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Abstract

Timber structures in fire situation are
subject to intrinsic uncertainties from the
material and the actions on the structure and
their probabilistic behavior has not being
studied exhaustively. In this paper, four
limit state equations using the reduced
cross-section method are developed for tim-
ber columns in fire situation. The security
criteria taken into account in these equa-
tions are the compression, the lateral stabil-
ity and the combined bending and compres-
sion, according to the NBR 7190:1997 stan-
dard. The structural reliability analysis of
five simply supported timber columns with
rectangular cross-section in fire situation
and different base and height ratios where
performed using the first order reliability
method. The overall probability of failure of
the column was obtained by associating the
failure criteria in a series system. The relia-
bility behavior of the different base to
height ratios was evaluated, leading to dif-
ferent results for the distinct ratios and the
criteria used. Also, a sensitivity analysis
was performed indicating the timber char-
ring rate as the most important random vari-
able in the reliability analysis for these limit
state equations.

Introduction

For the determination of the resistance
of timber structural elements in a fire situa-
tion, there are simplified and advanced
methods. In the simplified methods, the
evaluation is carried out by the reduced
cross-section method or by the reduced
properties method.! In the reduced cross-
section method, the reduction is determined
using the charring rate of the timber and the
fire resistance is calculated using the resid-
ual cross-section.! In the reduced properties
method, besides the reduction of the cross-
section by the charring, the modification of
the mechanical properties of the material is
taken into account by the increase of the
internal temperature of the element.! In the
advanced methods, the evaluation is per-
formed using the finite element method and
the thermomechanical properties as func-
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tions of temperature.! The safety of structur-
al elements in normal and in fire situations
is estimated by risk assessment methods
that use limit state equations.! Current stan-
dards ensure it, by using partial factors,
which are calibrated through the structural
reliability models, allowing engineers to
work with semi-probabilistic problems, but
still maintaining acceptable levels of relia-
bility.? In the literature, few works are found
about structural reliability of timber struc-
tures. Kohler?® developed probabilistic mod-
els to describe timber properties in normal
temperature. Vaidogas and Juoceicius* pre-
sented a general approach to the reliability
of a timber structure exposed to fire while
Cheung et al’ and Clancy® developed pro-
cedures for the estimation of the probability
of failure and failure time of beams and
light-timber framed walls, respectively.
There is a lack of studies involving the reli-
ability of timber columns. In this paper, the
influence of the base to height ratio (B/H)
and the random variables on the probability
of failure of timber column is evaluated in
fire situation. The limit state equations are
derived from the reduced cross-section
method, considering the criteria of com-
pression, lateral stability and combined
bending and compression, according to the
NBR 7190:1997 standard.” Additionally, a
case study of a timber column subjected to
a uniformly distributed lateral loading and a
vertical loading is carried out.

Materials and Methods

Timber column in fire situation

In a fire situation, a timber column pres-
ents cross-section reduction due to wood
charring, leading to reduction in load capac-
ity during the fire exposure time. The load
capacity depends on the residual cross-sec-
tion, which can be obtained by subtracting
the carbonized layer from the original
cross-section, as established by the reduced
cross-section method.! For a rectangular
column (Figure 1), with four faces exposed
to the fire and neglecting the rounding of
the edges, the dimensions of the residual
cross-section as a function of the time of
fire exposure are calculated by Eqgs. 1 and 2.

b=B=Q2 By ?), ()

h=H—(2-B,, 1) )

Structural reliability. First order
reliability method

The objective of the structural reliabili-
ty is to quantify and to evaluate the safety of
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structures based on the probability theory,
by calculating failure probabilities related
to the structural system. The performance
requirements of the structural systems can
be defined in the form of limit state equa-
tions, in order to quantify the probability of
failure of these requirements.”> Using the
First Order Reliability Method (FORM),?
reliability problems are solved approxi-
mately by the linearization of the limit state
equations. Such approximation is calculated
on the so-called design point, defined as the
point on the limit state equation with the
shortest distance to the origin. This distance
is usually represented by f and called relia-
bility index.

The probability of failure of the struc-
tural systems can be calculated using the
standard normal cumulative distribution
function @(.) and the reliability index £.2%9
Thus the approximate probability can be
defined by:

P, =®(-f) 3)

Structural design for fire safety presents
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more uncertainty than for normal tempera-
ture conditions.! According to Buchanan
and Abu,! the strength reduction factor is
derived by code writers to ensure in a fire
situation a target reliability index S between
2.00 and 3.00. In this paper, it is considered
equal to 2.00.

