation in pr1nc1pa1 at a g1ven
temperature andstress history is descr1bed. The compiete model
~of the stress~strain law is characterized by a closed curve,
which allows for an.éfbitrary Toading and un?oading pkocess as
illustrated in Fig 6.21.

In ‘the structural computer program an iterative épproach is used
to determine the current stress at an assumed stress-related
strain eﬁf This analytical procedure is now formylated. The usual
sign convention is used here, positive sign for stresses and -
strains in tension zone and negative for those in compression

zone.

The boundary conditions of the parabolic curve are:

o :"cru “when 82 =€, 6.21a
do  _ c _
Bl 0 when € €y 6.21b

a

do _ * c _

4 - Ec when €. T £ 6.21c
c .

where

€1 is the strain at transition between the parabolic branch
and the 1inear second branch.

The parabolic curvé is defined by the following equation:

C C .
£ £ c
1. g=o0 —2(2--2) N O - 6.22
ue, £, oo- =~ Fg e

From this equat1on the fict}txous elastic modulus E and =
(stra1n at the tranSTtion to the second branch) can be der1ved
-as. foT]ows
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E =24 | o L 6,23

The second portion of the stress stra1n enveiope in the compres-

s1On zone yields the expre551on

. . . * C * . . C . . .
. o = EC . ECF +. g €-| > 80 >€CY‘USh 6.75
where
* E* 2
g = cu[] - E;] _ 6.26

On the tension side the e1astojp1astic behaviOur is deffned in

the following way:

' C c 't
3- g = EC. EU O f_ EO’<€U 6.27
where
st is the strain when maximum tensile stress 1is reached
t
t _ %
u” E. 6.28
fo
AN
t “crack " EE t c
4 D':E LI e < g <g
c €crack - EE u — ¥g  “crack
’ 6.29
¢ =0 “crack = ¢
| /
where
Ecrack 'S that strain at which cracking starts.

The four basic éduations for the tofa] stress-strain curve are
presented above. Now an extension follows, which describes how
any unloading process is considered in the model. This is prin-
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cipally illustrated in Fig 6.21, in which arrows indicate in which
direction we are allowed to follow the closed curve. The unloading
on compression side starts at point 1 and ends at point 2, where
the stress transfers into tension. The loop on tension side is
indicated by 2 - 3 -4 -2 or 2" - 3' - 4' - 2' valid if a pre-
vious unloading has taken place on compression side. The last

loop is thus transferred €6 and identical to the virgin loop.

The turning point 4 implies the unloading on tension side, which
always leads to origin (2). Cracking is assumed to occur at point
5. However, cracked portions can be closed again on the branch

5 -« 2 and then turn into compression.

The calcutlation of current stress is made in a tiée-step itera-
tion where the incremental change between two time-steps is
either a loading or an unloading process. The unloading branch
on compression side is based on the plastic or permanent in-
elastic strain

o = €. " T 6.30

c

which in a time-step iteration is calculated on the basis of the
stress and strain at the end of previous time-step i - 1 and the
fictitious elastic modulus given at time-step i - 1.

c _ c c Y-
€0,7-1 ° MIN(Eo,i—z, € } 6.31

If unloading is prevalent for the time-step the stress is evalua-
ted at the time-step from the following expression

e . = B s o) sc<ec+e
gsi 0,1-1 c— 0 u 6.32

o, = E_+{
which thus 1is valid into the tension zone (c¢f Fig 6.21). The grea-
ter (in algebraic sense) of the stresses, obtained from equation
6.22 or 6.25 {depends on the magnitude of gi) and 6.32, becomes
the current state of stress.

In order to take into account a possible unioading on compression
side, before entering the tension side, the descending branch in
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tension zone must be extended for an arbitrary strain history.
Equation 6.29 is therefore rewritten in a generalized form:

_Cc, c
_g ..t Scrack % T %
° ¢ Fult t 6.33

Ecrack ~ fult

c c t
+ > € > £ + €
fcrack T fo = g T fy

[=NNe]

The unloading branch on tension side always leads to origin or to
eg depending on the prehistory in the stress-strain diagram which
is indicated in Fig 6.21. Quantities necessary to store in order
to formulate the current unloading branch are the maximum strain

on tension side, € nax and of course sg. The generail formula will
be:
N
_ c _c c
_ t (Scrack = Smax * o) (¢crack ™ &g * £o)
o =F ¢
crack  fult
t C ¢ C 6.34
fult t % %5 C % T fcpack f
- c
og=10 ez e and €nax % fcrack T € )

The analytical formulation of a complete stress-strain model is
then completed, taking into account any arbitrary strain-history,
1 e any possible unloading where even the number of cycles is
unlimited. The programming of the stress-strain law given as a
subroutine in the main program is illustrated in Appendix. This
subroutine is a further developement of that formulated in Becker
& Bresler (1974). '



- 121 -

6.2.1.3 Creep strain model

Constant temperature creep of concrete is measured under constant
compressive stress as the time-dependent strain at a stabilized
temperature level., Creep tests on concrete very similar to the
type of concrete used in this investigation is presented in An-
derberg et al (1976). In that paper an analytical expression of
creep, based on these tests, is developed. This creep model is
extended for use also at changes in temperature and stress by
using the concept of the strain hardening rule. The model is ex-

pressed below:

1. The basic creep at constant temperature.and stress is given by

C i ). o Te2) 5
Eer ~ By qufTi t, e ' 6.3
where
6 = -0.53.107°
° -3 0.-]
k, = 3.04:10 ¢
p1=0-5 _
t, =3 {hours)

2. Varying temperature and stress.

We start to assume that the creep at the time ti is defined by:

¢

c - -
eop (B3] = 84 e (?ﬁf) ek, (T4 - 20) 6.36

where the index i refers to the time ti'

We want toc calculate the creep increment at the time ti-f] when
the temperature is T“_1 and the stress U541 This can be done
by using the principle of strain hardening which broadly speaking
means that the creep rate depends on the actual temperature and
stress and the accumulated creep strain. The principle is illu-
strated in Fig 6.22. Introduce the material time L which gives
the same creep at temperature Ti+—] and stress o;,1 38 at tem-

perature ?i and 0,
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4 CREEP
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Figure 6.22 The principle of strain hardening rule applied on
o creep strain for concrete.
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1/p.
t. =1t — .
im r By ekl(Ti+1 20) Ti41 .
Uu:Ti+1:

At the material time ti+—1
dance to strain hardening rule will be

= timi-Ati the total creep in accor-

0. L, P
C - i+1 i+ 70k (T, = 20)
ecritivg) = B o, (Tipq) (= &1 6.38

v

The incremental creep strain is given by
Ag {ti) = Eop (ti+1) T Eep (ti) 6.39

and by using the two first terms in the Taylor series we obtain

instead
-1
th
it k (T.,. = 20) im
pre . (E:) =8 e qv i+l ———<p-at, 6.40
cr i 00, T1+1) ta 177
and
;
eep (Bi41) = E=$Ecr (ty) 6.41

This general expression is thus obtained by assuming the stress
and temperature to be constant through each time-step. In the
FIRES-RC program the stress at the actual time-step is not known
when the incremental creep is evaluated. Therefore, the stress
at the previous time-step is used, which simplifies the calcula-
tion. This is not regarded in the presented formulas.

The creep strain at tension is insignificant in the structural
analysis. However, it is calculated in the same manner as in
compression, pending on available experimental data. Probably
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the creep formula used for concrete in torsion (Thelandersson
(1975)) s more appropriate than that at compression.

6.2.1.4 Transient strain model

The transient strain, s%r, developes under compressive and proba-
bly tensile stress when the temperature increases. The strain is
essentially permanent and irrecoverable and occurs only under

the first heating.

In transient tests this strain component is often dominating and

it is approximately independent of time (Thelandersson (1975) and
Anderberg & Thelandersson (1976)). Furthermore it has a tempera-

ture dependence very similar to that of the thermal strain and

the linear relation to compressive stress level yields the ex-

pression
c _ g C 0
“tr T k2 Uﬁo €th T < 5007C 6.42

or in incremental form

pel = - kp <t degh T < 500°C 6.43

where
ko = 2.35 (determined for similar concrete mix as used for

the plate strip)

It is Tikely that the kind of aggregate and concrete mix used
are influencing the value of k2. The variation of k2 is in An-
derberg & Thelandersson (1976) found, on the basis of published
tests to vary from 1.8 to 2.35 for quartzite aggregate concrete.

