
S
T
R
U
C
T
U
R
A
L
 F
IR
E
 E
N
G
IN
E
E
R
IN
G
 A
S
S
E
S
S
M
E
N
T
S
 O
F
 T
H
E
 

F
R
A
C
O
F
 A
N
D
 M
O
K
R
S
K
O
 F
IR
E
 T
E
S
T
S

A
n
th
o
n
y
 A
b
u
 -
F
lo
ria

n
 B
lo
c
k
 -
N
e
a
l B

u
tte

rw
o
rth

 -
Ia
n
 B
u
rg
e
s
s

B
u
ro
 H
a
p
p
o
ld
 L
td
 -
F
E
D
R
A
 a
n
d
 U
n
iv
e
rs
ity

 o
f S

h
e
ffie

ld

In
tro

d
u
c
tio

n

B
u

ro
 H

a
p

p
o

ld

Ia
n
.B
u
rg
e
s
s
@
S
h
e
ffie
ld
.a
c
.u
k

F
e
b
ru
a
ry
 2
0
0
9

F
lo
ria
n
.B
lo
c
k
@
B
u
ro
h
a
p
p
o
ld
.c
o
m

T
h
e
 fire

 e
n
g
in
e
e
rin
g
 o
f s
te
e
l a
n
d
 c
o
m
p
o
s
ite
 fra

m
e
 b
u
ild
in
g
s
 h
a
s
 b
e
c
o
m
e
 m
o
re
 a
n
d
 m
o
re
 s
ta
n
d
a
rd
 p
ra
c
tic
e
 in
 th
e
 U
K
 in
 re
c
e
n
t y
e
a
rs
.  S

im
p
lifie

d
 d
e
s
ig
n
 m
e
th
o
d
s
 a
llo
w
 s
tru
c
tu
ra
l e
n
g
in
e
e
rs
 to
 o
m
it fire

 p
ro
te
c
tio
n
 fro

m
 la
rg
e
 n
u
m
b
e
rs
 o
f c
o
m
p
o
s
ite
 

b
e
a
m
s
.  H

o
w
e
v
e
r, th

e
re
 a
re
 a
lw
a
y
s
 b
u
ild
in
g
s
 w
h
ic
h
 fa
ll o
u
ts
id
e
 th
e
 re
la
tiv
e
ly
 tig
h
t b
o
u
n
d
a
rie
s
 o
f th

e
 s
im
p
lifie

d
 m
e
th
o
d
s
, a
n
d
 m
o
re
 a
d
v
a
n
c
e
d
 a
n
a
ly
s
is
 a
p
p
ro
a
c
h
e
s
, n
o
rm
a
lly
 im
p
ly
in
g
 th
e
 u
s
e
 o
f g
e
n
e
ra
l o
r s
p
e
c
ia
lis
t fin

ite
 e
le
m
e
n
t p
ro
g
ra
m
s
, a
re
 

u
s
e
d
.  A

lth
o
u
g
h
, th

e
s
e
 p
ro
g
ra
m
s
 h
a
v
e
 b
e
e
n
 e
x
te
n
s
iv
e
ly
 v
a
lid
a
te
d
 d
u
rin
g
 th
e
ir d

e
v
e
lo
p
m
e
n
t a
g
a
in
s
t a
v
a
ila
b
le
 te
s
t d
a
ta
, th

e
 w
a
y
 in

w
h
ic
h
 a
 m
o
d
e
l is
 c
re
a
te
d
 a
n
d
 its
 re
s
u
lts
 in
te
rp
re
te
d
 is
 e
x
tre
m
e
ly
 im
p
o
rta
n
t.  T

h
is
 w
a
s
 s
e
e
n
 d
u
rin
g
 th
e
 “R

o
u
n
d
 

R
o
b
in
”
C
F
D
 m
o
d
e
llin
g
 o
f th
e
 D
a
lm
a
rn
o
c
k
fire
 te
s
t.  A

c
k
n
o
w
le
d
g
in
g
 th
a
t m
o
d
e
llin
g
 o
f th
e
 d
y
n
a
m
ic
s
 o
f a
 fire

 is
 in
h
e
re
n
tly
 le
s
s
 d
e
te
rm
in
is
tic
 th
a
n
 th
a
t o
f th
e
 s
tru
c
tu
ra
l
re
s
p
o
n
s
e
 o
f a
 b
u
ild
in
g
 in
 fire

, a
 s
im
ila
r le
s
s
o
n
 s
h
o
u
ld
 b
e
 le
a
rn
e
d
, a
s
 th
e
 e
ffe
c
ts
 o
f 

p
o
s
s
ib
le
 “m

o
d
e
llin
g
”
m
is
ta
k
e
s
 c
o
u
ld
 le
a
d
 to
 c
a
ta
s
tro
p
h
ic
 c
o
n
s
e
q
u
e
n
c
e
s
.