Reliability evaluation of series sys-
tems

Systems composed by serially associat-
ed components, also known as chain sys-
tems, are those in which the weakest com-
ponent failure leads to system failure.” If an
event E; corresponds to the failure of the it
series component, considering n compo-
nents, the system failure event (F) is given
by Eq. 4. More information about reliability
evaluation of series systems can be found in
Sorensen.’

F=E UE VE U.VE =U_E, (4)

Limit state equations

According to NBR  7190:1997
standard,’ for the design of a timber column
subjected to transverse and to axially cen-
tered loads, the criteria of compression, lat-
eral stability and combined bending and
compression are considered. These criteria
were used to derive four limit state equa-
tions, which were applied to the reliability
analysis. The equations were adapted for
the design of columns in fire situation by
the reduced cross-section method,' since
current version of the Brazilian standard’ is
only used for the design of timber structures
in normal temperatures. In a recently pro-
posed NBR 7190 draft,!® design prescrip-
tions concerning fire situation were includ-
ed. The compression limit state is represent-
ed by Eq. 6 and the combined bending and
compression limit state is given by Eq. 8.
The lateral stability limit state is considered
in three different situations: short column,
medium slender column and slender col-
umn. The three criteria are required during
the design process. The compression criteri-
on of the column is presented by Eq. 5,
where the compression stress is caused by
the axial loads G+Q. Eq. 6 is the resulting
limit state equation, where X, is a random
variable, which represents the model uncer-
tainties.

on < fao (5)

(,,-(c+0)
a-(n-C2)x, ©

The combined bending and compres-
sion criterion, considering that the bending
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moment is applied in one direction, is given
2

[U_MJ 4%

Jo) Ja

The limit state equation for the com-
bined bending and compression criterion is
given by

2
G
w5

< ] equation: 7

wi’

where
=L ©)
yC )

The lateral stability is evaluated accord-
ing to the slenderness ratio of the element.
If the slenderness ratio is less than 40, the
column is considered short and the com-
bined bending and compression criterion is
only taken into account by Eq. 8. For a slen-
derness ratio in the range of 40 <1 < 80, the
column is considered medium slender and
the lateral stability criterion is:

Jo o Jeo

»

where the maximum bending stress is deter-
mined from the moment obtained by Eqs 11
to 17.

M=N-¢, )
F.-':‘
ed_el FE_N (12)
2.E -1
Ff”T; (13)
Sl (14)
_ (wr 15
" 8(G+0) ()
g = 16
0"3 ( )

]
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The limit state equation for the lateral
stability criterion of a medium slender col-
umn is:

F,
G+ . E
i 4 ( Q}‘EI[FE-(G"'Q)]
&= s, )t S,

M)

For a slenderness ratio A > 80, the col-
umn is considered slender and the lateral
stability criterion is also given by Eq. 10,
but the bending moment is determinate
using Egs. 19 and 20

F,
M=N-e .. £
€ ef [FE—N] 19)

‘eid- e te +e “1exp

¢-Gﬂm+%}glqm
Fy-[G+(w+w)2]] ||| (20

The limit state equation for the lateral sta-
bility criterion of slender columns is given
by:

F,
(G*Q)"W'[FE (G+0

Jao'W.

(5L ) ) x @D

-
Penar. t

H - (2 Bchar.t)

h=

ﬂdﬂar.f

.. ..

Pehar.t b=B - (2.fchar.t) fehar.t

Figure 1. Charring of the cross-section.
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Case study

Structural reliability analyses were per-
formed using the FORM? implemented in
the Risk Tools software developed by
Mahsuli.!" The analysis results are: failure
probabilities of the elements as a function
of the time of fire exposure for the different
design criteria presented, evaluation of the
different column base to height ratios (B/H)
and a sensitivity analysis of the parameters,
indicating the most influent random vari-
ables on the reliability analysis.