However, the aforementioned relationship seems to be too conser-

vative at temperatures above about SOOOC, so it has to be compTe-
mented above this Tlevel. Due to an accelerated temperature effect
on the transient strain the following expression ?s estimated on

the basis of published tests studied in the last mentioned'refe-

rence

3

hef, = 011077 4To=—  500°C < T < 800°C 6.44

uo
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The transient strain under tensile stress is hitherto not inves-
tigated and due to its unimportance in structural analysis it is
not regarded in the model. Probably a modification of the tran-
sient strain model used in torsion (Thelandersson (1975)) can

be applied if desired.

6.2.2 Constitutive law of steel

The consititutive Taw of steel is far from that complicated as
concerns concrete but has a more traditional definition. Only
three components are involved, which are the same at steady
state as well as at transient conditions.

Thermal strain, or thermal expansion, is measured on unstressed

specimens under variable temperature.

Instantaneous stress-related strain, based on stress-strain
curves obtained under stabilized temperature.

Creep strain, time-dependent strain recorded under constant

stress at stabilized temperature.

The constitutive law of steel can thus be formulated in the follow-
ing way:

S S S S
e* (05 To ) = ez (T) + e (0u T) + ¢

o (05 Tu 1) 6.45

For use in the FIRES-RC program this expression is transformed
for incremental calculation, i e

5 S 5 S
Ae™ = Aeth(AT) + AEU(G’ T) + AECY‘(U’ T, At) 6.46

6.2.2.1 Thermal strain model

The thermal strain of steel is generally expressed by the coeffi-
cient of thermal expansion, which in literature is presented both
for structural and reinforcing steel. The temperature dependence
of the coefficient seems to be very similar for the different .
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Figure 6.23 Stress-strain curves of reinforcing steel Ks 40
$10 determined in tensile tests at elevated tem-
peratures.
Yield stress measured at room temperature = 450 MPa
Rate of loading = 211 MPa/min
Ks 40 is an ordinary hot-rolled reinforcing steel.
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Figure 6.24 Model of stress-strain curve for steel in principal.
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steels and a linear relationship is often used. The thermal expan-
sion is furthermore investigated by the author for reinforcing
steel KS 40, ¢10 used in the experiment, and the coefficient at
room temperature is determined to 12 - 10'6/0C and at 800°C to
20-10_6/0C which is in a close accordance to an example model

used in Bizri (1973). Thus

ery (T) = E g ()« dl 6.47
and

Agih (4T) = g (T) - aT 6.48
where

L (T) - coefficient of thermal expansion

6.2.2.2 Stress-strain model

The stress-strain relationship at elevated temperatures for the
actual steel is investigated in Krakau et al (1975). The stress-
strain relationship in tension zone was determined at 9 tempe-
rature levels and the result is reproduced in Fig 6.23. The rate
of loading during the tests was 211 MPa/min, 1 e the influence
of creep strain on the stress-strain curve is negligible.

The yielding plateau is already at about 300%C disappearing and
the curves get a more smooth form and no marked yield stress can
be defined. However, in the theoretical model the stress-strain
curve is identified with two 1inear portions as shown in Fig 6.24.
The slope of the first branch coincides with the elastic modultus,
E.» and the break point is denoted ey which furthermore are tem-
perature dependent. The slope of the second branch is called the
strain hardening modulus E: and is also varying with temperature.
The fitting to the experimental curves has given a temperature
dependence of the three parameters, ES y and E: as illustra-
ted in Fig 6.25 - 6.27. Of course this modelling of the real
stress-strain relation of steel is simptified. The fictitious
parameters ey and E: attain a somewhat irreqular temperature depen-

s E
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Figure 6.25 Temperature-dependence of elastic modulus for rein-
forcing steel Ks 40 ¢10
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Rate of Toading = 211 MPa/min.
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Figure 6.26 Temperature-dependence of Ey as defined in the model
for reinforcing steel Ks 407 ¢10
Rate of loading = 211 MPa/min.
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Figure 6,27 Tgmperature—dependence of strain hardening modulus,
E_ as defined in the model for reinforcing steel
KE 40 410
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dence but for the structural analysis it is Jjustified. An alter-
native and more accurate description of the stress-strain curve is
illustrated in Fig 6.28 where a transition curve defined by the
equation of the ellipse is used. It is furthermore supposed that
the stress-strain relation in compression is identical to that in
tension, and consequently this is alsc the case for the tempera-
ture dependent parameters necessary for the formulation of the
model. During a subsequent cooling the mechanical properties

for this type of reinforcing steel are supposed to be regained
totally, which seems to be an adequate estimation of real condi-
tions. The temperature dependence of the actual parameters is thus
reversible. The stress-strain model used here for reinforcing
steel is given in Becker & Bresler (1974). This model considers
any given stress History including unloading processes. The stress-
strain envelope shown in Fig 6.29 is constructed from the three
aforementioned parameters, which are known at any temperature
state including cooling. Arrows in the figure illustrate in which
direction we may follow the closed curve.

The envelope is bounded by two parallel Tines going through the
points (ey, cy) and —(sy, cy) respectively (see Fig 6.29). The
lines are formulated as follows:

o .= g, t E: (si - lsyl) 6.49

ul  “y

0, = = oy + Eg (o + leyl) | 6.50
By including the unloading process a third line is defined as
intercépting the strain axis at point of plastic or permanent
inelastic strain, 33, or -e; depending on strain history with a
slope equal to the modulus of elasticity. In an iterative cal-
culation at the time-step i

CE S-Sy 6.51

OF, s,i(sg,i 0,71

i

The plastic strain, e;, during time step i is calculated on the
basis of the stress and strain at the end of the previous time-
step, i-1 and the elastic modulus given at time-step i -1 and 1.
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Figure 6.28 Refined modelling of stress-strain relationship of
steel at elevated temperatures.
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Figure 6.29 Complete stress-strain relationship for steel.
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O
S =S - Lt 6.52

. = £ .
- -1 . + E_.)/2
0,171 051 (Es,1-1 5,1)

[

When the three stresses G2 9y and o are calculated the actual

state of stress is determined as follows

o = 0,7 if o > 9,9 6.53a

g=q, if op < Oy 6.53b
else

o = of ‘ 6653(:.

6.2.2.3 Creep strain model

The model for creep in reinforcing steel used in the calculation
is based on a creep theory put forward by Dorn (1954}, which con-
siders the effect of variable temperatures. The extension of the
model to be applicable to variable stress is based on the concept
of strain hardening rule. The creep strain model is furthermore
assumed to be identical in both tension and compression, but the

creep is neglected at temperatures below 200°C.

The creep strain eir is assumed to be dependent on the magnitude
of stress and on the temperature-compensated time evaluated from

the expression

t
_ _ AH
B = g e " RT dt (h) 6.54
where
AH - activation energy of creep {J/mol)
R - gas constant (J/mot OKelvin)
t - time : (hours)

The relation between creep strain, sir’ and temperature-compensa-
ted time, o, at different stress levels illustrated in Fig 6.30
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Figure 6.30 Principal creep curve for steel according to
Dorn theory.
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is during the primary phase defined by a parabolic equation sug-
gested by Plem (1975), which at o, transfers to a linear slope
into the secondary phase. The mathematical formulation for the
creep strain at constant stress, where eér in the continuation

is replaced by Eg> is

/L0
€t=€t0 (2 "é';;"-) When0i9<@0
6.55
L+0
g, = .. (1 + ) when 0 > @
t to €to 0
where .
_ _to,

% =7 h
7 = 7(c) b

€40~ £tol)

Creep parameters necessary for the calculation are %?3 Z and 4o’
which are determined from conventional creep tesis on the rein-
forcement steel Ks 40 (410). The following coefficients are deri-

ved for the actual steel {Krakau et al (1975)).