T
h
e
 F
E
M
 p
ro
g
ra
m
s
 u
s
e
d
 to
 p
re
d
ic
t th
e
 s
tru
c
tu
ra
l re
s
p
o
n
s
e
 to
 fire

h
a
v
e
 b
e
e
n
 v
a
lid
a
te
d
 a
g
a
in
s
t a
v
a
ila
b
le
 te
s
t d
a
ta
.  H

o
w
e
v
e
r, th

e
 b
u
lk
 o
f th
e
 a
v
a
ila
b
le
 te
s
t d
a
ta
 c
o
m
e
s
 fro

m
 a
 s
e
rie
s
 o
f ju
s
t s
e
v
e
n
 fire

 te
s
ts
 o
n
 a
 s
in
g
le
 b
u
ild
in
g
 c
o
n
s
tru
c
te
d
 in
 a
n
 o
ld
 

a
irs
h
ip
 h
a
n
g
e
r in

 B
e
d
fo
rd
s
h
ire
, U
K
.  T

h
e
 C
a
rd
in
g
to
n
 te
s
t b
u
ild
in
g
 w
a
s
 d
e
s
ig
n
e
d
 a
s
 a
 ty
p
ic
a
l c
o
m
p
o
s
ite
 fra

m
e
 b
u
ild
in
g
 o
f th

e
 e
a
rly
 1
9
9
0
s
, u
s
in
g
 s
ta
n
d
a
rd
 U
K
 b
u
ild
in
g
 p
ra
c
tic
e
 a
n
d
 d
e
ta
ils
, w
h
ic
h
 lim

its
 th
e
 a
v
a
ila
b
le
 v
a
lid
a
tio
n
 c
a
s
e
s
 fo
r th

e
 F
E
M
 

p
ro
g
ra
m
s
 to
 o
n
e
 p
a
rtic
u
la
r ty

p
e
 o
f c
o
n
s
tru
c
tio
n
.  N

o
n
e
 o
f th

e
 te
s
ts
 le
d
 to
 th
e
 c
o
lla
p
s
e
 o
f th

e
 b
u
ild
in
g
.  T

h
e
 fa
c
t th

a
t th

e
 b
u
ild
in
g
 te
c
h
n
iq
u
e
s
 h
a
v
e
 d
e
v
e
lo
p
e
d
 fu
rth
e
r, a

n
d
 th
a
t fin

ite
 e
le
m
e
n
t a
n
a
ly
s
e
s
 o
f b
u
ild
in
g
s
 in
 fire

 a
re
 c
o
n
d
u
c
te
d
 a
ll o
v
e
r th

e
 

w
o
rld
, m
e
a
n
s
 th
a
t p
ro
g
ra
m
s
 a
re
 lik
e
ly
 to
 b
e
 u
s
e
d
 o
u
ts
id
e
 th
e
 b
o
u
n
d
a
rie
s
 o
f th
e
 v
a
lid
a
tio
n
s
 c
o
n
d
u
c
te
d
.  It is

 th
e
re
fo
re
 e
v
e
n
 m
o
re
im
p
o
rta
n
t th
a
t p
a
ra
m
e
tric
 s
tu
d
ie
s
 a
re
 c
a
rrie

d
 o
u
t a
n
d
 th
a
t s
p
e
c
ia
l c
a
re
 is
 g
iv
e
n
 to
 th
e
 “m

o
d
e
llin
g
”
a
s
s
u
m
p
tio
n
s
 a
n
d
 

in
te
rp
re
ta
tio
n
 d
u
rin
g
 th
e
 d
e
s
ig
n
 p
ro
c
e
s
s
 in
 o
rd
e
r to

 g
iv
e
 ro
b
u
s
t
a
n
s
w
e
rs
.

•
T
h
e
 
F
R
A
C
O
F
 
te
s
t 
w
a
s
 
d
e
s
ig
n
e
d
 
to
 
d
e
m
o
n
s
tra
te
 
th
e
 
b
e
n
e
fits
 
o
f 
te
n
s
ile
 

m
e
m
b
ra
n
e
 a
c
tio
n
 in
 th
e
 d
e
s
ig
n
 o
f s
te
e
l-fra

m
e
d
 c
o
m
p
o
s
ite
 flo

o
r s
y
s
te
m
s
 in
 

th
e
 E
u
ro
p
e
a
n
 C
o
m
m
u
n
ity
.

•
T
h
e
 
te
s
t 
w
a
s
 
s
e
t 
u
p
 
a
s
 
a
n
 
8
.7
4
m
 
x
 
6
.6
6
m
 
c
o
m
p
o
s
ite
 
s
la
b
 
p
a
n
e
l, 

re
p
re
s
e
n
ta
tiv
e
 o
f a
 c
o
rn
e
r c
o
m
p
a
rtm

e
n
t.  

•
It 
in
c
lu
d
e
d
 
fo
u
r 
e
q
u
a
lly
-s
p
a
c
e
d
 
IP
E
 
3
0
0
 
d
o
w
n
s
ta
n
d
s
e
c
o
n
d
a
ry
 
b
e
a
m
s
 

s
p
a
n
n
in
g
 8
.7
4
m
 a
n
d
 a
s
 IP
E
 4
0
0
 p
rim
a
ry
 b
e
a
m
s
.  T

h
e
 flo
o
r w
a
s
 s
u
p
p
o
rte
d
 b
y
 

H
E
B
 2
6
0
 c
o
lu
m
n
s
, u
s
in
g
 s
im
p
le
 c
o
n
n
e
c
tio
n
s
.  

•
T
h
e
 s
la
b
 w
a
s
 1
5
5
m
m
 d
e
e
p
, o
n
 C
O
F
R
A
P
L
U
S
 6
0
 d
e
c
k
in
g
, a
c
tin
g
 c
o
m
p
o
s
ite
ly
 

w
ith
 th
e
 s
te
e
l b
e
a
m
s
.  

•
B
e
a
m
s
 a
n
d
 c
o
lu
m
n
s
 a
t th
e
 e
d
g
e
 o
f th
e
 s
tru
c
tu
re
 w
e
re
 fire

 p
ro
te
c
te
d
.

