Aix-en-Provence, May 29 - June 1 s

tttttttttt

N N NN
NUMERICAL STUDY ON LOAD

DISTRIBUTION IN HC FLOORS

N AN N\
00000000000000Y0000000Y0000000!

P. Bernardi, R. Cerioni, N. Garutti & E. Michelini

Dept. of Civil and Environmental En%ineering and Architecture,
University of Parma, Parma, ltaly



P. Bernardi, R. Cerioni, N. Garutti, E. Michelini

»
p
o
o

]

O

I

£
c
)
=
=]

o)
o
)
0
o
o)
©
L)
c
)
>
o)
S
ajd
7
©
13}
=
)
=
S
<

i Modeling
le Concrete Structures

Numerical
Strategies for Sustainabl

INTRODUCTION NLFE ANALYSES NUMERICAL RESULTS CONCLUSIONS

LOAD DISTRIBUTION IN HC FLOORS

REQUIREMENTS OF - « Vertical load bearing capacity
HC FLOORS * Transverse load distribution = longitudinal joints

iLoad

0000 5osE) 1Cood H OO 10000

MAIN EFFECTS DUE TO CONCENTRATED LOADS:

« additional shear stresses due to torsion
* transverse bending moments = two-way slab behavior of the floor

$

Transverse distribution of shear forces and of bending and torsional moments:

- SIMPLIFIED CURVES (DESIGN STANDARDS)
- NUMERICAL APPROACHES
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SIMPLIFIED CURVES (UNI EN 1168)

Main simplified assumptions: (Cocoloore e e

» Theory of elasticity

« Simply supported floor

* Five 1200mm wide units

« Line or point loads applied in the
centre or along the edge of the floor

l 4 6 8 10 12 14

Span (/) inm

MAY BE VERY
DIFFERENT FROM
EACH OTHERS

-
==

x=lizl

”3\ ) ,;Z!),
—

!
=

(%]
=

Loading percentage (")

—_—
o

» Not clear if they are referred to:
« bending moment distribution at midspan
« shear force distribution at supports

> Not dependent on the ratio EI/GJ, of the HC cross section

mm) NUMERICAL APPROACHES required
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SIMPLIFIED LINEAR ELASTIC FE MODELS

Definition of the case studies and adopted FE mesh

« Simply supported floor
e Five units, 1200mm wide and 300mm thick
 Variable net spans (4 - 14m)

» Floor FE mesh, with four-node, one-layered shell elements:

- presence of webs neglected
- same bending stiffness as the real units in the main direction
- overestimation of torsional stiffness

P. Bernardi, R. Cerioni, N. Garutti, E. Michelini
“Numerical study on load distribution in HC floors”
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mm) | EI/GJ, = 0.73 | (effective value 1.06)
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_ASTIC FE MODELS
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“Model S1”. spring elements

Numerical Modeling
Strategies for Sustainable Concrete Structures

connected to shell elements
modelling the units

Spring stiffness/Shell thickness evaluated
so to simulate an hinge behaviour

2 “Model S2”- horizontal shell
elements with variable thickness,
1 connected to shell elements
modelling the units
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SIMPLIFIED FE MODELS: NUMERICAL RESULTS

line load on panel 3 El/GJ, = 0.73
Bending moment, lq TN RN RN R Load on slab j:
. 2 BOOOIGOOCOOOIOO0CO0OCOT | —J
slab j: B;qL*/8 | 5 3 f 5 A L £ %dl
050 F  eeeees UNIEN 1168 050 F  |INO-. e theoretical [9]
...... theoretical [9] —— numerical, S1 model

o3 numerical, S2 model

— numerical, S1 model
numerical, S2 model

o
~
o
e
B~
<

.
.
....
®e
ces
ces
.o
............
-------
......

fraction of bending moment [ - ]
(@)
w
[e)
fraction of total load [ - ]
(@]
W
(@]

0.20 0.20
0.10 0.10 g, =
([9] Lindstrém 2010) lenght [m] ([9] Lindstrém 2010) lenght [m]
0.00 ' ' ' ' ' 0.00 - - - . |
a) 2 4 6 8 10 12 14 b) 2 4 6 8 10 12 14
bending moment at midspan total load at support

P. Bernardi, R. Cerioni, N. Garutti, E. Michelini
“Numerical study on load distribution in HC floors”

« Shear at support less distributed with respect to bending effects.