Structural system of the timber
columns

In the analysis, the columns with length
of 5.00 m are simply supported and have a
rectangular cross-section of 0.40 m?, but
differing on the B/H ratios. The ratios con-
sidered were 1.00, 0.80, 0.60, 0.40 and 0.20,
resulting in cross-sections of 20 cm x 20
cm, 18 cm X 22 cm, 16 cm X 25 ¢cm, 13 cm
x 31 cm and 9 cm % 45 cm. They were sub-
jected to G and Q vertical loads. The dis-
tributed lateral load w is due to the dynamic
wind pressure and is applied either in direc-
tion x or in direction y (Figure 2).

The four sides of the cross-section were
considered exposed to fire. The wood char-
ring rate is constant and reduces the cross-
section without causing corner rounding,
due to the model simplification. The col-
umn slenderness ratio was evaluated at each
1 min of fire exposure interval in the range
of 0 to 200 min.

speed (V) of 45 m/s, according to the NBR
6123:1988 standard'? and is given by:

w= 0.631-1,2 (22)
resulting in w = 1.28 kN/m?. Using a span
length of 5.0 m, the value of w is 6.39
kN/m. The coefficient of variation for the
characteristic wind velocity was obtained
from the JCSS: Probabilistic Model Code."
The random variable associated to the
model uncertainties (X)) is described in
Kohler?® and is applied to uncertainties relat-
ed to material parameters (such as compres-
sion strength along the grain, modulus of
elasticity), geometric deviations from spec-
ified dimension, load duration and moisture
effects. The random variables statistical
properties are summarized in Table 1. The
creep coefficient (@) was 0.8, for perma-
nent or long duration loading and moisture
class 1 and 2.7 The values of v, and y, were
0.30 and 0.20, respectively.” The sum of
these factors should not be greater than 1.

G+Q

CPress

Results and Discussion

In this section, the reliability analysis of
each limit state equation is presented. Then,
the column overall probability of failure
based on the series association of the isolat-
ed failure criteria is discussed. Finally, the
sensitivity analysis of the random variables
is shown, indicating the most important ran-
dom variables for each criterion.

Structural reliability for the com-
pression criterion

The reliability index curves of the
columns for the compression criterion (Eq.
6) are shown in Figure 3. Although the
columns have the same cross-section areas,
the one with the highest B/H ratio has high-
er reliability indexes for a greater fire expo-
sure time. The cross-section with the lowest
B/H ratio, equal to 0.20, leads to the lowest
reliability index, due to the larger perimeter
available for the cross-section charring.
There is also a larger time difference from
the reliability index curves of B/H ratios
equal to 0.20 and 0.40 compared to the
other ratios.

Random variables parameters _/1 ‘ = ‘ ‘ o y

The probabilistic input parameters of

. . N

the random variables, mechanical proper- » > X X
ties of the timber, permanent and variable w w L H
actions, were obtained from Cheung et al.’ >
The wood considered is Eucalyptus citri- = z y
odora with moisture content of 12%. The > >
average load used was 50.00 kN for the per- b |'_—I
manent action (G) and 125.00 kN for the X y B
variable action (Q).

The dynamic wind pressure was calcu-
lated assuming the characteristic wind Yigure 2. Structural diagram of the column.
Table 1. Probabilistic input parameters of the random variables.
Permanent action G kN Normal 50.00 10.00 0.20
Variable action 0 kN Gumbel 125.00 31.25 0.25
Dynamic wind pressure w kN/m Lognormal 6.39 1.28 0.2
Charring rate B mm/min Lognormal 0.6 0.1 0.17
Modulus of elasticity along the grain E, kN/cm? Lognormal 2067.00 254.00 0.12
Compression strength along the grain fi) kIN/cm? Lognormal 6.20 0.64 0.10
Model uncertainties Xy - Lognormal 1.00 0.10 0.10
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Assuming a reliability index limit of
2.00,! the results indicate that the B/H ratios
of 1.00, 0.80 and 0.60 show the highest fire
resistance: 89, 87 and 82 min, respectively.
These results are quite close to one another.
The cross-section with B/H = 0.20 showed
the lowest fire resistance: 50 min.

