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Studies on Prediction about Behavior of Wood Beam
under Standard Fire Condition’!
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1. INTRODUCTION

In spite of increasing of the amount of wood
as structural members. only a few researches
about fire endurance have been processed in
Korea and the properties of wood on fire are
rarely understood. It means that if wood mem-~
bers are used in bearing parts, the assemblies
or the structures are considered weak with the
concepts of combustible material. The wood has
very small coefficients of heat transfer and
thermal expansion. Moreover, the charredlayer
can decrease the charring rate. As these rea-
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sons. wood structures have a good performance
on fire.

There are two methods to enhance the per-
formance of wood structure. The first issurface
coverage of the noncombustible materials to
protect members from the direct fire exposure.
The second is the limitation for the use of wood
members with the fire endurance perfor-
mance(Shaffer, 1977). The performance is exp-
ressed with the term, endurance time. It means
the time to rescue people or to admit fire fight-
er working during fire.

Several years ago. the only method for
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obtaining code acceptance of an assembly was
to conduct a fire test using verification agen-
cies. Today, however, code authorities have
increasingly accepted engineering analyses.
Therefore, the fire researches have concentrat-
ed on developing the models for determining the
fire endurance ratings of wood members and
assemblies.

However, the most of them can not consider
the weakening of uncharred part at high tem-
perature. In addition. they can not consider the
rounding effect. because these analyses assume
the cross section of beam as rectangle(Shaffer,
1984 : White, 1988). Because of these reasons,
a precise section analysis method is necessary in
order to develop a precise model.

The effect of temperature on wood properties
was defined to obtain the transformed section.
It was reported that dynamic MOE values were
completely unaffected by temperature(Knud-
son, 1974). According tothe previous report (Preuss-
er, 1968), 90% of initial MOE remained at 160
, and the thermal effect coefficient increased
up to 2556, Hearmon et al. (1948) reported that
MOE decreased with -0.0050 /. as the thermal
effect coefficient. That is. as temperature of 1
T elevates. 0.5% of MOE decrease. Knudson et
al. (1974) reported that the thermal effect coef-
ficient was -0.0026 / between temperature and
tensile strength.

Moisture contents(MC) is also another impor~
tant factor on mechanical properties. Thus. it
was necessary to be considered. It was reported
that the surface is dried rapidly, but MC of
inner part increase slightly. Therefore, most of
the uncharred section maintained the initial
M.C. condition(Shaffer, 1977). According to
the results, only the temperature effect was
considered and M.C.could be neglected in this
study.

The method, which can calculate the trans-
formed section based upon the existing rela-
tionships among temperature and MOE, and
experimental temperature data was developed.

To verify the method, the predictions were com-
pared with actual fire test deflection data. If
the behavior of wood beam can be predicted pre-
cisely with the method. it can be used for the
fire endurance time model. and can use the
material efficiently.

2. MATERIALS & METHODS

2.1 Materials

Test specimens were prepared from air-dry
Douglas—fir lumbers having 0.53 of specific
gravity and 15.08% of M.C.. The MOE of the
specimens yielded a mean value of 105,400
kgf/cm? and standard deviation of 2, 700kgf/cm?.
The corresponding values for MOR were 850
kegf/cm? and 138kgf/cm?.

Seven pairs of lumbers were laminated with
glue, as a result, seven beams were prepared
with 6 by 10 cm cross sections. The phenolic
adhesive was used for laminating. These beams
were exposed to standard fire condition.

2.2 Experimental Methods

The furnace of the Fire Insurers Laboratories
of Korea was used for the standard fire expo-
sure condition. It was designed with floor area.
320 by 400 cm, and to measure the temperature
of inner part.

To measure the temperature of the cross sec-
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Fig. 1. The equipment of the test.
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tion, thermocouples with the accuracy of 1T
were used. The deflections were measured with
the deflectometers with the accuracy of £ 1T
mm.

The exposure condition was controlled by the
time-temperature curve specified in ASTM E
119(1988). and the four sides of the beams were
exposed to fire. Fig. 1 shows the test assembly,
and there is a comparison of the time-temper-
ature curve and the actual furnace temperature
in Fig. 2.