2 45000k

() = 140-10%.6%"7 0<o<8kPa
7(s) = 258 »10'0. ¢0-00443+0 > 8 kPa
cro(0) = 2.62 1070, o1-036°

The creep strain model formulated for varying temperatures at con-
stant stress s extended to variable stress by using the strain
hardening rule in a way analogous to that for concrete (cf. Fig
6.22}.

Assume that at the temperature-compensated time 6, the accumulated

creep strain is Et,?(@i’ Gi)'

The evaluation of the creep increment from Oi to ei4_] when the
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Figure 6.31 The principle of strain hardening rule applied
on creep strain for steel.
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stress is Ts 41 follows the principle shown in Fig 6.31. First we
introduce the fictitious temperature-compensated time Oim’ that
would give the same creep e, . at the stress 0 as at Osp1r

t,l
82 )
t,1i .
8, = 2 if o, e
im 4€to(gi+1)'z(di+1) im < %o
’ 6.56
e, « - e, (0:, )
_ Tt,1 to' 1+ .
%im = T Z(o..) 105, > 9
i+1 p

At the temperature-compensated time Bi 47 = O * 29y the incre-
mental creep is calculated from

,
dep 0 o<
o " 79 20 <8
d ? 6.57
t
. —d'é"— = Z @0 = 6]
ra
which gives
he. h
he, + = £, s 0<o <0
>
6.58
Aet’i = Aei-z 8y 2 © J
where M
ho; = e RT - dt 6.59
The total strain yields
+ Ag 6.60

€, i+l = ft,q t,1
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6.2.3 Computer program calculating struc-

A computer program evaluating the mechanical response to fire of
reinforced concrete frames was published by Becker & Bresler with-
in "Fire Research Group" at University of California, Berkeley in
July 1974. This computer program named "FIRES-RC" and originally
written for a CDC-6400 Computer is later reconstructed for yse on
a Univac 1108 Computer at Lund Computer Center. The FIRES-RC pro-
gram is then further developed by the author and the current ver-
sion can be considered as an extension and modification of the
program originally constructed by the "Fire Research Group" at
Berkeley. The recent research results on the mechanical behaviour
of concrete at transient elevated temperature conditions presen-
ted in section 6.2.1 have been utilized and the new version of
FIRES-RC 1is thus based on these new developments of material
behaviour models. The transient thermal state during heating as
well as during subsequent cooling phase used in the analysis is
predicted by a separate temperature computer program (see section
6.1.2), used as input in the FIRES-RC program. As the original
version of FIRES-RC 1is accounted for in detail in Becker & Bres-
ler (1974), only a brief outline of the program will be given

here,

In FIRES-RC a non-linear, direct stiffness method éoup?ed with a
time step integration is applied for the structural analysis. Du-
ring the calculation procedure the boundary conditions as well as
the external forces can be changed. The program is capable of pro-
viding a broad spectrum of response data including the time history
of displacements, internal forces and moments, stresses and strains
in concrete and in steel reinforcement. Furthermore, local cracking
and crushing of concrete, which cause degradation in strength and
stiffness, and yielding of the reinforcement are considered. The
continually change and redistribution of forces and moments in a
fire-exposed hyperstatic concrete structure is evaluated for each
time-step by an iterative approach. This approach is used to find
those incremental changes in the deformed shape of the structure,
which are giving equilibrium between external and internal forces.
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The equilibrium analysis is carried through under the assumption
that secondary forces and moments are negligible. Thus, instabi-
1ity phenomena are not possible to solve with the current version
of the program. The structure of the computer model, based on pris-
matic elements, furthermore Timits the application to uniaxial
stress states. Consequently, the influence of multiaxial stress
components i.e. shear stresses are therefore disregarded. The
support boundary conditions included in FIRES-RC, are idealized
through the use of Tinear springs, which 1imits the potential use,
i.e. the effect of a coupling between supports has to be neglec-
ted. Spalling of concrete cannot be modelled, due to the separa-
tion of the temperature and structural programs and due to the
simplifying assumptions in the temperature computer program, as
regards the moisture transpert. This means that the cross-sections
of the structure are presumed to be intact in the temperature cal-
culations. Besides, no reliable analytical model exists at present,
which describes the spalling phenomena in a funétiona]!y correct

way.

The discretization of the geometry of the structure in the program
is i1lustrated in principal in Fig. 6.11. The structure is divi-
ded into members (beams and columns), which in turn are substruc-
tured to a sequence of segments (maximum 6} per member. Each seg-
ment may have its own fire environment and is assumed in the cal-
culation to be characterized by average values of the changes in
the stress and deformation state. Furthermore, the cross-sections
of the segments are subdivided into rectangular concrete and
steel subslices (maximum 288 and 15, respectively). No slippage
is allowed between adjacent subslices and initially plane cross-
sections are presupposed to remain plane during the deformation

of the structure.

Convergence problems may sometimes arise in the calculations, as
described in the next section, although the time step is chosen
as small as 0.025 h. This is probably due to the character of the
iterative technique occasionally resulting in numeric instability.
For faster convergence, it can be recommended to chose the start
value of the incremental deformation at a new time-step calcula-
tion to 75% of that calculated at the previous time-step.
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Table 6.3 Characteristics of the tests in the calculation schedule

Tests Load level Fire charac- Time step | Time interval
teristics
h h
Group 1: A2:5 P=0 g = 251 M3-m~2 0.025 0.0 - 0.5
D2 P=teer,, | B8 =008 w2 | .05 0.5 - 1.0
D4 P =P, t 0.10 1.0 - 2.3
Bound.cond. (1) 0.29 2.3 -3.2
Group 2: A2:3 P=0 g = 251 mi-m2 | 0.025 6.0 - 0.5
] AR _ 172 i
D6 P =1/2 Pa1] 7;; =0.08m 0.05 0.5 1.0
0.10 1.0 - 1.5
pe P = F’a.l.| 0.20 1.5 - 4.6
Bound.cond. (1)
Group 3: A2:1 P =0 Q=251 Mim2 | 0.05 0.0 - 0
_ AvH 1/2
D11 P =374 Pa11 7rgr— 0.01m 0.10 0 - 2.0
Bound.cond. {1) 0.20 2.0 - 5.0
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The amount of temperature data used as input in FIRES-RC is often
very great. Therefore the temperature data is edited and stored
on a file for a direct use in the program as well as material
properties of concrete and steel. Furthermore, the program stores
selected results on a file which later is directly plotted.

6.2.4 Calculations - comparisons with
test results

The calculations accounted for in this section embrace a theoreti-
cal study of the structural behaviour of unilaterally fire-exposed
plate strips in one span during a complete fire process, including
the cooling phase. The following combinations of boundary condi-
tions of the plate strips are studied:

(1) Hyperstatic plate strips, characterized by a complete rota-
tional restraint at both ends and a free axial movement. '

(2} Isostatic, simply supported plate strips.

(3) Hyperstatic plate strips, simply supported at both ends but
restrained against axial movement

(4) Hyperstatic plate strips, restrained against rotation as
well as axial movement at both ends.

The check of validity of the calculations is mainly reltated to five
different groups of experimental tests having boundary conditions
of type (1). These tests are chosen from the test series Al, AZ,

A3 and D according to Table 6.3, ¢f. also Table 4.4 and section
5.2. Each group of tests is characterized by its own fire expo-
sure, specified in conformity with Fig. 4.2, and by various levels
of concentrated lateral loads. Furthermore, a validity control is
made also for a fire-exposed simply supported plate strip, boundary
condition type (2), without any external load. The effect on the
evaluated bending moment and deflections of a possible displacement
of the longitudinal reinforcing bars is looked upon. Also the sig-
nificance is demonstrated of using an adequate material behaviour
model of concrete at transient elevated temperatures. The time-va-
riation of the bending stiffness for a nil-loaded plate strip with
boundary condition of type (1) is illustrated and checked against

measurements.
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As a complement to the validity control calculations described
above the influence of an axial restraint of the plate strip is
investigated theoretically [boundary conditions of type (3) and
(4)], see Table 6.3.