•
C
o
n
tin
u
ity
 
a
c
ro
s
s
 
th
e
 
tw
o
 
a
d
ja
c
e
n
t 
“in
te
rn
a
l”
e
d
g
e
s
 
w
a
s
 
s
im
u
la
te
d
 
b
y
 

w
e
ld
in
g
 th
e
 a
n
ti-c
ra
c
k
 m
e
s
h
 to
 th
e
 h
o
riz
o
n
ta
lly
-a
lig
n
e
d
 H
E
B
 2
0
0
.  

•
T
h
e
 s
la
b
 w
a
s
 lo
a
d
e
d
 w
ith
 3
.9
k
N
/m

2
a
s
 lo
a
d
in
g
 a
t th
e
 F
ire
 L
im
it S

ta
te
.  

•
T
h
e
 u
n
d
e
rs
id
e
 o
f th
e
 s
tru
c
tu
re
 w
a
s
 e
x
p
o
s
e
d
 to
 th
e
 IS
O
 F
ire
 fo
r 1
2
0
m
in
.

•
In
te
g
rity
 a
n
d
 in
s
u
la
tio
n
 o
f th

e
 s
la
b
 w
e
re
 lo
s
t a
fte
r 1
0
5
m
in
u
te
s
,
w
h
e
n
 a
 c
ra
c
k
 

o
c
c
u
rre
d
 
d
u
e
 
to
 
w
e
ld
 
fra
c
tu
re
 
o
f 
th
e
 
re
in
fo
rc
e
m
e
n
t 
b
u
t 
th
e
 
s
ta
b
ility
 
w
a
s
 

m
a
in
ta
in
e
d
 fo
r o
v
e
r 1
2
0
m
in
u
te
s

•
T
w
o
 
m
o
d
e
ls
 
w
e
re
 
a
n
a
ly
s
e
d
 
b
e
fo
re
 
th
e
 
te
s
t 
u
s
in
g
 
d
iffe
re
n
t 
m
o
d
e
llin
g
 

te
c
h
n
iq
u
e
s
. 

•
A
n
 o
v
e
ra
ll s
la
b
 th
ic
k
n
e
s
s
 o
f 1
6
0
m
m
 h
a
d
 b
e
e
n
 s
p
e
c
ifie
d
 in
 th
e
 b
rie
f, w

ith
 

n
o
 s
p
e
c
ific
 d
a
ta
 o
n
 c
o
n
c
re
te
 s
tre
n
g
th
 b
u
t 4
0
N
/m
m
2
u
s
e
d
 in
itia
lly
.  

•
T
h
e
 a
p
p
lie
d
 lo
a
d
 w
a
s
 g
iv
e
n
 a
s
 3
.7
5
k
N
/m
2
, a
n
d
 it w

a
s
 a
s
s
u
m
e
d
 th
a
t

s
la
b
 
c
o
n
tin
u
ity
 
w
o
u
ld
 
b
e
 
a
c
h
ie
v
e
d
 
a
lo
n
g
 
th
e
 
tw
o
 
a
d
ja
c
e
n
t 
“in
te
rn
a
l”

e
d
g
e
s
.  

•
T
h
e
 
firs
t 
p
re
d
ic
tio
n
s
 
a
re
 
b
a
s
e
d
 
o
n
 
p
ro
te
c
te
d
 
b
e
a
m
 
a
n
d
 
c
o
lu
m
n
 

te
m
p
e
ra
tu
re
s
 
fo
llo
w
in
g
 
E
C
 
3
-1
.2
 
c
a
lc
u
la
tio
n
s
, 
m
a
k
in
g
 
a
 
c
o
n
s
e
rv
a
tiv
e
 

a
s
s
u
m
p
tio
n
 
o
f 
C
e
ra
b
la
n
k
e
t
th
e
rm
a
l 
c
o
n
d
u
c
tiv
ity
. 
A
 
O
n
e
-d
im
e
n
s
io
n
a
l 

h
e
a
t tra

n
s
fe
r w
a
s
 u
s
e
d
 to
 p
re
d
ic
t th
e
 c
o
n
c
re
te
 s
la
b
 te
m
p
e
ra
tu
re
.

•
T
h
e
 
firs
t 
V
u
lc
a
n
m
o
d
e
l 
(V
1
) 
c
o
n
s
id
e
re
d
 
a
n
 
is
o
la
te
d
 
s
la
b
 
p
a
n
e
l, 

s
u
p
p
o
rte
d
 v
e
rtic
a
lly
 a
t its

 c
o
rn
e
rs
, w
ith
 p
ro
te
c
te
d
 b
e
a
m
s
 p
ro
v
id
in
g
 th
e
 

n
e
c
e
s
s
a
ry
 
v
e
rtic
a
l 
s
u
p
p
o
rt 
a
lo
n
g
 
th
e
 
s
la
b
 
e
d
g
e
s
. 
 
N
o
 
a
x
ia
l 
re
s
tra
in
ts
 

a
lo
n
g
 its
 e
d
g
e
s
, b
u
t ro

ta
tio
n
a
l re

s
tra
in
ts
 a
lo
n
g
 tw
o
 a
d
ja
c
e
n
t e
d
g
e
s
 w
a
s
 

a
s
s
u
m
e
d
. T
h
e
 s
la
b
 w
a
s
 m
o
d
e
lle
d
 a
s
 1
0
2
m
m
 th
ic
k
 c
o
n
tin
u
o
u
s
 c
o
n
c
re
te
 

la
y
e
r a
b
o
v
e
 th
e
 d
e
c
k
in
g
 tro

u
g
h
s
. 