Structural reliability for the com-
bined bending and compression cri-
terion

In Figure 4, the results for the limit state
equation g, for the combined bending and
compression criterion in the x and y direc-
tions (Eq. 8), are presented. In Figure 4A,
for the wind action applied in the y direction
and the bending moment vector in the x
direction, the cross-section with B/H = 1.00
was the one with the lowest reliability
indexes, an opposite result to the one found
in the compression criterion. The highest
cross-section is more effective in resisting
lateral load applied in the y direction.
Initially, the curve of the B/H = 0.20 pres-
ents the highest reliability index but, at 26
min, it intercepts the curve of the B/H =
0.40, quickly reaching the lowest perform-
ance at 58 min of fire exposure. The smaller
base dimension and the larger height lead to
a larger fire exposure perimeter, resulting in
the rapid consumption of the cross-section.
The B/H = 0.40 presents the best fire resist-
ance with failure time equal to 51 min.

In Figure 4B, for the wind action
applied in the direction of x and bending
moment vector in the y direction, the results
indicate that the B/H ratios of 1.00, 0.80 and

Structural reliability for the lateral
stability failure criterion

The reliability indexes for the lateral
stability in the x and y directions are shown
in Figure 5. In Figure 5A, the cross-sections
with the lowest B/H ratios were those with
the highest reliability indexes, a similar
result to the one obtained for the combined
bending and compression criterion. The
reliability indexes of the lateral stability cri-
terion are lower than those of the combined
bending and compression criterion. As for
the combined bending and compression cri-
terion, the curve of B/H = 0.20 intercepts
the curve of the B/H = 0.40 at 48 min. Also,
for B/H = 0.20, there is a considerable
reduction of the reliability index with rela-
tion to the other curves, reaching the limit at
39 min.

In Figure 5B, the cross-section with the
highest B/H ratio presents a higher reliabil-

ity index. This criterion has the lowest reli-
ability indexes of all criteria in this study.
The columns with B/H ratios of 1.00, 0.80
and 0.60 show fire resistances equal to 18,
12 and 5 min, respectively. Curves of B/H
equal to 0.20 and 0.40 do not reach the min-
imal fire resistance prescribed in fire situa-
tion, even at an exposure time equal to zero.

Column overall structural reliability

In Figure 6A, the evaluation of the over-
all reliability indexes are presented as a
function of the fire exposure time of the var-
ious column configurations. The indexes
were obtained by the series association of
the failure criteria. Only the lower bound of
the series association is presented, since the
bounds had similar values. This analysis led
to similar results to those obtained for the
lateral stability criterion in the y direction
(Figure 5B), indicating that this criterion is