The evaluation of the structural response is carried out by the
computer program FIRES-RC, modified and extended as described

in section 6.2.3. Results over time-history of bending restraint
moment and deflections are analysed and compared with measure-
ments. Examples of calculated strain and stress distributions
over the cross-sections of the plate strip at selected times are

presented.
6.2.4.1 Discretization

The fire exposure is divided. into four fire zones (A, B, C and D)
for each half of the plate strip, as shown in Fig. 6.1%a, making
use of the symmetry in the structural design of £he plate strip,
loading and fire exposure. Thus, only half the strip is studied
and the discretization in the main calculations is chosen to 5

segments.

Segments 1 and 2 are located in the fire zone A, where segment 1
is only 0.025 m, and the position of the other three segments

(3, 4 and 5) coincide with the fire zones B, C and D, respectively.
Segment 1 1is used for evaluating the stress and deformation state
close to the support whereyielding ordinarily starts, due to the
rotational restraint and where consequently, a thin segment is
required for getting an accurately calculated moment distribution.
The concentrated load P is placed at the internal node between
the segments 4 and 5. For comparisons, calculations have been
carried out for the actual plate strip subdivided into 7 seg-
ments and with the same model of fire zones, but these calcula-
tions indicated that any noticeably improved accuracy could not

be reached.

In the main calculations, the cross-section is divided into 7
concrete substices and 2 steel subslices (bottom and top rein-
forcing bars}, which is iltustrated in Fig. 6.11b. The subslices
are rectangular and cover the whole width of the plate strip which
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is justified as the heat flow can be assumed one-dimensional.
In order to make control calculations and to verify the chosen
division as appropriate, alternatively 11 concrete and 2 steel
subslices as indicated in Fig. 6.11c, were used. This control
proved that the subdivision, chosen for the main calculations,
was quite sufficient in this application.

Table 6.3 indicates the time discretization for the different
calculations. For a very rapid increase in temperature, i.e. at

the opening factor 0.08 m}/z, the time step is as minimum chosen

to 0.01 hours during the first time interval and then successively
increased to 0.2 hours during the last time interval of the cooling
phase. Although the time-step is that small, convergence prob-

Tems may sometimes arise.
6£.2.4.2 Validity of calculations
a) Main tests

Great restraint forces and moments, which continuously change,
are very complex and important behaviour characteristics of
fire-exposed hyperstatic concrete structures. For the actual
structure of the main tests, the time variation of the bending
restraint moment was calculated and is presented in Fig. 6.32 -
6.36, together with the midpoint deflections, for the tests be-
longing to the five groups, accounted for in Table 6.3. In the
figures, the initial deflections caused by the load application
at room temperature then are excluded, but these are reported
in Table 5.3,

In Fig. 6.32 - 6.35, the calculated results from the respective
group 1, 2, 3 and 5 are shown, where dashed curves refer to the
calculations while full-Tine curves ‘indicate the measurements.
The measured curve of restraint moment represents the mean value
of the measurements at two supports. Any possible unsymmetrical
fire-exposure in the tests is not modelled in the calculations.
A pervading feature of these calculated restraint moment curves
is the somewhat slower rise during heating and greater maximum
values, which furthermore are attained later than observed 1in
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the experiments. During cooling the decline consequently comes
later. In all nil-Toaded tests, the cracking moment attained at
the support sections can be observed at about 5 kNm as an inter-
ruption in the curve. In the tests A2:5 (Fig. 6.32) and A2:3
(Fig. 6.33), the maximum moment differs quite a Tot in compari-
son With the measured value. The cause of this deviation is

here solely due to the fire-exposure, nonuniform in longitudi-
nal direction and stepwise divided into 4 fire zones in the cal-
culations. This discretization may disturb the agreement. The
accuracy in modelling the fire-exposure also ought to be more
sensitive for the nil-Toaded than for the loaded plate strips
and therefore we cannot expect that good accordance between
calculations and measurements. The observed tendency 1in some-
what higher restraint maximum moments in the calculations than
in the tests can be a consequence of a possible deviation at the
casting, from the prescribed placing of the reinforcement bars,
primarily the top bars. This will be more thoroughly discussed
further on in this section. Furthermore the scatter in the yiel-
ding stress of the reinforcement may give an influence. The
yielding moment at a correct placement of the reinforcing bars
is determined to 19.8 kNm for a cross-section of the strip, neg-
1igibly affected by heating. This is approximately valid for the
support sections, when the heating period does not exceed about
2 hours. During cooling the less agreement may partly be reflec-
ted in the constitutive law of concrete as more roughly estimated
material properties are used for the cooling phase. As was empha-
sized in section 5 the difference in measured restraint moment
in two identically defined experiments may reach 10%. In view

of this fact the calculated results are quite satisfactory.

The development of midpoint deflections in the tests referred to
are also illtustrated in Fig. 6.32 - 6.35. The calculated deflec-
tion curves, in which the contribution of the shear forces is
neglected, verify a good concordance with the measurements for
various fire environments and different Toad levels during heat-
ing as well as during the subsequent cooling phase. As found in
the experimental investigation, the dispersion in the measured
deflection may reach 20 - 30% for +identically defined tests,
which must be born in mind at these comparisons.
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The tests D13 - 16 and Al1:12 belonging to group 4 and not yet
illustrated are exemplified in the calculations for the thres
load levels P =0, P = 1/2 PaH and P = PaH (Fig. 6.36). The
fire exposure has a duration of the heating period of about 2
hours, a fire Toad density of 502 M3-m ™2 and an opening factor
of 0.04 m]/2
and measured values 1is extraordinary good for the restraint ben-
ding moment as well as for the deflections during the whole fire
process, including cooling, at all load levels. The structural
behaviour is further illustrated for the test D16 in Fig. 6.37,
giving the calculated moment distribution along the plate strip
at different times and corresponds to Fig. 5.27, based on test
results. Fig. 6.38 is showing the calculated deflection curve
and measured deflections in midpoint and 1/4-point sections at

. The agreement in these tests between the calculated

corresponding times.

Calcuiated stress and strain distribution

A more detailed analysis of the structural response to fire will
now be presented for the tests Al:12 and D16 in terms of calcu-
lTated strain and stress distribution over the cross-sections at
the support and for the segment 5. This illustration comprises
the distribution of all strain components which together consti-
- tute the evaluated behaviour, viz. thermal strain (egh), transient

strain (scr), creep strain (egr), instantaneous stress-related
strain (e;) and finally the total strain () at selected times,
as well as the resulting stress distribution for the concrete
and steel subsTices. In the calculations, a mean value of the
current strain and stress is used for each subslice and there-
fore the distributions are drawn in a stepwise way.

For the test conditions A1:12, the state of strain and stress

in the cross-sections of the segments 1 and 5 is illustrated in
Fig. 6.39, at five different times (0.5, 1, 2, 3 and 4 hours). In
the figures the total strain distribution is also indicated as a
dashed line giving the curvature of the section.

Cracking occurs in a subslice at a tensile strain of 0.4 % and
this happens after 0.125 hours at the support section and after
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0.175 hours at the section of the segment 5 in this calculation.
At about the latter time, water was observed to penetrate up to
the upper surface at the mid-section in the test, thus confirm-
ing the calculation. In the figures the total strain distribu-

tion is also indicated as a dashed line giving the curvature of

the section.

Due to the imposed thermal gradient, excessive thermal strains,
which successively in considerable extent are compensated by the
transient strain (mainly} and the creep strain, are developing
in portions close to the fire-exposed surface. This is mostly
accentuated in the cross-section of segment 5, having a stronger
fire exposure. Severe degradation due to cracking rapidly takes
place in both sections illustrated and consequently the bottom
as well as the top reinforcing bars and their thermal behaviour
signify a dominating effect on the structural response of the
plate strip. This typical behaviour is more emphasized during
cooling and stresses are still more concentrated to the rein-
forcing bars. The slope of the total strain distribution indi-
cates that the curvature is increasing during the first hour in
both sections and then it starts to decrease, most rapidly in
the midsection where it changes the sign already after 1.5 hours.