•
T
h
e
 s
e
c
o
n
d
 
V
u
lc
a
n
m
o
d
e
l (V

2
) u
s
e
d
 a
 fu
ll m

o
d
e
l o
f th

e
 te
s
t s
e
tu
p
.  It 

in
c
lu
d
e
d
 
th
e
 
c
o
lu
m
n
s
 
a
t 
th
e
 
c
o
rn
e
rs
 
o
f 
th
e
 
p
a
n
e
l 
a
n
d
 
th
e
 
tw
o
 

h
o
riz
o
n
ta
lly
-a
lig
n
e
d
 
H
E
B
 
2
0
0
 
s
e
c
tio
n
s
 
a
lo
n
g
 
th
e
 
“in
te
rn
a
l”
a
d
ja
c
e
n
t 

e
d
g
e
s
 fo
r c
o
n
tin
u
ity
.  T

h
e
 o
rth
o
tro
p
ic
 n
a
tu
re
 o
f th

e
 s
la
b
 w
a
s
 a
c
c
o
u
n
te
d
 

fo
r b
y
 th
e
 u
s
in
g
 th
e
 V
u
lc
a
n
e
ffe
c
tiv
e
 s
tiffn

e
s
s
 re
p
re
s
e
n
ta
tio
n
. 

•
T
h
e
 
in
itia
l 
p
re
d
ic
tio
n
s
 
(V
1
, 
V
2
) 
c
o
n
s
e
rv
a
tiv
e
ly
 
e
s
tim
a
te
d
 
th
e
 
te
s
t 

d
e
fle
c
tio
n
, a
lth
o
u
g
h
 e
x
a
c
t s
tru
c
tu
ra
l d
e
ta
il w

a
s
 n
o
t a
v
a
ila
b
le
. 
T
h
e
 

s
u
b
s
e
q
u
e
n
t 
a
n
a
ly
s
e
s
 
h
o
w
e
v
e
r 
s
h
o
w
e
d
 
b
e
tte
r 
p
re
d
ic
tio
n
s
 
(V
3
, 
V
4
, 

V
5
) u
s
in
g
 m
o
re
 re
a
lis
tic
 p
ro
te
c
te
d
 b
e
a
m
 te
m
p
e
ra
tu
re
s
, n
o
n
-u
n
ifo
rm
 

te
m
p
e
ra
tu
re
 d
is
trib
u
tio
n
s
 a
n
d
 th
e
 a
v
e
ra
g
e
 s
la
b
 d
e
p
th
 a
p
p
ro
a
c
h
.  

•
It is

 n
o
tic
e
a
b
le
 th
a
t th

e
 V
u
lc
a
n
’s
e
s
tim
a
te
 o
f d
e
fle
c
tio
n
 w
o
rs
e
n
e
d
 a
s
 

th
e
 in
te
g
rity
 fa
ilu
re
 p
o
in
t w
a
s
 a
p
p
ro
a
c
h
e
d
.

•
T
h
e
 in
te
g
rity
 fa
ilu
re
 in
 th
e
 F
R
A
C
O
F
 te
s
t w
a
s
 u
n
d
o
u
b
te
d
ly
 re
la
te
d
to
 

th
e
 
la
p
-w
e
ld
in
g
 
o
f 
th
e
 
m
e
s
h
, 
b
u
t 
it 
w
ill 
b
e
 
n
e
c
e
s
s
a
ry
 
in
 
fu
tu
re
 
to
 

d
e
v
e
lo
p
 p
ro
g
ra
m
m
a
b
le
 c
rite
ria
 fo
r th

is
 lo
c
a
l s
la
b
 fra

c
tu
re
. 

T
h
e
 M
o
k
rs
k
o
fire

 te
s
t

•
1
8
 S
e
p
te
m
b
e
r 2
0
0
8
 a
t M
o
k
rs
k
o
b
y
 th
e
 C
z
e
c
h
 T
e
c
h
n
ic
a
l U
n
iv
e
rs
ity
 o
f P
ra
g
u
e
.

•
R
e
p
re
s
e
n
te
d
 o
n
e
 flo
o
r o
f a
 s
te
e
l a
n
d
 c
o
n
c
re
te
 c
o
m
p
o
s
ite
 o
ffic
e
 b
u
ild
in
g
 c
o
n
s
is
tin
g
 

o
f fo
u
r b
a
y
s
 w
ith
 a
 s
iz
e
 o
f 9
m
 x
 6
m
 e
a
c
h
. 

•
T
e
s
te
d
 th
re
e
 d
iffe
re
n
t flo

o
r s
y
s
te
m
s
:

•
“A
n
g
e
lin
a
”
c
o
m
p
o
s
ite
 b
e
a
m
s
 d
e
v
e
lo
p
e
d
 b
y
 A
rc
e
lo
r-M

itta
l
w
ith
 e
lo
n
g
a
te
d
 w
e
b
 

o
p
e
n
in
g
s
, 

•
B
e
a
m
s
 w
ith
 c
o
rru
g
a
te
d
 w
e
b
s
 m
a
d
e
 fro

m
 th
in
 s
te
e
l p
la
te
s
, a
n
d
 

•
P
re
c
a
s
t h
o
llo
w
-c
o
re
 p
a
n
e
ls
.  