The furnace was covered with the fireproof
concrete blocks and the beams were laid
between the blocks. The exposure condition was

kept for 30 minutes. Two types of weights, 50
and 80kef, were loaded on the center of the
beam span. Each loading condition was repeat-
ed three times. The 80kef loading condition was
designed as 90% of allowable stress approxi-
mately(NDS, 1991). The deflection was mea-
sured per each minute at the center of the beam
span. To measure the temperature of cross sec-
tion, the thermocouples were installed on the
locations which shown in Fig. 3

2.3 Transformed Section

The transformed section assumed in this
study was based upon the elastic transformed
section analysis. To obtain it. weakening by

Unit: cm high temperature was changed into the short-
5% Original section  ening of width. It means that the decreasing of
Char base. g Uncharred mechanical properties could be expressed by the
Charred gt . section 4 reduction of width. Therefore. the transformed
area e 4~ Transforme )

] - section section was smaller than uncharred section, and
4 x its MOR and MOE could be assumed as same

l : ! that the value at room temperature.

2.3.1 Transformed Width

Inserting the thermal effect coefficients to

the time-temperature regression equations

y measured at each thermocouple location(Fig.

Fig. 2. Time-Temperature curve of the Furnace.
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Fig .3. Illustration of thermocouple location(unit: cm}.
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Fig. 4. Distribution for relative stiffness and transformed width.
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Fig. 5. Width of transformed section.

3). the equations of relative MOE and MOR
were obtained, respectively. Their general form
was

where, R: Relative MOE or MOR as fraction
of room temperature value
a: Slope of strength reduction
t: Time
i: Locations of thermocouples(1.2,...5)

Equation (1) means relative MOE or MOR at
arbitrary time, t. and at arbitrary thermocou-
plelocation, i. If the relative values at the adja-
cent thermocouples were connected by linear
equation, distribution of the relative MOE or
MOR could be obtained. as shown in Fig. 4.

In Fig. 4(a), the horizontal axis indicates the
depth of quarter of section and the vertical indi-
cates relative value. The horizontal axis of (b)
indicates the width of quarter of section.
Assuming that Sc(t) is the line which connects
three relative values of the center thermocou-
ple locations, and Sa(t) is the line which con-
nects two relative values of others, Sc(t’,y")
and Sa(t’.y’) could be determined at arbitrary
time, t” and depth, y’. Consequently, the area
of the polygon, B(y) which is defined by three
points, Sa, Sc and R(288), relative value at
charring point means the half width of trans-
formed section, shown as Fig. 5.

2.3.2 Areaand inertia Moment of transformed
section
Because B{y) means the transformed width of
quarter section, the area of transformed section
can be calculated by integration. The range of
integration is from center to char base. Since
the result is for quarter section. it has to be
multiplied by 4. The equation can be expressed
as follows :

A(t) =4 - j;D"_CtB(t,' y) dy o 2)

where,

B(t, v): Width of transformed section as a
function of depth and time,
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A(t): Area of transformed section asa
function of time,
D, Original depth,
C : Charring rate.
t :time.

The inertia moment can be calculated by the
same way. The equation can be expressed (Mer-
ian, 1986 : Timoshenko, 1968) :

I(t)=4- [""“y® Bt y) dy -~ (3)

where, I,(t): Inertia moment.

It was used as charring rate of 0.051mm/min
(Schaffer, 1977). The integration was solved by
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Fig. 6. Temperature data obtained from ther
mocouple location T4.

Deflection
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Fig. 7. Relationship between deflection and ex-
posure time for concentrated load 50ke.

PC mathematical package. Matlab. Where. the
length of the strip, dy, was 0.1 mm.
2.3.3 Prediction of Deflection

The equation of deflection of simply support-
ed beam under center loading is :

p1s
d =— e (4)
481K

where,

¢ : Maximum deflection at center of beam.

P Concentrated load,

1 : Span,

I : Inertia moment of transformed cross-
section as a function of time.

E @ Modulus of elasticity.

Shear contribution to deflection was neglect-
ed. The relationship between deflection and
exposure time was calculated by inserting the
inertia moments. It was demonstrated by com-
parison with the experimental data.

3. RESULTS & DISCUSSION

3.1 Temperature Distribution

The relationship between exposure time and
section temperature obtained from the thermo-
couple locations, T4 in Fig. 3, was shown in
Fig. 6. The relationship from T4 was most typ-
ical. Seeing Fig. 6. the relationships could be
divided to 4 different stages ' 1st stage has the
gradual stage, 2nd stage has steep slope. 3rd

—2— 80kg—1
—e— B80kg—2
—a&— B80kg—3

Deflectio

2.00}
02 4 6 8 10 12 14 16 18 20

Time(min)

Fig. 8. Relationship between deflection and ex-
posure time for concentrated load 80ke.
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Table 1. Slopes of temperature increase at each
locations.

Location Section” Time(min.) Slope R?