Simultaneously, a significant redistribution of the stresses
takes place, which is particuiarly accentuated during cooling,
when even previously cracked subslices (mid-section) transfer
into compression. A cracking degradation of about 90% is attained
at the support section 1 after 3.4 hours. Firstly after 3 hours,
the curvature is zero at the end-section but the restraint mo-
ment is far from being zero. This is owing to the fact that con-
siderable residual strains exist and a complex unloading process
develops in the cross-section. The behaviour model can only
describe this process very roughly and this may exert an influ-
ence on the calculated structural behaviour, especially during

cooling, which is unsufficiently explored.

The additional effect of a simultaneous lateral Toad P = Pa?]
on the detailed behaviour is given in a similar way for the fire-

exposed plate strip D16 in Fig. 6.40, showing the strain and stress
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distribution fdr the end-section and the mid-section at the times

0, 0.5, 1.0, 3.4 and 4.8 hours. Due to the external lcad, the total re-
straint moment very quickly (after 2/3 hours according to Fig.

6.40a) reaches the yielding moment on the supports. After that,
considerable rotations develop and consequently high compressive
stresses as shown in Fig. 6.40a Furthermore, the curvature, ob-

served from calculation sheets, reaches the value -0.45 m ! af-

ter about 2 hours, and is then kept almost constant during cool-

ing. For the mid-section, illustrated in Fig. 6.40b,the beha-

viour in principal is found similar to that for the nil-loaded

plate strips previously discussed.
b) Test on simply supported plate strip

As a complementary validity control of the theoretical model,
comparative studies also have been made for a simply supported
and nil-loaded plate strip, boundary condition of type (2). This
plate strip is tested for a fire exposure having a duration of
the heating phase of about 2 hours, a fire load density of 502

_ MJ-m_2 and opening factor of 0.04 m1/2. The temperature calcu-
lation is the same as that used for group 4. The evaiuation of
the mechanical response of this type of structuré, solely exposed
to transient high temperatures, coincides extremely good with
the measured behaviour for the mid-point deflection, which is
illustrated in Fig. 6.41.

Influence of unintended displacement of the longitudinal rein-

forcement

As mentioned previously, an unintended displacement of the longi-
tudinal reinforcement at the casting of the plate strips may be

one cause of the observed tendency in somewhat higher restraint
maximum moments in the calculations than in the tests. Consequently
a numerical study of this influence has been cafried out. The study
is based on an assumed lowering of the top reinforcement of 5 mm
along the whole plate strip. Such a deviation from a préscribed
position is inevitable in many practical cases, why its influ-
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ence on the fire behaviour is of great interest. The result of
the calculations are illustrated in Fig. 6.42, which indicates
a décrease in the maximum restraint moment of about 1 kNm.and
accordingly an'increase in mid-point deflections of maximum

1 - 2 mm. The results, referring to the tests of group 4, also
indicate an improved agreement between the measured and calcu-
lated support moments, cf. Fig. 6.36a.

The dimension of the plate strip and the real position of the
réfnforcing bars have been checked at the support-sections and
the mid-section on a plate strip, arbitrarily selected. The to-
tal area of these three cross-sections was found on an average
to be 1.5% less than prescribed and the top as well as the bot-
tom reinforcement was pervadingly placed too Tow. On an aver-
age the displacement amounted to 6.5 and 1 mm, respectively.
Deviations of this magnitude from the theoretical cross-section
are probably a pervading feature of most plate strips. If the
catculations, presented here, had been corrected for an unin-
tended displacement of the reinforcement, primarily the top re-
inforcement, the evaluated curves of bending restraint moments
and deflections would probably have been a little more close to

the measured ones.

Influence of varying material behaviour models

In order to 11lustrate the significance of using an adeguate
material behaviour model of concrete at transient temperature
conditions, further computations were done for the-test con-
ditions Al:12 and 014; In a comparative study then the very im-
portant strain component in the constitutive law of concrete,
viz. the transient strain, was disregarded in the calculations,
giving results as reported in Fig. 6.43. As this strain com-
ponent is of vital importance fbr'therdeformability of concrete,
the bending restraint moment will thereforé increase consider-
ably for both the nil-loaded and the loaded structure. The de-
flection curve will also deviate considerably from that calcu-
lated by applying a more correct material behaviour model. In
connection to these comparative calculations it may be noted
that a traditional use of an incomplete material behaviour mo-
del, not taking into account the transient strain, often gives
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rise to difficulties to find the equilibrium state, resulting
in no convergence and for the loaded strip D14 even in collapse
after 1.3 hours. This collapse is due to crushing of concrete
in the compressive zone at the support sections. In this cal-
culation, also some subsTices very quickly were'exposed to
strains which lie on the descending branch of the stress-strain
diagram of the concrete on the compression side. These results
show very obiously how drastically an incomplete material mo-
del law can destroy the calculations carried through by com-
puter programs which in themselves can be very advanced and
sophisticated. In general, it can be stated that if the mate-
rial behaviour.model is not based on transient temperature con-
ditions when evaluating the mechanical response to fire, every
type of restraint gives unrealistic great restraint forces and
moments, however limited by the yielding moment. Furthermore,
in such calculations: the deflections are normally far from

reality.

Filexural stiffness

In the experimental investigation, the flexural stiffness of
nil-loaded plate strips during fire was determined by a repeated'
procedure of an instantaneous apptication of a small transverse
10oad. However, the intention only was to illustrate the princi--
pal change in the stiffness. For comparison, the flexural stiff-
ness was calculated as a function of time in segment 1 and 5 for
which the test A2:3 is illustrated in Fig. 6.44. As can be ob-
served from the figure, there is a rapid drop in stiffness du-
ring the first 6 minutes in both cross-sections and tater on the
stiffness continuously decreases to 15 and 14% for the sections
of segment 1 and 5, respectively. If this figure is compared with
the corresponding measurements, presented in Fig. 5.20, we notice
that the principal decrease in stiffness well follows the calcu-
lated decrease but the values are somewhat too high. Regardlng
that theuncertainty is very qreat in the exper1menta1 procedure
for deteraning the flexural st1ffness from add1t1ona1 deflec-
tions, the agreement between ‘measured and ca]cu1ated values s

satisfactory.
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6£.2.4.3 Further calculations

For a complemetary illustration of the structural behaviour of
a fire-exposed, hyperstatic plate strip, calculations were car-
ried out for on one hand a simply supported, axially restrained
plate strip, boundary condition (3), on the other hand a plate
strip with a rotational as well as an axial restraint on both
supports, boundary condition (4), see Table 6.3.

The structural behaviour of the fire-exposed, simply supported
plate strip, axially restrained and without any external Toad,

is shown in Fig. 6.45 in terms of the axial restraint force and
the mid-section defiection. The fire-exposure is identical to
that of group 4, which enables direct comparisons to the simply
supported plate strip, studied above and illustrated in Fig.
6.41. The additional effect of an axial restraint results in a
quite different behaviour of the strip. A considerable axial
force due to the imposed thermal deformation arises and increases
to a maximum value of 660 kN after about 1 hour. This axial force
can be compared with the ultimate force of the cross-section at
ambient conditions, viz. 1.440 kN. Consequently, the deforma-
tion process is guite different and after reaching the maximum
deflection value it starts to decrease considerably in pace with
the axial force and passes later on to an upwards deflection,
This behaviour is mainly due to the decreasing load-carrying
capacity in portions near the fire-exposed surface of the plate

strip.