« Similar numerical curves (S1, S2).
Better agreement with theoretical provisions in terms of bending effects.
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INTRODUCTION NLFE ANALYSES NUMERICAL RESULTS (1) CONCLUSIONS
. q ‘.
o Bendlng..momezlt, S —— J|/ TR RN RN \I/ Load on slab j: EI/GJt = 0. 73
Q slab j: B;-qL7/8 | 5 3 4 s L L 4» %l
c o _ “ “
T_J L) 2070 | 10 J S - S S — theoretical [9]
o = s theoretical [9] —_ o —— numerical, S1 model .
[T} (&) q5’0.60 - ———  numerical, S1 model =.0.60 |: numerical, S2 model Ilne Ioad on panel 1
= L S B numerical, S2 model =
= c £0.50 [ <0.50
= £ 3
LI.!\ g £ 040 So040 ‘
— = = °
5 030 £030 _ Shear effects less
- 0 S g a . .
o 50.20 020 [ : . distributed than
2 <010 0.10 [ ;
Z3 B enghtln) IR — bending ones.
L o) 0.00 0.00
S 8 a) 2 4 6 8 10 12 14 p 2 4 6 8 10 12 14
qc,) c Bending moment, P _—— Load on slab j:
O o slab j: p-PL/4 ©OOOCO00TOOO0OOO0I000T | L oP
2 % i ! 2 3 4 5 i L 7@ !
= 2 7070 t 1| J N S —— theoretical [9]
% o go oo f P [ """ mmeric St | 2050 T amrial 52 model oint load on panel 1
cgl 2 T memercalStmedd | 3 | p b
Q E gbo.so ....... c:fxo.so '
2 2 T N 20.40 .
2| Zox T Zos0 Bending effects
- = 5 - -

1 S Zo20 less distributed
l@l 010 0.10 : than shear ones.
U§ 0.00 000 2 lenght [m],

n; a) 2 4 6 8 10 12 14 p) 2 4 6 8 10 12 14
A bending moment at midspan total load at support (9] Lindstrém 2010) 6/17
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SIMPLI

Bending moment,

OOOQICCOOOCOOCOOO0O0J0

-IED FE MODELS: NUMERICAL RESULTS

Load on slab j:

TERREEEERRE RN
|

El/GJ, = 0.73

Numerical Modeling
rategies for Sustainable Concrete Structures

slab j: B qL*/8 | 5 3 ) S 1L . S o;-qL
:O.70 070 [T weeeas theoretical [9]
s e theoretical [9] — o SO numerical, S1 model .
20.60 ——  numerical, S1 model —.0.60 numerical, $2 model line load on panel 1
S B numerical, S2 model b=
Eos0 | [ <0.50
£ S
g 0.40 So040 ‘
= S
030 Fos0 [ Shear effects less
2 8 " -
g B o distributed than
0.10 B 010 bending ones.
lenght [m] 05  Jenght[m]
0.00 L ! 0.00 : ! !
a) 2 4 6 8 10 12 14 b) 4 6 8 10 12 14
Bending moment, P AL Load on slab j:
slab j: B; PL/4 ooloonoozoowlo%oowloo4oowwoc)500| (L - % o P
:O.70 - 3 070 e theoretical [9]
= B, s SR theoretical [9] — —_— numerical, S1 model .
qé 0.60 ’ . —— numerical, S1 model —0.60 numerical, 2 model po,nt Ioad on panel 1
S numerical, S2 model b=
£0.50 < 0.50
SN T g ‘
g 0.40 [ NG bt S0.40
2 N e ° "
2 0 030 Bending effects
=] - - -
£0.20 2020 less distributed
s
Z0.10 0.10 than shear ones.
"""" lenght [m]
0.00 0.00 . !
a) 2 4 6 8 10 12 14 b) 4 6 8 10 12 14
bending moment at midspan total load at support (9] Lindstrém 2010) 6/17
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MORE COMPLEX FE MODELS