•
1
2
0
m
m
 c
o
m
p
o
s
ite
 s
la
b
 C
F
4
6
 m
e
ta
l d
e
c
k
in
g
 u
s
in
g
 
a
 
s
m
o
o
th
 
m
e
s
h
 
(1
9
6
m
m
2/m

) 

a
n
d
 1
2
m
m
 b
a
rs
 in
 e
a
c
h
 rib
.  

•
T
h
e
 c
o
n
n
e
c
tio
n
s
 o
f th

e
 A
n
g
e
lin
a
 b
e
a
m
s
 w
e
re
 s
p
e
c
ia
lly
 d
e
s
ig
n
e
d
 e
n
d
p
la
te
s
 w
h
ic
h
 

o
n
ly
 c
o
n
n
e
c
te
d
 th
e
 to
p
 fla
n
g
e
 a
n
d
 a
 s
m
a
ll p
a
rt o

f th
e
 w
e
b
 o
f e
a
c
h
 b
e
a
m
.  

•
T
h
e
 b
a
s
e
s
 o
f th
e
 c
o
lu
m
n
s
 w
e
re
 c
o
n
s
tru
c
te
d
 a
s
 p
in
n
e
d
.  

•
T
h
e
 im
p
o
s
e
d
 lo
a
d
 o
f 3
.0
k
N
/m
2
 o
n
 th
e
 s
la
b
 w
a
s
 g
e
n
e
ra
te
d
 b
y
 s
a
n
d
 b
a
g
s
, a
n
d
 th
e
 

s
e
lf-w

e
ig
h
t o
f th
e
 flo
o
r s
y
s
te
m
 w
a
s
 2
.6
k
N
/m
2
.  

•
T
im
b
e
r c
rib
s
 g
e
n
e
ra
te
d
 a
 to
ta
l fire

 lo
a
d
 o
f a
b
o
u
t 6
2
0
M
J
/m

2

•
S
te
e
lw
o
rk
 
fire
 
p
ro
te
c
tio
n
 
w
a
s
 
o
m
itte
d
 
fro
m
 
a
ll 
A
n
g
e
lin
a
 
b
e
a
m
s
, 
a
s
 
w
e
ll 
a
s
 
th
e
 

b
e
a
m
s
 w
ith
 c
o
rru
g
a
te
d
 w
e
b
s
. T
h
e
 re
s
t o
f th
e
 s
te
e
lw
o
rk
 w
a
s
 fire

-p
ro
te
c
te
d
.  

•
T
h
is
 p
ro
te
c
tio
n
 a
rra
n
g
e
m
e
n
t g
e
n
e
ra
te
d
 a
 9
m
 x
 1
2
m
 b
a
y
 o
f u
n
p
ro
te
c
te
d
 A
n
g
e
lin
a
 

b
e
a
m
s
, 
a
n
d
 
a
 
9
m
 
x
 
6
m
 
b
a
y
 
o
f 
b
e
a
m
s
 
w
ith
 
c
o
rru
g
a
te
d
 
w
e
b
s
, 
s
u
rro
u
n
d
e
d
 
b
y
 

p
ro
te
c
te
d
 b
e
a
m
s
.  

•
A
fte
r a
b
o
u
t 6
1
 m
in
u
te
s
 th
re
e
 q
u
a
rte
rs
 o
f th
e
 s
tru
c
tu
re
 c
o
lla
p
s
e
d
.

In
 th
is
 s
tu
d
y
, it is

 a
g
a
in
 c
o
n
firm

e
d
 th
a
t it is

 p
o
s
s
ib
le
 to
 m
a
k
e
c
o
n
s
e
rv
a
tiv
e
 o
v
e
ra
ll p
re
d
ic
tio
n
s
 o
f th

e
 re
s
p
o
n
s
e
 o
f c
o
m
p
o
s
ite
 s
tru
c
tu
re
s
 to
 fire

 u
s
in
g
 s
o
p
h
is
tic
a
te
d
 fin
ite
 e
le
m
e
n
t p
ro
g
ra
m
s
 a
n
d
 th
a
t m

o
d
e
llin
g
 c
a
n
 b
e
 

a
c
c
u
ra
te
 w
ith
 a
c
c
u
ra
te
 d
a
ta
.  H

o
w
e
v
e
r, in

 b
o
th
 te
s
t c
a
s
e
s
 it w

a
s
n
o
t p
o
s
s
ib
le
 to
 p
re
d
ic
t th
e
 e
x
a
c
t fa
ilu
re
 m
o
d
e
 o
r tim

e
 p
rio
r to

th
e
 te
s
ts
.  W

ith
 th
e
 a
c
c
u
ra
te
 d
a
ta
 g
iv
e
n
 b
y
 th
e
 te
s
ts
 a
 fa
irly
 a
c
c
u
ra
te
 re
p
re
s
e
n
ta
tio
n
 o
f th
e
 

s
tru
c
tu
ra
l b
e
h
a
v
io
u
r c
a
n
 b
e
 m
a
d
e
, a
n
d
 th
is
 im
p
lie
s
 th
a
t c
o
n
s
e
rv
a
tiv
e
 a
s
s
u
m
p
tio
n
s
 w
ill p

ro
d
u
c
e
 c
o
n
s
e
rv
a
tiv
e
 p
re
d
ic
tio
n
s
.  H

o
w
e
v
e
r, e

v
e
ry
b
o
d
y
 w
h
o
 p
re
d
ic
ts
 th
e
 b
e
h
a
v
io
u
r o
f s
tru
c
tu
re
s
 in
 fire

 u
s
in
g
fin
ite
 e
le
m
e
n
t a
n
a
ly
s
is
 

s
h
o
u
ld
 v
a
lid
a
te
 th
e
ir m

o
d
e
llin
g
 a
g
a
in
s
t s
im
p
le
 a
n
d
 w
e
ll d
o
c
u
m
e
n
te
d
 e
x
p
e
rim
e
n
ta
l d
a
ta
.