In order to illustrate how an axial restraint added to the rotation-
al restraint on a fire-exposed plate strip changes the structural be-
haviour in terms of bending restraint moment, axial force and
mid-point deflection, two complementary catculations are presen-

ted. The tests Al1:12 (P = 0) and D14 (P = 1/2 Pa?1)’ supplemen-

ted with an axial restraint, are analyzed and the results can

be studied in Fig. 6.46. The calculated time-history of the re-
straint moment for the two tests are in conformity with each

other and the difference between the curves is approximately

the same as the initial value due to the lateral load in test
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D14. After a rapid increase in the moment, the maximum value
is attained after 0.5 hours, which then is followed by a de-
scending branch which reaches great positive values. It may

be noted that for the nil-loaded case a positive moment of
'18.5 kNm is attained after 5 hours, which can be compared with
14 kNm for the loaded strip. This drastic change in restraint
moment compared with what was observed for the original tests
A1:12 and D14 - cf. Fig. 6.36a - is a result of the axial re-
straint. As the figure shows the development of the axial '
force is very alike for the two tests and in some degree also
the deflection curve which indicates an approximate indepen-
dence of the external load. For the restraint moment, it seems
to be justified to treat the thermal restraint forces and mo-
ments separated from those caused by the external load, if the
yielding state is not attained. The sum of these components

of restraint forcesand moments is approximately equal to the
total forces and moments of the structure at fire. The axial
force amounts to about 560 kN as maximum, or 39% of ultimate
compressive load at ambient conditions. The mid-point deflec-
tion is very small in comparison with that attained in the ori-
ginal tests A1:12 and D14, which again is a consequence of the
axial restraint. The nil-Toaded strip attains a somewhat

more accentuated upwards deflection during cooling than the
lToaded one owing to the load.

The changed mode of behaviour excessed by the additional axial
restraint can be further analyzed from the time variation of

the stress distribution at different cross-sections of the plate
strip. This is illustrated in Fig. 6.47 for the end- and mid-
section of the plate strip for the tests Al1:12 and D14, supple-
mented with an axial restraint. The rapid decrease of the re-
straint moment, after attained maximum value illustrated in

Fig. 6.46 is due to excessive transient strains which compen-
sate the thermal strains and the decrease in compressive
strength above 400°C for concrete subslices close to the fire-
exposed surface. This is verified by the figure showing an al-
most complete unloading of the subslice (1) in the mid-section
of the nil-loaded as well as the loaded plate strip after 0.7 - 1
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hours. The ability of the cross-section to redistribute stresses
is apparent from the figure.

The structural behaviour at fire of hyperstatic plate strips,
theoretically predicted above, comprises several differentiated
fire processes, including cooling, and different loading levels
and restraint conditions. The theoretical results seem to coin-
cide sufficiently well to the observed behaviour in tests for
an arbitrary case, so the computer model can be considered to
be fully validated. The computer model opens fimproved possibi-
1ities to a better understanding of the principal fire beha-
viour of different types of reinforced concrete structures and
will then, hopefully be a valuable tool in further studies with-
in the research field.
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6.2.5 Restraint forces and moments - in-

Restraint forces and moments in hyperstatic concrete structures at
fire cause excessive compressive strains in different portions of
the cross-sections due to steep temperature gradients. It is there-
fore of vital importance to know if the deformability of concrete
at elevated temperatures is sufficient so that the cross-section
can be fully utilized before the crushing strain is reached in

any portion of the cross-section. Fundamental questions are: Can
the 1imit state approach be used when evaluating the load carry-
ing capacity at fire exposure? Are the stresses sufficiently re-
distributed before the collapse occurs, for making the stress
distribution in the Timit state independent of the imposed ther-

mal strains?

For continuous beams, which are the main subject for the present
study, a 1imit state approach requires that the rotational capa-
city of the structure is greater than the need of rotation. This
means that a complete moment redistribution and a reduction to
zero of the thermally induced moments is enabled in all plastic
hinges. When restraints against rotation are applicated, the
yielding moment often is reached at a comparatively early stage
of the fire exposure. It also should be noted that the rotations
induced by the thermal gradients are required for a complete
moment redistribution therefore can be greater than at ambient
conditions. The performance of a fire-exposed hyperstatic struc-
ture, as concerns the conditions for a limit state stress dis-
tribution is very substantial when considering functional de-
mands and structural fire safety problems. These probiems will
now be somewhat elucidated on the basis of the present study by

some exemplifyings.

In the experimental investigation, 81 tests were carried out at
various fire exposures and external load Tevels. Although the
yielding moment was reached over the support in most tests at a
comparatively early stage and consequently extreme rotations took
place, within the support regions, however no failure occurred.
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In all tests, the rotational capacity was sufficient for enabling
the hyperstatic plate strips to survive a complete fire process.
It is quite evident, that the rotational capacity and the defor-
mability of a reinforced concrete structure on the whole increase
considerably at elevated temperatures, but, as mentioned, also
the need of rotation and stress redistribution. The calculations
indicate that the test D16 has attained the greatest strains and
rotations at support. Therefore this plate strip is of special
interest to analyse further in terms of maximum total strains,
stress-related strains and curvature. The maximum stress-rela-
ted strain of concrete in compression was reached at the bottom
surface, subslice No. 1, of segment(:)after 1 hour fire exposure,
amounting to -3.3%. , which shall be compared with the total strain
-5.1%, . At the same time, the curvature of this cross-section is
evaluated to 0.31 m_]. The simultaneous strain in the top rein-
forcement amounts to 29.4%.. Then, the stress-related strain
successively decreases and amounts to -2.8%. after 2.4 hours and
-1.7% after 4.8 hours with the correspondent total strains -7.2
and -8.3%., respectively. The tensile strain in the top rein-
forcement is at these times as much as 43 and 42%., and the cur-
vature 0.45 and 0.46 m_1, respectively. These values illustrate
a considerable deformability of the cross-section as influenced
by a bending moment. From the test D22, it may be added that, al-
though the sum of the moment capacity at the supports and in the
field of the plate strip was aTlmost exhausted, the rotational
capacity was satisfactory, as failure did not occur.

Cross-sections influenced by a restraint bending moment as well

as a restraint axial force as exemplified in section 6.2.4 for a
plate strip with a simultaneous restraint against rotational and
Tongitudinal movements at the supports show up a remarkable ability
to redistribute the internal stresses.

The computations referred imply that the limit state approach'may
be justified to applicate in a determination of the load-carrying
capacity of fire-exposed hyperstatic concrete beams and frames.
For a final judging of this problem, further systematic investi-
gations are necessary primarily more directly oriented against a
detail study of the rotational capacity and the ultimate state be-

haviour.
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The Toad-carrying capacity is determined for the hyperstatic plate
strips cooled down_td room temperature. Thishload-carrying capa-
city may be inf]uenced by crack formation and chemical decomposi-
tion of the concrete at elevated temperature, altered properties
of the reinforcement steel by yielding at high temperature. Ad-
 ditional stresses are then caused by restraint moments and forces.
The load-carrying capacity is ascertained for the p1ate str1ps

as simply supported, i.e. isostatic. This means that the bending
moment capacxty of the mid-section is decisive for the Toad ~car-
rying capac1ty of the plate strip. In some cases the occurrence
of shear failure also have to be considered. Built-in res1dua1
deformat1ons and stresses may have 1ittTe influence as the mea-
sured decrease in load-carrying capacity after cooling (see sec-
tion 5.6) normally 1ies between 0 and 10%, wh1ch exceeds what 15
obtained in a S1mp1e theoretical calculation. In such a calcula-
tion the maximum temperatures are reconstructed and the ultimate
strength of concrete is based on the rough assumption that the
strength is invariant during cooling (cf. section 6.2.1.2). The
accounted study doesn't give information about any possible
influence of built-in restraint forces and moments on residual
load-carrying capacity of the hyperstatic plate strip after cool-
ing down to ambient conditions. However, in the opinion of the
author, this influence is very Timited .or even insignificant,

but further studies on the residual load-carrying capacity are
needed in order to judge this statement.
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7 ANALYTICAL PREDICTION MODELS AND A
'RATIONAL, THEORETICAL DESIGN OF
FIRE-EXPOSED CONCRETE STRUCTURES

A reliable analytical prediction of the thermal response and the
mechanical behaviour of fire-exposed concrete structures leads
to the development of a rational fire engineering design, com-
prising simplified methods and systematical design diagrams and
tables, facilitating the practical application. This paper will
hopefully form a basis of and contribute to such & development.
Essential components in such a rational design procedure are:

- Design principals:
Functional demands and fire safety considerations, inciuding a

probabilistic determination of design load and design fire load

density. . _ :
Influence of detection, warning-communication and extinguishment
systems. e

- Determination of fire environment.
Thermal exposure on interior and exterior structures.