Simplified models not able to represent the effective behaviour of HC floors

$

For a correct description of shear and torsion transferring mechanisms it is
necessary to model each web with solid or shell elements

________________________________

—————————————————————————

_________________________

mm) | EI/GJ, = 1.06 | (effective value)

FE mesh, with four-node, one-layered shell elements representing the middle
plane of the webs and of the bottom and top slabs for HC units
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MORE COMPLEX FE MODELS

Joint modelling }_"_'*_\_};*7\;!;,32 e

“Model C1”. spring elements

connected to shell elements .. | L. 2 / - Same as
, NI AL NN/ “Model S1”°
nodes, in the external webs of | J | o A A
the units Sl PRTA  H ZA R VAR Ve
“Model C2”. horizontal shell o same as
N S S ,’//:f‘/____ . 173 s
elements conngcted to shell N / alah “ Model S2
element nodes, in the external | 4 4= 4 A
webs of the units

P. Bernardi, R. Cerioni, N. Garutti, E. Michelini
“Numerical study on load distribution in HC floors”

“Model C3 vertical shell
elements connected to shell — -~ 42"~ ~
element nodes, in the external | 4 4 & 4 A
Webs Of the units Sl P VAP I e VaCPR VAP VS

Numerical Modeling
Strategies for Sustainable Concrete Structures

SSCS
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Numerical Modeling
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COMPARISONS BETWEEN SIMPLIFIED AND
COMPLEX MODELS

« Same modelling technique for joints but different schematization for units

e.g.:
line load on panel 1
Bending moment, d TR Load on slab j:
. > 00000000000 CO00000 | | When
slab j: B;-qL"/8 | 2 3 4 5 : L £ %dl . .
} ] considering
—0.90 0.90
;0 50 | ) 080 | —— numerical, C2 model the rea/ ﬂoor
e —— numerical, C2 model — Oy numerical, S2 model geo me try
g 070 |t numerical, S2 model —070
I~ B [ B
Eo60 | 2060 | ‘
£ S
=050 F 20.50
g o greater
040 040 .
s Z concentration
£030 2030 .
S a; oy O
Sl rp——————— £ O of loading
g0 ' az[ effects
0.10 1 By 0.10 | \
0.00 /. . “Bs TBs lenght[m] 0.00 , : : lenght [m],
a) 2 4 6 8 10 12 14 b) 2 4 6 8 10 12 14

bending moment at midspan total load at support 9/17



P. Bernardi, R. Cerioni, N. Garutti, E. Michelini
“Numerical study on load distribution in HC floors”

SSCS

INTRODUCTION NLFE ANALYSES

NUMERICAL RESULTS (2)

CONCLUSIONS

COMPARISONS AMONG COMPLEX MODELS

« Same modelling technique for units but different schematization for joints

line load on panel 3

El/GJ, = 1.06

Bending moment, } TR R ER R RN Load on slab j:
. 2 [COOJOOOOOCOOI0OCOIC00D | |
slab j: B;-qL"/8 " 5 B n 5 aw L ey o;-qL
’\L 1
N . . weeee theoretical [9]
060 F e theoreylcal [9] 0.60 < numerical, C1 model
— et | NS il Gl
== ’ e 3 RS N .
g 0.50 numerical, C3 model e 0.50 S~o numerical, C3 model
£ =
£0.40 5040 k-
= 8 Poy
g - | Tl
20.30 T T e SO Nt S,
e = S T PT IR
c c oo
= ——d B> PN N LT S S ST o
.E 0.20 -l CSO 20 u2=a4[ e ————
3] =
g
=0.10 0.10 ;
o = as[ ------
lenght - lenght [m

0.00 ! ! . . enght [m], 0.00 : jght [m]

a) 2 4 6 8 10 12 14 b) 2 4 6 8 10 12 14
bending moment at midspan total load at support
([9] Lindstrém 2010)

» Models C1, C2, C3 predict the different behaviour in shear and bending
» Qverestimation of load effects with respect to theoretical solutions