•
V
u
lc
a
n
c
o
u
ld
 m
o
d
e
l th
e
 o
v
e
ra
ll b
e
h
a
v
io
u
r o
f b
o
th
 fire

 te
s
ts
 a
c
c
u
ra
te
ly
w
h
e
n
 th
e
 c
o
rre
c
t in
p
u
t d
a
ta
 w
a
s
 u
s
e
d

•
T
h
e
 te
s
ts
 s
h
o
w
e
d
 a
g
a
in
 th
a
t fa
ilu
re
 is
 o
fte
n
 c
a
u
s
e
d
 b
y
 d
e
ta
ils
a
n
d
 th
e
re
fo
re
 ro
b
u
s
t c
o
n
s
tru
c
tio
n
 d
e
ta
ils
 s
h
o
u
ld
 b
e
 u
s
e
d
 u
n
til c

o
m
p
u
te
r m

o
d
e
llin
g
 c
a
n
 in
c
lu
d
e
 th
e
s
e
 p
h
e
n
o
m
e
n
a

•
T
h
e
 p
re
d
ic
tio
n
s
 o
f th
e
 M
o
k
rs
k
o
fire
 te
s
t s
h
o
w
e
d
 th
a
t th
e
 te
s
t s
e
t-u
p
 w
o
u
ld
 h
a
v
e
 n
o
t b
e
 s
u
ffic
ie
n
t fo
r a
 re
a
l b
u
ild
in
g
. 

•
If fin

ite
 e
le
m
e
n
t a
n
a
ly
s
e
s
 a
re
 u
s
e
d
 to
 ju
s
tify
 th
e
 b
e
h
a
v
io
u
r o
f n
o
n
-s
ta
n
d
a
rd
 fo
rm
s
 o
f c
o
n
s
tru
c
tio
n
, w
h
ic
h
 a
re
 m
o
s
t lik

e
ly
 to
 lie
 o
u
ts
id
e
 th
e
 b
o
u
n
d
s
 o
f s
o
ftw
a
re
 v
a
lid
a
tio
n
, g
re
a
t c
a
re
 s
h
o
u
ld
 b
e
 ta
k
e
n
 w
h
e
n
 m
o
d
e
llin
g
 

th
e
s
e
 p
ro
b
le
m
s
, u
s
in
g
 d
e
ta
ile
d
 p
a
ra
m
e
tric
 s
tu
d
ie
s
 a
n
d
 p
o
s
s
ib
ly
 e
v
e
n
 p
h
y
s
ic
a
l fire

 te
s
tin
g
. 
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•
B
e
fo
re
 th
e
 te
s
t, it w

a
s
 m
o
d
e
lle
d
 u
s
in
g
 V
u
lc
a
n
 b
a
s
e
d
 o
n
 th
e
 a
v
a
ila
b
le
 d
a
ta
.  

•
O
n
ly
 
th
e
 
3
 
b
a
y
s
 
w
ith
 
th
e
 
c
o
m
p
o
s
ite
 
s
la
b
 
w
e
re
 
m
o
d
e
lle
d
, 
a
n
d
 
th
e
 
A
n
g
e
lin
a
 

b
e
a
m
s
 
a
n
d
 
th
e
 
c
o
rru
g
a
te
d
-w
e
b
 
b
e
a
m
s
 
w
e
re
 
re
p
re
s
e
n
te
d
 
u
s
in
g
 
a
n
 
e
ffe
c
tiv
e
 

w
e
b
 th
ic
k
n
e
s
s
 a
p
p
ro
a
c
h
.

•
A
s
 w
ith
 a
 n
o
rm
a
l S
F
E
 p
ro
je
c
t a
 n
u
m
b
e
r o
f p
a
ra
m
e
te
rs
 w
e
re
 v
a
rie
d
 in
 o
rd
e
r to

 

te
s
t th

e
 ro
b
u
s
tn
e
s
s
 o
f th

e
 s
o
lu
tio
n
. T
h
e
 fire

 w
a
s
 a
lte
re
d
 to
 p
ro
d
u
c
e
 a
 s
h
o
rt-h

o
t 

fire
 
(1
) 
a
n
d
 
a
 
c
o
o
le
r-lo

n
g
e
r 
fire
 
(3
). 
T
h
e
 
b
e
a
m
 
c
o
n
n
e
c
tio
n
s
 
w
e
re
 
in
itia
lly
 

m
o
d
e
lle
d
 
a
s
 
rig
id
, 
w
h
ic
h
 
te
n
d
s
 
to
 
b
e
 
a
c
c
e
p
ta
b
le
 
fo
r 
n
o
rm
a
l 
c
o
m
p
o
s
ite
 

c
o
n
n
e
c
tio
n
s
 d
e
s
ig
n
e
d
 to
 U
K
 d
e
s
ig
n
 ru
le
s
 in
 b
ra
c
e
d
 fra

m
e
s
. 