- Thermal properties of materials at elevated temperatures.

- Determination of transient temperature fields of. the structure.
Influence of moisture transfer and vapourization.

- Mechanical properties of materials at transient elevated temperatures.

- Evaluation of design load~carrying capacity at fire.

Sections influenced by bending moment and axial force.
Interaction diagrams.

Hyperstatic beams, frames, arches and plates. Consideration of
restraint moments and forces. Use of limit state approach.
Rotational capacity.

Questions concerning shear, torsion, anchorage and bond at ele-
vated temperatures.

Instability problems, second order theory.

Walls and high beams.

Special problems in conjunction with prestressed concrete
structures.

- Spalling. Estimation of risks and possible consequences of
spalling under different conditions.

- Estimation of residual load-carrying capacity and residual
state of stress and deformation.
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8 SUMMARY AND CONCLUSIONS

The thermal and mechanical response of hyperstatic concrete
structures under fire exposure conditions is studied both
experimentally and theoretically. In the study differentiated
fire processes, including the subsequent cooling phase, are
considered and laboratory tests were performed under well-

defined conditions.

In the first stage, the objective of the project was to derive
computer models, which enable to predict the thermal and mecha-
nical behaviour and the load-carrying capacity of hyperstatic,
continuous beams and frames of reinforced concrete in fire
environments. The validity of the computer programs for on
one side the thermal analysis and on the other side. the struc-
tural analysis should be confirmed by extensive comparisons -
with observed behaviour in a great number of tests .in which

the fire development as well as the lateral load are varied
within a wide range. In a second stage, the aim was to present
a thorough, functionally based understanding of the fire re-
sponse of hyperstatic concrete strictures to be used for prac-
tical purposes. This means that the present study may form a
basis for a development of a rational design procedure of fire-

exposed concrete structures.

The experimental part of the project is mainly focused on a
fundamental study of a pure type of a hyperstatic structure,
viz. a reinforced concrete plate strip thermally exposed on
one side and restrained against rotation at both ends, while
axial displacement is free to take place. '

The experimental program embraces 81 tests divided into 6 diffe-
rent test series (Al, A2, A3, B, C and D). The tests are carried
out at varying fire processes, concrete compositions (B and C),

age of the specimens at testing (B and C) and lateral Toads (D).
A1l tests except those belonging to test series D are nil-loaded
plate strips. For the tests in series D, the loading consists

of two symmetrically placed transverse concentrated loads., Dif-

ferent combinations of the opening factor (0.01 - 0.08 mT/Z) and



- 166 -

the fire load density (31 - 2010 MJ'm %) have determined the
characteristic fire exposure, including the subsequent cooling

phase.

The experimental investigation comprises a continuous registra-
tion of temperature-gradients, deformations, cracking formations
and restraint bending moments. These measurements are carried
through at a fire exposure merely and at a combined influence

of a fire and lateral load respectively until the residual state

after cooling is reached.

Furthermore the flexural stiffness during fire exposure was in-
vestigated for some nil-loaded plate strips by measuring the de-
flection response to an instantaneous application of a lateral
load. As a complementary study on the residual state, the resi-
dual flexural rigidity and Toad-carrying capacity of the plate
strips were determined about 5 months after the fire test. From
that study a decrease was observed in the flexural stiffness

and Toad-carrying capacity varying from 0 to 30% and 0 to 20%
resepectively when the fire load density is in the range of

31 - 1000 MJ-m2.

The evaluation of the thermal response is carried out by a finite
element computer program, created from a program Tibrary consis-
ting of a supply of permanent system routines and problem adap-
ted routines, which must be constructed by the user. The program
is formed for the one-dimensional case but can easily be exten-
ded to two dimensions. It can also solve axi-symmetrical prob-
“Tems and comprises various boundary conditions as prescribed

heat flow, temperature and adiabatic state.

The program considers the temperaturedependence of the thermal

 properties, viz. the thermal conductivity and the enthalpy even
during cooling and the structure may consist of many different

materials. The storage of program routines is constructed with

wide possibilities and consequently general applications.

The. prediction of the temperature distribution history for the
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fire-tested concrete plate strips was in all cases in a good
accordance with measurements during the heating as well as
during the subsequent cooling phase. As the temperature-time
fields serve as input in the structural analysis program, these
have successfully contributed to further progress in the calcu-

lations of the mechanical response.

A theoretical study of the mechanical behaviour of concrete
structures at fire is in a decisive manner dependent on a rea-
listic material behaviocur model of concrete as well as reinfor-
cing steel. During the Tast years it has been found that data
obtained on concrete at steady-state conditions cannot solely
be used to predict the real behaviour during transient tempe-
rature circumstances. A realistic behaviour model of concrete,
valid at transient states, has recently been developed at Lund
Institute of Technology and is utilized in the presented com-
putations. In this model described by a constitutive equation,
the total strain is seen as the sum of four strain components
derived on a purely phenomenological Tevel. These components

are:

Thermal strain, including shrinkage, measured on unstressed

specimens under variable temperature.

Instantaneous stress-related strain, based on stress-strain
curves obtained under stabilized temperature.

Creep strain, time-dependent strain recorded under constant

stress at stabilized temperature.

Transient strain, stress-dependent and attributed to the effect

of a virgin temperature increase.

Complete material behaviour models of concrete and steel taking
into account the history of temperature and stress as well as
any arbitrary process of unloading in the stress-strain dia-

gram are also given in the paper.

- The mechanical response is evaluated by a computer program se-
parated from the thermal analysis program, This program is a
reconstruction and further development of a computer program



- 168 -

("FIRES-RC") derived by Becker & Bresler at the University of
California, Berkeley 1974 and written for a CDC-6400 Computer.
The current version used on a Univac 1108 Computer can be seen
as an extension and modification of the program constructed in
Berkeley. The program is based on a non-linear, direct stiffness
method of the structural analysis coupled with a time step inte-
gration. An iterative approach is used in finding the incremen-
tal changes in the deformed shape, which results in eguilibrium
between the external and internal forces. The new development
~of more realistic behaviour models of the structural materials,
mentioned above, is an essential new contribution in the pro-

gram.

The computer program is capable to evaluate the detailed struc-
tural behaviour of fire exposed reinforced concrete frames. The
presented study is however limited to a structural member in
accordance to the experimental investigation.

The calculations accounted for are referred to four different
combinations of boundary conditions for the plate strip, viz.

(1) Complete rotational restraint at both ends and a free axial

movement.
(2} Simply supported,
{3) Simply supported but restrained against axial movement.

(4) Complete restraint against rotation as well as axial move-
ments at both ends.

The check of the validity of the analytical models is mainly related to
five different groups of experimental tests with boundary condi-

tions of type (1). Each group of the tests is characterized by

its own fire exposure and various levels of the symmetrically

applied transverse concentrated loads. Extensive comparisons

with observed behaviour in terms of time-history of the bending
restraint moment and the deflections have verified the analytical
predictions. Furthermore, the simply supported plate strip, boun-

dary condition type (2), without any static load is compared with

an identical experimental test in order to further illustrate the

validity.
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The effect of an unintentional, small displacement of the rein-
forcing bars are looked upon. Also the significance of the ma-
terial behaviour model of concrete at transient high temperature
conditions is demonstrated. The flexural stiffness as function
of time for a nil-loaded plate strip, boundary condition type
(1), thermally exposed, is illustrated and checked against
measurements. The agreement was found qualitatively good.

In an analytical study, the thermal exposure has to be medelled
in an accurate way and the geometric discretization of the struc-
ture must be chosen with care. Furthermore, the material models
are constructed less complex than the real performance. The vali-
dity of the simpiifications made is justified by the good agree-
ment obtained in the comparisons between the analytical results
and the experimental data. ' - '

As a complement to the calculations described above, the influ-
ence of an axial restraint of the plate strip is investigated
theoretically for the boundary conditions of type (3) and (4).
These computations furthermore contributed to illustrate the
influence of restraint forces and moments on the structural
behaviour and the load-carrying capacity. '

The present study illustrates the capability of the analytical
models to predict a quite realistic fire response of hyperstatic
concrete structures. This is in a decisive degree owing to the
fact that realistic material behaviour models, valid under tran-
sient therma1 exposures, have been used. Computér calculations
may hopefully in a near future facilitate the development of a
design concept of fire-exposed concrete structures, based on
functionally requirements and performance criteria. Important
components in such a rational design procedure is §ummarized

in the paper.