Numerical Modeling
Strategies for Sustail Concrete St
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. line load on panel 1
(2]
E B Bending moment, 4 E—— S Load on slab j:
= :_3 dab j: pqlyg  O00CI0000OC00G0000000 1L . % a-qL EI/GJt =1.06
'S (:I.:) —0.90 : 0.90 [ .
ST| v 7 e Clmode 080 F N T mmeica,Cimosa > Different
ws| 27 | EIN behaviour in shear
g ..g %0:50 - numerical, C2 model and bendlng
© 'g P YT R AN WA SN NS Y PP/ S S S— S — : :
OB| Tosol o T leno T > Qverestimation of
i g :go.zo i g |Oad effeCtS Wlth
S S | 5 lenght(m] =i ———  respect to theoretical
- 0.00 : - - enghtiml .
8 g a) 2 4 6 8 10 12 14 b) 2 4 6 8 10 12 14 SO|UtlonS
>
o —0.95 r ' 095 ¢ .
= 'E EO'SS [ .... — ::L?éiﬂfllllcggmodel —'0'85 [ o - ‘
S0 20.75 | ’ 2075 | ' :
5 el oo especially for shear
S| | M. distribution
0 = oas p R 045
a s B0.35 TR £03s
=Z $0.25 B> ['_' R 0 ST P SO O g 0.25
B e I
m% 0.05 TaEtEERE NG enghtrm] 005 |
(&1 -0.05 0.05
ug a) 2 4 6 8 0 12 14 p 2 4 6 8 10 12 14
M bending moment at midspan total load at support (9] Lindstrém 2010) 17
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COMPARISONS AMONG COMPLEX MODELS

point load on panel 1

x=05L
Bending moment, P t l Load on slab j:
e R OO0 JCOOTOOOOICOCOJOCOOT | | .
slab j: ;- PL/4 1 S 3 M . : L %> o;-P
1070 FBr ...... theoretical [9] 070 F | v e theoretical [9]
= . —  numerical, C1 model —_ o —— numerical, C1 model
0 L] 1 ’

E 0.60 numerical, C2 model —0.60
2 =
g s .
500-50 =0.50
-E 8 ‘-\
= ) . .
=0.40 s 0.40 . numerical, C2 model
2 s
030 £0.30
= g
2 ®
$0.20 &0.20
&
&

0.10 0.10 S

a Na lenght [m]

0.00 0.00 =, e B £ : |
c) 2 4 6 8 10 12 14 d) 2 4 6 8 10 12 14
—0.85 0.85 = .
- | theoretical [9] ST theoretical [9]
= 0.75 B, : ..Z.Z" numerical, C3 model —0.75 ~._ ----- numerical, C3 model
5 .
£0.65
g
e055 | T
E e e
D045 [ TN e
E T S U
2035 e
o e e g
-E 0.25 ; |:. --------------------------------
k=1 2 et e
g 0.15 B E:_:;;:.;.'.T-‘o'-f':",'..4';"::::::::;;;;;:::‘.’z‘ﬂ'xﬁfﬁ #Teeed

0.05 : P*“:”"";’:."""""*:\' i \.Bs lenght [m],

-0.05
c) 2 4 6 8 10 12 14 d) 2 4 6 8 10 12 14

bending moment at midspan total load at support

El/GJ, = 1.06

> Different
behaviour in shear
and bending

» Qverestimation of
total load with
respect to theoretical
solutions

» QGreater load
effects redistribution
in bending with
respect to sheatr,
differently from
theoretical solutions

(/9] Lindstrém 2010)
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FE MODEL VALIDATION — COMPARISONS

WITH EXPERIMENTAL RESULTS

Simulation of a full-scale test on a HC floor (Suikka et al., VTT, 1991)

through the complex models

Geometry of the specimen:

* Six 400 mm thick panels
« Simply supported floor (net span = 12.1 m)

Loading arrangement:
Point load positions:

- P1 =) floor edge, L/6 from one support 4 loading
mmm) flOOr edge, midspan | cases
- P3 mmm) centre of panel 3, L/6 from one support (service
- =) centre of panel 3, midspan | loads)
N
% |
@OIOOUOOzOOUOQOOUO%OOUOQOOUOOPOW !OOIOOUOOZOOUOO:OOUOOPOUOOSOOUO%OOT

ng
ctures
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x=05L

— x=05L 1

|
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e
4

i : || 7

L
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FE MODEL VALIDATION — COMPARISONS
WITH EXPERIMENTAL RESULTS

\LPZ lP4
[e/0/0/el[0/0]0/0)0/e/0/0i/e]0 00000 0I[0 000 [el0/0/0i[0/0/0/0i[00/0/0][0/0/0/0I[00/0/0][00[0/0)
1 2 R 4 5 6 1 2 3 4 5 6

) x=05L | ) x=05L I

] : | ] : |

} L £ 4L L 5
paneln°® 1 2 3 4 5 6 paneln® 1 2 3 4 5 6
= 45 S 40 .
= 40 F © Anumerical, C2 model s A numerical, C2 model
= g 351 X numerical, C3 model
S 35 X numerical, C3 model = s
= i . s 30 F ® experimental
é 30 Q ® experimental E o O theoretical [9]
‘E ° O theoretical [9] % 25
= 25 ;
5 ¥ 220 g & ¢
£ 2 E .| B a
% s 2 REN R 3
E 10 & 2 E 10 f
= & =
2] 5 S 5
& x [m] & x [m]
=) . ) 2 0 )
£ g

0 1.2 2.4 3.6 4.8 6 7.2 0 1.2 2.4 3.6 4.8 6 7.2
paneln® 1 2 3 4 5 6 paneln® 1 2 3 4 5 6
= 12 T 10
= g
Z Z7 3 A
= 10 T A A numerical, C2 model =]
£ X numerical, C3 model g ©
& ® experimental = 4 A
2 6 2 2 ® ¥
= % A 5 0 )’( S - .
g 4 § 5 A x[m]
S 5 A x [m] S 4
E ® é g E 6 A numerical, C2 model
g 0 V4 * e g A X numerical, C3 model
7 2 -8 ® experimental
s 2 - g -10
0.0 1.2 2.4 3.6 4.8 6.0 7.2 0.0 1.2 2.4 3.6 4.8 6.0 7.2

(/9] Lindstrém 2010)

Flexural behaviour

Numerical values of

midspan deflections are:

* similar _to experimental
ones

* not _influenced by joint
modelling technique

Theoretical provisions (for
5 units) suggest a lower
redistribution

Torsional behaviour

Numerical values of
torsional moments are
affected by joint modelling

¥

model C3 better fits
experimental data
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FE MODEL VALIDATION — COMPARISONS
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\LPZ lP4
[e/0/0/el[0/0]0/0)0/e/0/0i/e]0 00000 0I[0 000 [el0/0/0i[0/0/0/0i[00/0/0][0/0/0/0I[00/0/0][00[0/0)
1 2 R 4 5 6 1 2 3 4 5 6

) x=05L | ) x=05L I

] : | ] : |

j L £ 4L L 5
paneln°® 1 2 3 4 5 6 paneln® 1 2 3 4 5 6
= 45 S 40 .
= 40 F © Anumerical, C2 model s A numerical, C2 model
= g 351 X numerical, C3 model
S 35 X numerical, C3 model = s
= i . s 30 F ® experimental
é 30 Q ® experimental E o O theoretical [9]
‘E ° O theoretical [9] % 25
= 25 ;
5 ¥ 220 g & ¢
£ 2 E .| B a
% s 2 REN R 3
E 10 & 2 E 10 f
= & =
2] 5 S 5
& x [m] & x [m]
=) . ) 2 0 )
£ g

0 1.2 2.4 3.6 4.8 6 7.2 0 1.2 2.4 3.6 4.8 6 7.2
paneln® 1 2 3 4 5 6 paneln® 1 2 3 4 5 6
= 12 T 10
= g
Z Z7 3 A
= 10 T A A numerical, C2 model =]
£ X numerical, C3 model g ©
& ® experimental = 4 A
2 6 2 2 ® ¥
= % A 5 0 )’( S - .
g 4 § 5 A x[m]
S 5 A x [m] S 4
E ® é g E 6 A numerical, C2 model
g 0 V4 * e g A X numerical, C3 model
7 2 -8 ® experimental
s 2 - g -10
0.0 1.2 2.4 3.6 4.8 6.0 7.2 0.0 1.2 2.4 3.6 4.8 6.0 7.2