•
T
h
e
 re
a
l fire

 (4
) b
u
rn
e
d
 s
ig
n
ific
a
n
tly
 c
o
o
le
r th

a
n
 th
e
 p
re
d
ic
te
d
fire
 (2
). s

h
o
w
s
 

th
e
 re
s
u
ltin
g
 v
e
rtic
a
l d
e
fle
c
tio
n
s
 fro

m
 th
e
 te
s
t a
n
d
 th
e
 
th
re
e
 
d
iffe
re
n
t 
d
e
s
ig
n
 

fire
s
 a
t th
e
 m
id
d
le
 o
f th
e
 la
rg
e
 b
a
y
 (9
m
 x
 1
2
m
) o
f A
n
g
e
lin
a
 b
e
a
m
s
.

•
T
h
e
 
p
re
d
ic
tio
n
s
 
s
h
o
w
 
a
 
m
u
c
h
 
e
a
rlie
r 
in
c
re
a
s
e
 
in
 
d
e
fle
c
tio
n
s
 
th
a
n
th
e
 

e
x
p
e
rim
e
n
ta
l 
re
s
u
lts
. 
 
T
h
is
 
is
 
b
e
c
a
u
s
e
 
th
e
 
p
a
ra
m
e
tric
 
fire
 
c
u
rv
e
s
 
re
p
re
s
e
n
t 

p
o
s
t-fla

s
h
o
v
e
r fire

s
, a
n
d
 s
h
o
u
ld
 b
e
 m
o
v
e
d
 b
y
 a
b
o
u
t 1
5
m
in
 to
 g
iv
e
 a
 re
a
lis
tic
 

re
p
re
s
e
n
ta
tio
n
 o
f th
e
 fire

. T
h
is
 g
re
a
tly
 im
p
ro
v
e
s
 th
e
 c
o
m
p
a
ris
o
n
. 

•
T
h
e
 m
o
d
e
ls
 c
o
n
tin
u
e
d
 b
e
y
o
n
d
 th
e
 fa
ilu
re
 p
o
in
t o
f th

e
 te
s
t a
t a
b
o
u
t 6
1
m
in
u
te
s
, 

a
n
d
 d
o
 n
o
t s
h
o
w
 a
n
y
 in
d
ic
a
tio
n
 o
f c
o
lla
p
s
e
, h
o
w
e
v
e
r th

e
 v
e
rtic
a
l
d
e
fle
c
tio
n
s
 

la
rg
e
r 
th
a
n
 
s
p
a
n
/1
5
, 
w
h
ic
h
 
w
o
u
ld
 
n
o
rm
a
lly
 
re
s
u
lt 
in
 
a
n
 
in
c
re
a
s
e
 
o
f 

re
in
fo
rc
e
m
e
n
t to

 lim
it th

e
 v
e
rtic
a
l d
e
fle
c
tio
n
s
.  F

u
rth
e
rm
o
re
, a
ll b
e
a
m
s
 fra

m
in
g
 

in
to
 c
o
lu
m
n
s
 w
o
u
ld
 b
e
 p
ro
te
c
te
d
 in
 a
 ro
b
u
s
t d
e
s
ig
n
 fo
r fire

. 

T
e
s
t A

s
s
e
s
s
m
e
n
t -

M
o
k
rs
k
o

•
A
fte
r 
th
e
 
te
s
t 
re
s
u
lts
 
w
e
re
 
re
le
a
s
e
d
, 
th
e
 
a
c
tu
a
l 
te
m
p
e
ra
tu
re
 
d
a
ta
 
w
a
s
 
u
s
e
d
 
a
s
 

m
o
re
 a
c
c
u
ra
te
 in
p
u
t d
a
ta
 to
 th
e
 V
u
lc
a
n
m
o
d
e
l.  

•
T
h
e
 
d
e
fle
c
tio
n
 
c
u
rv
e
s
 
s
h
o
w
 
th
a
t 
w
h
e
n
 
th
e
 
re
a
l 
te
m
p
e
ra
tu
re
 
d
a
ta
 
is
 
u
s
e
d
 
th
e
 

v
e
rtic
a
l d
e
fle
c
tio
n
s
 a
re
 re
p
re
s
e
n
te
d
 a
c
c
u
ra
te
ly
 u
p
 to
 a
b
o
u
t 4
4
 m
in
u
te
s
.  

•
T
h
e
 s
m
a
ll v
e
rtic
a
l d
iffe
re
n
c
e
s
 a
re
 d
u
e
 to
 th
e
 e
d
g
e
 b
e
a
m
 d
e
fle
c
tio
n
s
, w
h
ic
h
 a
re
 

lo
w
e
r th

a
n
 th
o
s
e
 s
e
e
n
 in
 th
e
 te
s
t, a

s
 w
e
ll a
s
 to
 th
e
 u
s
e
 o
f a
v
e
ra
g
e
 c
o
m
p
a
rtm

e
n
t 

g
a
s
 te
m
p
e
ra
tu
re
s
 to
 h
e
a
t a
ll e
le
m
e
n
ts
.  

•
T
h
e
 d
iffe
re
n
c
e
 b
e
tw
e
e
n
 p
re
d
ic
tio
n
 a
n
d
 re
a
lity
 fo
r th

e
 b
e
a
m
s
 w
ith
c
o
rru
g
a
te
d
 w
e
b
s
 

(V
7
) c
a
n
 b
e
 e
x
p
la
in
e
d
 b
y
 th
e
 o
b
s
e
rv
e
d
 s
h
e
a
r b
u
c
k
lin
g
 o
f th

e
 th
in
w
e
b
s
, w

h
ic
h
 

c
a
n
n
o
t b
e
 re
p
re
s
e
n
te
d
 b
y
 th
e
 c
h
o
s
e
n
 w
a
y
 o
f m
o
d
e
llin
g
 th
e
 b
e
a
m
s
.