T1 1 0~ 6 0.381 0.38
2 ~15 12.657 0.85
3 ~30 2.749  0.19
T2 1 0~ 6 0.476 0.48
2 ~11 17.114  0.88
3 ~30 2.816  0.48
T3 1 0~ 5 1.800 0.58
2 ~ 7 36.333  0.87
3 ~30 10.886  0.83
T4 1 0~ 5 0.429 0.43
2 ~11 15.232 0.92
3 ~30 4.500 0.59
T5 1 0~ 5 2.667 0.45
2 ~ 8 23.133 0.76
3 ~30 19.790  0.72

*1 Section: division of exposure time according to
the tendency of temperature increase.
1 : the first section with gradual slope.
2 ' the second section with steep slope.
3 ' the last section with middle slope.
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Fig. 9. Comparison of experimental inertia mo-

ment with predicted value at 50kg load.
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Fig. 10. Comparison experimental inertia mo-
ment with predicted value at 80ke
load.

stage is horizontal, and 4th stage has another
steep stage. However, the 3rd stage is main-
tained for shorter time, and then this stage
could be neglected.

Therefore, three periods could be divided by
the gradual slope. the steep slope . and then
intermediate slope. This tendency of tempera-
ture increasing agreed well with the results of
Yeoetal(1994).

The slopes were calculated with regression
analysis, and shown in Table 1.

3.2 Deflection

The deflections of beams increased according
to reduction of section area and weakening of
outer fibers. The relationships between expo-
sure time and deflection were shown in Fig. 7
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Fig. 11. Comparison of experimental inertia

moment with predicted values using
various coefficients at 50keg load.
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Fig. 12. Comparison experimental inertia mo-

ment with predicted values using var-

ious coefficients at 80ke load.
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and 8. Ratio of two deflection data(50 and 80ke
loading condition) were similar to the value cal-
culated using elementary beam theory. There-
fore. it was thought that deflection was mainly
affected by elastic deformation. Crosssection of
beams was rounding at corner. and charring
depths were nearly same at 4 sides.

3.3 Inertia Moment of transformed section

Fig. 9and Fig. 10 shows the inertia moments
calculated by measured deflections and predict-
ed section area which use the various coeffi-
cients proposed by Preusser. Hearmon. and
Knudson. Inertia moment based on Hearmon's
result is closer to the experimental result of oth-
ers. Otherwise, when Preusser s coefficient was
used, it was overestimated. The experimental
values lay on among predicted ones. except for
first 5 minutes.

Experimental data were smaller than pre-
dicted values in the time from 4 to 7 minute.
The reason may be considered that temperature
of surface was assumed as same with thermo-
couple location. T3and Th(see Fig. 3). It means
that lower temperature was inputted to the
range. from the surface to depth of lem. How~
ever, the range which wrong temperature was
inputted was reduced with time, so the error
might be eliminated.

After 3 minutes, experimental value was
larger than predicative values. The reason may
be that it was assumed charring started from
the time when furnace temperature rose up to
300 . However. actual charring did not leach to
steady state. Since there is a large difference
among the foregoing informations, and Hear-
mon's result was obtained from temperature
range only upto 100, it is needed to research
furthermore about the effect of temperature on
wood properties.

From comparison of experimental deflections
with predicted values using transformed section
method, the most appropriate thermal effect
coefficient was 0,0044 / . Inertia moments cal-

culated by various coefficients were shown in
Fig. 11 and 12. They showed good approxima-
tion. Substituting the coefficient to equation
(4). the model was able to predict deflection
within 15% of actual deflection, and had a
mean residue of 5% for the observed value. No
tendency for the model to overestimate or
underestimate deflection was noted.

So. the result indicates that this method is
very useful in structural applications by archi-
tectures and engineers to determine structural
behavior of wood members during fire exposure.

4. CONCLUSION

To develop the fire endurance model. the
behavior of wood beam under standard fire con-
dition was investigated using the transformed
section method. The prediction were summa-
rized as follows.

1. When wood beam was exposed to fire. the
temperature of section were divided three
peri ods by upward slope. The first period
had the gradual slope, the second period
showed the steepest slope to 100 . and the
third was intermediate.

2. The most appropriate thermal coefficient
was 0.0044 / which was obtained from the
comparison experimental deflection with
predicted value. When the coefficient was
used to predict inertia moment, the resid-
uals for experimental value were mean of
5% in both 50 and 80 kef loading condition.

3. The coefficient, obtained from this study,
had large difference from other values.
However, it could not be well explained
with only the results from this study.
Therefore, the research on the relationship
between temperature and wood properties
might be needed furthermore.
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