(/9] Lindstrém 2010)

Flexural behaviour

Numerical values of

midspan deflections are:
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* not _influenced by joint
modelling technique

Theoretical provisions (for
5 units) suggest a lower
redistribution

Torsional behaviour

Numerical values of
torsional moments are
affected by joint modelling

¥

model C3 better fits
experimental data

14/17



P. Bernardi, R. Cerioni, N. Garutti, E. Michelini
“Numerical study on load distribution in HC floors”

SSCS

INTRODUCTION CONCLUSIONS

FE MODEL VALIDATION — COMPARISONS
WITH EXPERIMENTAL RESULTS

NLFE ANALYSES NUMERICAL RESULTS (2)

% |
@OOOUOOOOUOOOOVO%OOUOQOOUOOOO\ IOOOOUOOQOOUOO}OOU‘OOPOUOOSOOUOOOO?
1 k : 6 1 ; 6 H
R EIN R T Shear behaviour
| | I | .
: L £ : L £ Numerical values of
paneln® 1 2 3 4 5 6 paneln® 1 2 3 4 5 6 Support I‘eactlons are
100 45 _ affected by joint modelling
— X . —_ Anumerical, C2 model
§ 4 numerical, C2 model § 40 ¢ A X numerical, C3 model
g 80 R X numerical, C3 model g 35 ® .experimer:tal . ..
'«g 60 | .experin.lental g 30 b Otheoretical [9] Theorethal pI’OVISIOnS (fOI’
z ©tleoretics] 9 - » 5 units) suggest a greater
2 40 : & 8 L o) Sn
= o =200 © o & o0 redistribution
€201 % O o £i51 X X
1] O o) x [m] 1]
: 2 u E 10 *
£t 0 K K A b= A ® ®
2 2 5 “im]
= 20 » = ) nl &
0.0 1.2 2.4 3.6 4.8 6.0 7.2 0.0 1.2 2.4 3.6 4.8 6.0 7.2
([9] Lindstrém 2010)

> Load case P2: similar response of models C2 and C3, close to experimental data in
the central part of the floor.

> Load case P4: trend of models C2 and C3 consistent with theoretical provisions

/| even if it seems not to be confirmed by experimental data.
i| Higher concentration of loading effects for model C2 with respect to model C3.

Numerical Modeling
Strategie ustail rete Stri
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CONCLUSIONS

« FE procedures represent a useful tool for analyzing the distribution of
loading effects in HC floors. Different modelling techniques have been
applied both for panels and for longitudinal joints, with an increasing
degree of complexity.

« When a simplified approach is used for panel discretization, the
global behaviour is very close to theoretical one both in flexure and in
shear, independently of joint modelling.

« When a schematization more close to effective panel geometry is
adopted, a larger gap between numerical and theoretical provisions can
be observed (especially for shear distribution), since FE models
suggest a minor redistribution of load effects among panels. This trend
seems to be confirmed also by experimental data, which are quite
correctly predicted by complex approaches.

P. Bernardi, R. Cerioni, N. Garutti, E. Michelini
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 In this last case, joint modelling exerts a major influence on structural
response.
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FURTHER DEVELOPMENTS

Further developments will be relative to the extension of this model to
nonlinear FE analysis, able to describe global HC floor behaviour up
to failure

ACKNOWLEDGEMENTS

This research work is part of a larger study funded by the ASSAP
Association (Prestressed HC floor Producers Association).

Authors gratefully acknowledge Dr Gosta LindstrOm at Strangbetong
(Sweden), for allowing the use of his load distribution curves and for
his valuable suggestions on FE modelling.

The Authors would also like to thank Dr Tony Crane at IPHA, as well
as Dr Olli Korander and Dr Erkki Kaivola at Consolis Technology Oy
(Finland), for having provided the technical reports containing the
experimental data.

P. Bernardi, R. Cerioni, N. Garutti, E. Michelini
“Numerical study on load distribution in HC floors”

Modeling
le Concrete Structures

SSCS

Numerical
Strategies for Sustainabl

17/17