•
D
u
e
 
to
 
th
e
 
v
e
ry
 
fle
x
ib
le
 
b
e
a
m
 
c
o
n
n
e
c
tio
n
s
, 
a
n
o
th
e
r 
s
e
t 
o
f 
a
n
a
ly
s
e
s
 
w
e
re
 

c
o
n
d
u
c
te
d
 in
 w
h
ic
h
 th
e
 c
o
n
n
e
c
tio
n
s
 w
e
re
 m
o
d
e
lle
d
 a
s
 p
in
n
e
d
.  

•
In
 th
e
s
e
 c
a
s
e
s
 th
e
 
V
u
lc
a
n
m
o
d
e
ls
 p
re
d
ic
t fa

ilu
re
 a
t a
ro
u
n
d
 4
3
 m
in
u
te
s
 u
s
in
g
 th
e
 

e
x
p
e
rim
e
n
ta
l fire

 te
m
p
e
ra
tu
re
 d
a
ta
.  It c

a
n
 b
e
 s
e
e
n
 th
a
t th

is
 is
th
e
 p
o
in
t a
t w
h
ic
h
 

th
e
 V
u
lc
a
n
a
n
d
 te
s
t re

s
u
lts
 d
iv
e
rg
e
.  

•
T
h
e
 fig

u
re
 o
n
 th
e
 le
ft s

h
o
w
 th
e
 h
o
riz
o
n
ta
l d
is
p
la
c
e
m
e
n
t a
t th

e
 to
p
 o
f th

e
 e
d
g
e
 

c
o
lu
m
n
 c
o
n
n
e
c
te
d
 to
 a
n
 u
n
p
ro
te
c
te
d
 A
n
g
e
lin
a
 b
e
a
m
.  It c

a
n
 b
e
 s
e
e
n
 th
a
t, a
fte
r a
n
 

in
itia
l o
u
tw
a
rd
s
 m
o
v
e
m
e
n
t d
u
e
 to
 th
e
rm
a
l e
x
p
a
n
s
io
n
 o
f th

e
 s
tru
c
tu
re
, th

e
 c
o
lu
m
n
 

m
o
v
e
s
 in
w
a
rd
s
 d
u
e
 to
 p
u
ll-in

 b
y
 th
e
 v
e
rtic
a
lly
-d
e
fle
c
tin
g
 A
n
g
e
lin
a
 b
e
a
m
s
.  

-1
0
0
0

-8
0
0

-6
0
0

-4
0
0

-2
0
0 0

0
1
5

3
0

4
5

6
0

7
5

T
im
e [m

in
u
tes]

Vertical deflection [mm]

V
3

V
1

V
7

V
1

V
3

V
7

-3
5

-3
0

-2
5

-2
0

-1
5

-1
0 -5 0 5

0
1
5

3
0

4
5

6
0

7
5

T
im
e [m

in
u
tes]

Horizontal deflection [mm]

H
1

+

H
1

T
e
s
t p

re
d
ic
tio

n
s
 -
F
R
A
C
O
F

C
o
n
c
lu
s
io
n

T
e
s
t A

s
s
e
s
s
m
e
n
t -

F
R
A
C
O
F

P
aram

eter 
V
1
 

V
2
 

V
3
 

V
4
 

V
5
 

C
o
n
crete stre

n
g
th
 [N
/m
m
2] 

4
0
 

4
0
 

3
7
 

3
7
 

3
7
 

O
v
erall S

lab
 th
ick
n
ess [m

m
] 

1
6
0
 

1
6
0
 

1
5
5
 

1
5
5
 

1
5
5
 

A
p
p
lied

 lo
ad
 [k
N
/m
2
] 

3
.7
5
 

3
.7
5
 

3
.8
7
 

3
.8
7
 

3
.8
7
 

T
h
erm

al co
n
d
u
ctiv

ity
 [W

/m
K
] 

0
.2
 

0
.2
 

0
.0
6
 

0
.0
6
 

0
.0
6
 

P
ro
tected

 b
eam

 te
m
p
eratu

re 

d
istrib

u
tio
n
 

U
n
ifo
rm
 

U
n
ifo
rm
 

U
n
ifo
rm
 

N
o
n
-u
n
ifo
rm
 
N
o
n
-u
n
ifo
rm
 

E
d
g
e co

n
tin
u
ity
 co
n
d
itio
n
 

2
 ed
g
es 

2
 ed
g
es 

1
 ed
g
e 

1
 ed
g
e 

1
 ed
g
e 

S
lab
 m
o
d
ellin

g
 ap
p
ro
ach
 

T
h
in
 

co
n
tin
u
o
u
s 

co
n
crete 

E
ffec

tiv
e 

stiffn
ess 

E
ffec

tiv
e 

stiffn
ess 

E
ffec

tiv
e 

stiffn
ess 

A
v
erag

e slab
 

d
ep
th
 

0

1
5
0

3
0
0

4
5
0

6
0
0

0
3
0

6
0

9
0

1
2
0

1
5
0

T
im
e
 [m
in
]

Central displacement [mm]

T
e
s
t

V
1

V
2

V
1

V
2

0

1
5
0

3
0
0

4
5
0

6
0
0

0
3
0

6
0

9
0

1
2
0

1
5
0

T
im
e
 [m
in
]

Central displacement [mm]

T
e
s
t

V
3

V
4

V
5

V
5

V
4

V
3