Some general conclusions of the study are:

1. Material behaviour models based on experimental data, obtained
at steady state conditions, applicated in the prediction of
the structural response to fire of concrete structures result
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in unrealistic great:thermal restraint forces and moments
(if Tess than the yield moment).and sometimes in an erro-
neous collapse state.

. The material behaviour models and thecomputer1node1 give a
' good prediction of the mechanacal behaviour and toad-carrying
capacity at fire of iso- as wel? as hyperstatac re1nforced

concrete structures.

. Thermal restraint forces never exceed 45% of the load-carry-
ing capacity at ambient conditions, in analyzed fire-exposed
hyperstatic concrete plate strips, axially restrained.

. The influence of restraint forces and momenté on the load-
carrying capacity of a fire-exposed, hyperstatic concrete
structure depends on the deformation capacity of concrete at
high temperatures.

. The current study indicates the limit gtate design to be
applied as a cdnsequence of the fact that in no test or ca]~
culation the rotation demand exceeded the rotation capaC1ty.
The same indication also has been noted prevaous]y by Gusta-
ferro., For a gerenal conclusion, further studies are neces-

sary,

. From calculations and tests performed it seems to be justi-
fied to treat the thermal restraint forces and moments se-

parated from those caused by an external load, as long as -
the yielding moment has not been reached at any cross-sec-

tion. The sum of these components is approximately equal to
the total forces and moments of the structure at fire.
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MAIN SYMBOLS

Latin

—n

w o 3

all

i

ot - W 0 O T T
——d

constant
total area of the window and door openings
steel reinforcement area

total interior area of .the surfaces bounding
the fire compartment, opening areas included

constant

specific heat capacity
elastic modulus

strain hardening modulus
flexural stiffness
external heat flow vector
activation energy of creep

mean value of the heights of the window
and door openings, weighed with respect
to each individual opening area

effective heat value of combustible material
v within the fire compartment

moment of inertia

enthalpy

specific enthalpy

conductivity matrix

constant

diemnsioniess constant

length of the plate strip

moment

total weight of combustible material v
lateral concentrated Toad

the allowable load at ambient conditions
accarding to Swedish Concrete Standards

wire forces

vapour pressure

dimensionless constant

external heatgenérationper unit volume
heat transfer |

gas constant

temperafuré

time

kNm
kg
kN
kN

kN
kN-m™2
MJ-m
MJ-m
-1o .-
J-mol _-Ke1v1n
¢ |
hours

3
2
1
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duration of heating phase
constant |

moisture content
deflection

defined in section 6.2.2.3

dimensionless constant
coefficient of heat transfer
deflection defined in Fig. 5.25
temperature-compensated time

temperature-compensated time defined in Fig. 6.30

fictitious temperature-compensated time
total strain

thermal strain.

stress-related strain

creep strain

transient strain

ultimate strain at which o = 9,

defined in equation 6.18

crushing strain

strain at the transition point in the
stress-strain relationship for concrete

permanent inelastic strain

ultimate tensile strain

maximum tensile strain

strain at which carcking occurs

strain at which yielding occurs for steel
creep strain for steel

defined in section 6.2.2.3
thermal conductivity
coefficient of thermal expansion for steel
density

cube strength of concrete
ultimate compressive stress
ultimate tensile stress
stress history

yield stress of steel
diameter

curvature

hours
hours
%

hours
hours
hours
%o

%o

%o

g, -
%

%o

o

%o

o

%o

%o

%o

%o

%o

%o

%o
L
oC—1
kg-m
MN-m~
MN-m

-1

MN-m

i



pC

p

indices

'c
P

heat capacity
nominal heat capacity

concrete

steel

room temperature
directions
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Md-m 3.0

Ma-m3.0¢"

-1

1
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APPENDIX

A. Results from measurements
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Figure Al a) Bending restraint moment and deflection process
at b) mid-section_and c) 1/4-section. Fire load
density 126 Mf-?“z. Opening factor within the range
0.01 - 0.06m /2. The corresponding furnace tempe-
rature-time curves are inserted.
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| Figure A? a) Bending restraint moment and defiection process
mm at b) mid-section and c) 1/4-section. Fire load
density 1005 Md-m=2, Opening factor within the range
0.04 - 0.08 m/2. The corresponding furnace tempe-
rature-time curves are inserted.
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Figure A3 a) Bending restraint moment and deflection process
at b) mid-?ection and c) 1/4-section. Opening fac-
tor 0.01 m'/2, Fire Toad density within the range
31 - 251 MJ.-m2. The corresponding furnace tempe-
rature-time curves are inserted.
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Figure A4 Bending moment distribution and bending moment capa-
city during fire exposure for the test D21. Fire load
density 1005 MJ-m=2. Opening factor 0.06 m1/2. Load
Tevel : P = Py711. The corresponding furnace tempera-
ture-time curve is inserted.
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Figure A5 Time variation of current bending moment and caicula-
ted moment capacity at supports and in field for the
test DZ21.- See fuyrther Fig. A4.
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SUBROUTINE IN FIRES-RC OVER THE STRESS-STRAIN RELATION-
SHIP FOR CONCRETE

FUNCTION STR(E,FC,EC,EQ,FT,EMAX}

ELASTO-PLASTIC STRESS-STRAIN LAW ON BOTH COMPRESSION AND
TENSION SIDE INCLUDING UNLOADING.

COMPRESSIVE STRESS IS CALCULATED FROM A PARABOLIC STRESS-
STRAIN RELATION FOLLOWED BY A LINEAR DESCENDING BRANCH.

TENSILE STRESS IS CALCULATED FROM A TWOLINEAR RELATIONSHIP
INCLUDING A DESCENDING BRANCH.
UNLOADING BRANCH LEADS TO ORIGIN

E-STRESS RELATED STRAIN
FC~-COMPRESSIVE STRENGTH
EC-INITIAL MODULUS

EQ-INELASTIC STRAIN

ESTAR-SLOPE OF DESCENDING BRANCH
FT-TENSILE STRENGTH

EMAX-MAXIMUM TENSILE STRAIN

CALCULATE STRESS

IF (E-EO-FT/EC.GE.0) GO TO 116
IF (E-E0) 120,100,105

STR=0.0

GO TO 155

TENSTLE STRESS

STR=(E-E0)x%EC
GO TO 155

C=0.4x70xx-3

IF (E.LE. C+EC) &GO 7O 118
STR=0.0

G0 TO 155

STRESS IS ON DESCENDING BRANCH OF STRESS-STRAIN CURVE

STR=0.99%FTx({C-E+E0)/{C~FT/EC))
IF(EMAX.LE.E) GO TO 155

TRESS IS ON UNLOADING BRANCH OF STRESS-STRAIN CURVE

STRU=0.99%F T ( (C-EMAX+EQ)/(C-FT/EC))
STR=STRUx( (E-E0)/ (EMAX-ED))
GO TO 155
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COMPRESSIVE STRESS

ET=FC/EC

E1=E1+E1

R=ESTAR/EC
E2=E1x(1.0-R)
DE=E+EZ

IF (DE) 130,130,140

STRESS IS ON ESTAR PROTION OF STRESS-STRAIN CURVE

STR=FCx(1.0-RxR)
STR=STR+ESTARXDE

GO TO 150

STRESS IS ON PARABOLIC PORTION OF STRESS-STRAIN CURVE

B=0.5%EC/E]
STR=EC+BXE

STR=STRxE

CALCULATE LINEAR ELASTIC STRESS WITH ORIGIN AT EO
S=FCx(E-EO)

IF UNLOADING CHOOSE LARGER STRESS

IF (S.GT.STR) STR=S

FO=MIN(EO,E-STR/EC)

CONTINUE

RETURN
END

Dupli Koosult Esliv 1976