12 ;
~~~~~ 20x20 BH=1.0
10} ——18x22 BH=08 ]
e 16%25 BH=0.6
sl — — —13<31 BH=0.4 |
—%— 0x45bh=0.2
sl
4
g
2
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a2t
4t
]

0 20 40 60 80 100 120 140 160 180 200
0.60 show the best performance to fire .
. . Time of fire exposure
exposure: 40, 35 and 30 min, respectively.
The cross-section with a B/H ratio of 0.20
showed the lowest performance: 5 min. Figure 3. Reliability indexes for the compression criterion.
A 12 12 B
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Figure 4. Reliability indexes for the combined bending and compression criterion: vector bending moment in the x direction (A) and in

the y direction (B).
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the most relevant in the analysis of
columns. The reliability indexes reduce
with the decrease of the B/H ratio, and the
B/H ratio of 1.00 has the best performance.

Considering a limit reliability index
equal to 2.00 for fire situation,' the columns
with B/H ratios of 1.00, 0.80 and 0.60 have
fire resistances of 18, 12 and 5 min, respec-
tively. Curves of B/H ratios equal to 0.20
and 0.40 do not reach the minimal fire
resistances prescribed in fire situation, even
at an exposure time equal to zero. This
information could be useful to the Brazilian
standard, in order to prescribe design crite-
ria for columns in fire situation, since the
knowledge of the overall structural reliabil-
ity evolution along the time of fire exposure
allows decision-making based on previous-
ly agreed reliability indexes. Further studies
about cross-section B/H ratios are required
to obtain shape coefficients that could be

used in new version of the Brazilian stan-
dard to define design criteria for timber
columns in a fire situation, ensuring previ-
ously agreed structural reliability.

Sensitivity of the random variables
In Figures 6B-8, the sensitivity analysis
of the critical situation is presented for the
column with a cross-section of 16 cm x 25
cm. For the compression criterion (Figure
6B), in the initial period of fire exposure, the
most important variables are the variable
action, the compression strength along the
grain and the model uncertainties, in this
order. For the combined bending and com-
pression criterion (Figure 7), in the initial
period of the fire exposure, the wind action is
the most important variable. For the lateral
stability criterion in the x and y directions,
variable and wind actions are the most impor-
tant variables at the initial period of fire expo-

sure. For all the criteria presented, throughout
the fire exposure period, the charring rate
becomes the most important variable.

Conclusions

In this paper, a structural reliability
analysis of different configurations of tim-
ber columns was performed in a fire situa-
tion. This analysis was based on the failure
criteria of compression, lateral stability and
combined bending and compression, using
the reduced cross-section and the FORM
methods. The knowledge of the overall
structural reliability evolution along the
time of fire exposure allows, in design
processes, decision-making based on previ-
ously agreed limit reliability indexes. For a
limit reliability index of 2.00, the obtained
results allow to conclude that: 1) the cross-

A 12 12 B
----- 20%20 BH=1.0 —-—-=20%20 BH=10
—18x22 BH=08 10 —18x22 BH=08
16%25 BH=0.6 e 16425 BH=0 6
— — — 1331 BH=04 st — — — 1331 BH=04
—— 9xd5 BH=02 —— 9xd5 BH=02
6 k
4)
& : i ; ) : x . " . A A : = : ; : ; x
0 20 40 60 B0 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Time of fire exposure Time of fire exposure
Figure 5. Reliability indexes for the lateral stability criterion: x direction (A) and y direction (B).
A 12 1 - ” B
————— 20%20 BH=1.0 09
10 —18x22BH=08
16%25 BIH=0.8
8 — — 13«31 BH=0.4 08
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Zos Xu
B e Behae
= -==feo
gost {  |2IC &
7
% 04 ——Q
03
02
01
s ; . ; . . . . . . 0
0 20 40 6 B0 100 120 140 160 180 200 0 20 4 60 80 100 120 140 160 180 200

Time of fire exposure
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Figure 6. (A) Reliability indexes for the failure criteria associated in series; (B) Sensitivity analysis of the 16 cm x 25 cm cross-section

for the compression criterion.
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Figure 7. Sensitivity analysis of the 16 cm x 25 cm cross-section for the combined bending and compression criterion: bending in the x
direction (A) and bending in the y direction (B).
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Figure 8. Sensitivity analysis of the 16 cm x 25 cm cross-section for the lateral stability criterion: direction x (A) and direction y (B).

section B/H ratio is an important parameter
to ensure the structural safety of com-
pressed columns; ii) the highest values for
the overall structural reliabilities were pre-
sented by the cross-section with B/H ratios
of 1.00, 0.80 and 0.60; iii) the series associ-
ation of the failure criteria presents similar
results to the lateral stability criterion in the
y direction, confirming that it is the most
relevant criterion in the design of the
columns in a fire situation; iv) the variable
and the wind actions are the random vari-
ables that present the greatest influence on
the reliability analyses in the initial fire
exposure period. However, the charring rate
becomes the most important random vari-
able as the fire exposure time increases; v)
studies about cross-section B/H ratios
should be developed to obtain shape coeffi-
cients to be used in the design of columns in
a fire situation in order to ensure the limit
reliability index.
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Nomenclature

b

B

ECO

base dimension of the residual cross-
section (m)

base dimension of the original cross-
section (m)

cross-section height of the verifica-
tion plane (m)

height dimension of the residual
cross-section (m)

height dimension of the original
cross-section (m)

failure of the i component in series
first-order supplementary eccentrici-
ty (m)

accidental eccentricity (m)

design eccentricity (m)

initial eccentricity (m)

system failure event

compressive strength along the grain
(KN/m?)

Euler’s critical load (kN)

modulus of elasticity along the grain

[Fire Research 2018; 2:51]
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(KN/m?)

permanent action (kN)

second moment of area of the resist-
ant cross-section (m*)

column length (m)

theoretical reference length (m)
bending moment (kN.m)

axial load (kN)

probability of failure

variable action (kN)

time of fire exposure (min)
characteristic wind speed (m/s)
dynamic wind pressure (kN/m)
cross-section modulus (m?)

distance of the neutral line to the
most compressed grain (m)

factor for the model uncertainties
reliability index

charring rate (m/min)

slenderness ratio of the element
compressive stress (kN/m?)
maximum bending stress in the one
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direction (kN/m?)
@  creep coefficient
standard normal cumulative distribu-
tion function
¥, load combination factor
¥,  use combination factor
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